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Preface
Skeletal muscle is the single largest organ mass in the vertebrate body. As a source of food, it repre-
sents most of the value in a meat-producing animal. Both the growth characteristics of muscle and 
the quality of the resulting meat determine the ultimate worth of a carcass. In recent years, tremen-
dous strides have been made in the field of muscle biology, particularly in our understanding of the 
mechanisms controlling skeletal muscle growth and development, and the impact these factors have 
on meat production and quality. Many of the past difficulties that meat and animal scientists have 
experienced when attempting to address specific problems (e.g., stress susceptibility and poor meat 
quality in swine) have been due to a lack of understanding the underlying biological mechanisms 
driving muscle growth, metabolism, and its conversion to meat. This book is designed to provide 
the advanced reader with state-of-the-art knowledge about skeletal muscle and meat, and also as a 
platform for further investigation of specific issues. At the same time, this comprehensive review 
provides the newcomer with a sound background in applied muscle biology and meat science.

Chapter 1 provides a detailed analysis of muscle structure with an emphasis on muscle proteins, 
microstructure, membrane composition, and contraction. This discussion lays the groundwork for 
succeeding chapters.

An understanding of the growth and development of skeletal muscle and some of its components 
such as fat and connective tissue is crucial to our ability to manipulate production of the meat ani-
mal and subsequent meat quality characteristics. Chapters 2 through 7 address issues relevant to 
muscle growth and development. Accordingly, myogenesis and the biology and nature of satellite 
cells are reviewed. Adipogenesis, essential for muscle development and growth and so critical to 
meat quality, is discussed in Chapter 3. Chapter 4 reviews current issues related to the fetal stage 
of muscle development, with emphasis on the sensitivity of the fetus to maternal nutritional status 
and resulting fetal programming of skeletal muscle. The characteristics of muscle fiber types and 
mechanisms of in vivo protein degradation are the subjects of Chapters 5 and 6. Finally, a discus-
sion of collagen and other matrix constituents and their contribution to muscle growth and quality 
concludes this part of the book.

Chapters 8 through 14 review key aspects of postmortem changes in mammalian and fish muscle 
that are responsible for meat quality characteristics. Thus, the first chapters in this middle section 
discuss, arguably, the two most important biological changes in postmortem muscle: proteolysis and 
glycolysis. A recurrent problem in the production of pork has been superior lean growth coupled 
with the development of poor quality “acid meat.” Chapter 10 reviews recent research related to 
alterations in protein signaling pathways that are related to development of this genotype in pigs. 
Color has been recognized for decades as one of the premier quality traits of meat. Chapter 11 pres-
ents a comprehensive review regarding mechanisms governing meat color. Chapter 12 discusses 
multiple factors responsible for lipid oxidation in meat and strategies for its prevention. Recognition 
of the beneficial properties of specific fatty acids in meat has prompted interest in components such 
as ω-3 long-chain polyunsaturated fatty acids and conjugated linoleic acids. Chapter 13 reviews 
recent progress in nutritional management for enrichment of these meat constituents and the subse-
quent impact on meat quality. This section concludes with Chapter 14, a comprehensive review of 
the unique fish myotome and the postmortem changes it undergoes.

The penultimate chapter (Chapter 15) addresses molecular techniques that are increasingly uti-
lized in breeding programs, including molecular mapping and marker-assisted breeding. Finally, 
the book concludes with an essay (Chapter 16) dedicated to animal welfare and the ethics of using 
animals for food, an especially timely discussion given the concerns of animal rights activists.



viii Preface

In summary, this book focuses on biological changes in skeletal muscle and meat. Given recent 
developments in energy costs and distribution, and changes in the commodities markets driven 
by the demand for biofuels, the challenges for animal production agriculture will only increase. 
Increased appreciation for the underlying biological mechanisms related to animal and meat pro-
duction can only help solve the challenges. Thus, this book is suitable as a text for advanced courses 
in applied muscle biology and meat science; it further serves as a reference for scientists and indus-
try personnel involved in meat science, as well as animal growth and development.
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2 Applied Muscle Biology and Meat Science

1.1  IntroduCtIon

Muscle is the tissue that moves us about and transports the liquids within us. There are two general 
types of muscle — striated and smooth — with this nomenclature derived from the microscopic 
appearance. Striated muscle has striations while smooth does not. Striated muscle can be further 
subdivided into skeletal and cardiac. The common feature of the muscle types is that the cells are 
enriched in proteins that interact in a cyclic fashion to produce force and/or shorten the cell. These 
proteins are myosin in the thick filament and actin in the thin filaments. If the cell is connected to 
other muscle cells around a lumen, as in smooth and cardiac muscle, it will decrease the lumen vol-
ume and thus move things about within us. If it is attached to the skeleton, as for skeletal muscle, it 
will move the skeleton and thus allow change in our position or location. All three types of muscle 
are used in meat products, with smooth and cardiac mostly found in comminuted products and skel-
etal found in intact or near intact meat products as well as comminuted products. Skeletal muscle is 
by far the most important in animal agriculture and is the main focus of this chapter.

1.2  HIstology and gross anatomy

Skeletal muscle, as the name implies, is generally attached to the skeleton. It contains the other tis-
sue types (nerve, epithelia, connective tissue) to a much lesser extent than other tissues and organ 
systems. The cells of striated muscle are unique in that they are multinucleate, very large, and 
extremely elongate, reaching several millimeters to centimeters in length. This cylindrical and 
extended length of the cells results in the muscle cell being called a fiber. The parallel organization 
of muscle fibers within a group or fascicle gives anisotropy to the tissue or the so-called “grain” 
that is observed in a steak. Anisotropy imparts unique mechanical properties to near-intact muscle 
foods, as the resistance to breakage (such as when meat is chewed) depends on the angle of shear. 
The origins of this anisotropy and the striations are discussed in much greater detail in subsequent 
sections. Like other cells, the muscle cell is enveloped in a membrane and contains intracellular 
organelles such as the Golgi, mitochondria, nuclei, and an endoplasmic reticulum. The amount of 
these elements is much less than in other cell types as the primary function of muscle is to shorten 
and thus it contains very large quantities of the contractile proteins actin and myosin. Also, unlike 
other cells, striated muscle has an extremely low to no propensity to divide; renewal involves a 
myoblast-like cell called the satellite cell.

The individual muscle cells are encased in collagenous connective tissue that can be subdivided 
into the portion that is in intimate contact with the cell called the basement membrane and a more 
distal portion called the endomysium (Figure 1.1). A group or fascicle of muscle cells is surrounded 
by a more robust collagenous connective tissue network called the perimysium. An anatomical 
muscle consists of a group of fascicles and is surrounded by the epimysium. It is through the epimy-
sium that the main product of muscle (shortening) is coupled to bone via the myotendinous junction. 
The collagen fibers of endo-, peri-, and epimysium intermesh such that contraction at the individual 
cell level is transmitted from the endomysium to the epimysium and thus to tendon and bone. The 
efferent and afferent nerve fibers and blood vessels penetrate the epimysium and bifurcate through-
out the muscle, primarily within the perimysium. Generally, the nerve fibers and blood vessels are 
grouped together and subsequently bifurcate to supply each single muscle fiber with a nerve and the 
capillary network that feeds the muscle fibers.

The anatomical names of muscles are related to size, shape, attachments, fiber orientation, loca-
tion, and action. The morphological types of muscle are related to their general form and muscle 
fiber orientation/organization. Muscle with fibers oriented mostly along the long axis is termed 
“strap” and “fusiform.” Those with the fibers oriented at an oblique angle to the muscle, but mostly 
one angle, are termed “pennate.” Those with multiple oblique angles are termed “bipennate,” “mul-
tipennate,” and “circumpennate.” Most anatomy textbooks diagram all muscles as strap when, 
indeed, strap muscles are not very common. For intact to near-intact muscle foods, it is important 
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to understand the morphological muscle type as this may impact the tenderness. For example, the 
tender psoas major is a strap-type muscle. From a functional perspective, strap muscles develop the 
greatest extent and speed of shortening but the lowest force per cross-sectional area of the muscle 
(not the fiber per se), while circumpennate muscles develop the least extent and speed of shortening 
but the greatest force/cross-sectional area of the muscle. These biomechanical features arise, par-
tially, from the fact that the speed of muscle shortening is related to the number of force-producing 
units in series while the force is related to the cross-sectional area of the muscle fibers for a given 
myosin isoform (see below). The sum of the fiber cross-sectional area for a strap muscle is equal 
to the muscle cross-sectional area, while for the circumpennate muscle, it is the area of a cylinder 
through the center of the muscle.

The microscopic appearance of a skeletal muscle cell is primarily determined by its intracellular 
components and their organization (Figures 1.2 and 1.3). The cell can be divided into its constitu-
ent elements, which include the outer membrane called the sarcolemma, intracellular membrane 
networks that include the T-tubules and sarcoplasmic reticulum, as well as mitochondria, nuclei, 
and myofibrils. The myofibril is a string-like structure made of repeating units called sarcomeres. 
The sarcomere is delimited by the α-actinin containing Z-lines to which the actin-containing thin 
filaments attach. Myosin-containing thick filaments are in the center of the sarcomere and form the 
A-band. In the center of the A-band is the M-line that contains myomesins and part of titin involved 
in formation of the A-band and positioning of the thick filaments in the center of the sarcomere. 
Thick and thin filaments interdigitate in the overlap region and the extent of overlap increases as 
sarcomere length decreases. The I-band includes a dense Z-line at its center and the low-density 
non-overlap regions of the thin filaments from the adjacent half sarcomeres on each side. Classically, 
the sarcomere is described as having thin-filament-containing I-bands flanking the thick-filament-
containing A-band but this does not convey the functional aspect of the overlap region.

As can be seen in Figures 1.2 and 1.3, the proteins of the sarcomere are organized into a near-
crystalline lattice, and the form of these proteins and their interactions with themselves and other 
proteins result in a highly organized structure. The fascinating feature of muscle structure and 
function is that one can start with most of the structures of individual proteins, organize them 
into their respective polymers as governed by their interprotein interactions, build the individual 
filaments (thick and thin) and their attachments (Z-line and M-line), build a sarcomere, and link 
these sarcomeres in series to form the myofibril. These myofibrils can be associated and aligned, 

Anatomical
muscle

Muscle fascicle

Epimysium

Perimysium

Endomysium Muscle fiber, muscle cell, myofiber

Myofibril

FIgure 1.1 Organization of striated muscle and its collagenous connective tissue layers.
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primarily by extra-sarcomeric proteins, and the muscle cells can be arranged to generate a model of 
muscle organization consistent with that observed at the anatomic, light, and electron microscope 
(EM) levels. This molecule-to-macroscopic approach will be used for this chapter. The x-ray crys-
tal structures available for many of the major myofibrillar proteins will be combined with electron 
micrographs of the ultrastructural organization to illustrate and describe the individual proteins of 

Skeletal muscle fiber (cell)

Myofibril

Sarcomere

Half I band A band
H zone

MZ Z

Half I band

A-band

M-line H-zone

Z-line I-band
Non-overlap region

Overlap region

FIgure 1.2 Vertebrate skeletal muscle fiber, myofibril, and sarcomere organization. Skeletal muscle fiber 
and myofibril imaged by phase-contrast microscopy (top) and single myofibril whole mount imaged with 
HVEM after positive staining (middle). Cartoon of sarcomeric organization in both longitudinal and cross-
section (bottom).
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the sarcomere, their interactions with themselves and other proteins, their function, and to build 
their respective subsarcomeric structures. We then build the sarcomere, the myofibril, adding some 
membrane elements, and describe how all these elements work together to elicit muscle contraction 
upon stimulation from the nerve.

1.3  myoFIbrIllar ProteIns

The myofibril is an insoluble (at near-physiological salt levels) protein assembly composed of more 
than 30 different proteins. It is isolated by homogenizing muscle (preferably post rigor) in a buffered 
0.1 M saline solution followed by cycles of low-speed centrifugation. Most of the membrane ele-
ments and cystosolic proteins remain in the supernatant while the nuclei and myofibrils are in the 
pellet. The proteins of the myofibril interact with each other by non-covalent bonds. Many of the 
individual protein-protein domain interactions are weak but the number of domains interacting is 
large, thus resulting in a very high overall affinity and providing stability to the protein complexes 
that maintain the organization of the muscle structures. The major proteins and their approximate 
levels in isolated myofibrils are shown in Table 1.1, and an SDS-PAGE gel of fast and slow bovine 
myofibrils is shown in Figure 1.4 to aid in visualizing the relative amount of the different proteins 
and their approximate monomeric mass. A description of the structure and function of the indi-
vidual myofibrillar proteins follows, with subsequent organization of these proteins into their sub-
sarcomeric structures. We do not focus on the numerous isoforms of the myofibrillar proteins and 
use isoforms differences only to highlight the functions of the proteins.

1.3.1  Myosin

The molecular motor that produces muscle force and contraction is the actin-activated ATPase, 
myosin. There are numerous myosin classes within this large protein family (Foth et al. 2006). 
The form contained in the contractile apparatus of all muscle types, and contributing nearly half 
of the myofibrillar protein content in vertebrate striated muscle, is myosin II. There are several 
muscle myosin types, differing in the speed with which they hydrolyze ATP and their regulation. 
We describe here some of their common structural features; additional details may be found in other 
reviews of muscle, myosin, and myosin filament structure (e.g., Squire 1981; Squire et al. 2005; 
Craig and Woodhead 2006). Myosin isoform variations in different fiber types are also described in 
more detail elsewhere in this volume.

1

Z M Z

4 5 6 72 3

FIgure 1.3 Filament organization within the sarcomere as seen in electron micrographs of positively 
stained sections of rabbit psoas muscle. Different regions of the near-crystalline lattice of the sarcomere 
shown in cross-section (top) and in longitudinal section (bottom) are: 1, Z-line; 2, I-band near Z-line; 3, 
I-band; 4, overlap region of the A-band; 5, non-overlap region of A-band; 6, bare zone of A-band adjacent to 
M-band; 7, M-band. Arrows note the stripes associated with MyBP-C. Bar = 100 nm.
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Myosin II consists of two identical heavy chains and two pairs of light chains (Figure 1.5A and B), 
with a combined molecular weight of around 520 kDa. The C-terminal α-helical portions of each 220-
kDa myosin heavy chain dimerize to form a coiled-coil rod, approximately 150 nm in length. This 
region is also involved in the formation of thick filaments and is discussed further below. Toward their 
N-terminal ends, the two heavy chains separate and each terminates in a globular region. Enzymatic 
digestion divides the molecule within the rod portion into light meromyosin (LMM) and heavy mero-
myosin (HMM). Heavy meromyosin can be further broken down to yield subfragments 1 and 2 (S1 
and S2). Each S1 fragment (also referred to as the myosin head or crossbridge) includes the globular 
portion of the heavy chain, with sites that bind MgATP and actin, and an α-helical neck that binds 
two different types of light chains (Figure 1.5B), ranging from 20 to 23 kDa.

The S1 head alone is sufficient to produce movement of actin filaments in vitro (Toyoshima 
et al. 1987), confirming that muscle contraction is a direct result of conformational changes that 
occur within this fragment. The vertebrate myosin S1 crystal structure (Figure 1.5B), first solved in 

table 1
major myofibrillar Proteins

Protein subunits
mW  
(kda)

% mF protein 
(w/w)

Myosin Heterohexamer:
Heavy chain
Essential (proximal) light chain
Regulatory (distal) light chain

520
220
23
20

43

Actin Homopolymer 43 22

Titin Homohexamer? 3,200–3,700 10

Nebulin Monomer 900 5

Troponin Heterotrimer:
Troponin T
Troponin I
Troponin C

73
31
23
18

5

Tropomyosin Homo/heterodimer:
Alpha-tropomyosin
Beta-tropomyosin

66
33
33

5

MyBP-C Monomer 130 2

MyBP-H Monomer 55 <1

Myomesin (1-3) Homodimer 165–185 2

α-actinin Homodimer 100 2

Tropomodulin Monomer 40 <1

CapZ Heterodimer:
Alpha-subunit
Beta-subunit

68
36
32

<1

Creatine kinase Homodimer 43 <1

Adenylate kinase Monomer 22

Desmin Homopolymer 54 <1

Synemin Heteropolymer (w/desmin) 185 <1

Filamin Homodimer 240 <1

Telethonin/T-cap Monomer 19 <1

Myopalladin Monomer 145 <1

T-cap Monomer 19 <<1

Dystrophin Monomer 427 <<1
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1993 (Rayment et al. 1993), has helped identify the structural motifs important for transduction of 
chemical energy (Geeves et al. 2005). The globular region of S1 is known as the catalytic or motor 
domain because it contains the polypeptide sequences most fundamental to energy transduction in 
muscle. Two subdomains (upper and lower 50K) are separated by a cleft that is associated with actin 
binding. Adjacent to this area is a G-protein-like nucleotide binding pocket with a P-loop that coor-
dinates binding of MgATP. Partial ATP hydrolysis and subsequent release of one or both hydrolysis 
products (ADP, inorganic phosphate Pi; see Figure 1.21) is closely associated with a change in the 
conformation of the S1 head termed the power stroke. The resulting stable complex of actin and 
myosin, free of nucleotide, is called the rigor complex.

The neck region of each S1 is the binding domain for two calmodulin-like light chains. The 
essential (or alkali) light chain binds near the N-terminal end of each neck, and is so named 
because it is necessary for ATPase activity and actin binding by myosin. The regulatory light chain 
(also referred to as lightchain 2 or the DTNB light chain) binds at the C-terminal end of the neck, 
nearest to S2. The functions of the light chains are not well understood, especially in vertebrate 
striated muscle, although recent studies are beginning to shed light on how they contribute to con-
tractile properties (Moss and Fitzsimons 2006; Hernandez et al. 2007). Because the S1 neck acts 
as a lever arm during the crossbridge cycle, its structure plays a role in determining the mechani-
cal properties of the muscle as a whole, with its length limiting the distance actin moves per ATP 
hydrolyzed (and therefore, muscle velocity), and its stiffness affecting the load-bearing properties 
of each crossbridge. The light chains are thought to not only increase the stiffness of the lever arm, 
but also to have important regulatory functions. Vertebrate smooth muscle and many invertebrate 
muscles are referred to as “myosin regulated” because their activation requires modification of 
the light chains by phosphorylation or calcium binding. Evidence is accumulating that a similar 

Titin
Nebulin

Myosin HC
Myomesins

MyBP-C

α-actinin

Desmin

Actin
TnT
Tm

LC1
TnI

TnC
LC2

A B C

FIgure 1.4 SDS-PAGE of myofibrillar proteins and crude myosin. Bovine cutaneous trunci myofibrils 
(fast muscle, lane A), bovine masseter myofibrils (slow muscle, lane B), and myosin (lane C) were subjected 
to SDS-PAGE.



8 Applied Muscle Biology and Meat Science

mechanism, while not obligatory, plays an important role in tuning the activation of vertebrate 
striated muscle.

1.3.2  Myosin Binding Protein-C (MyBP-C)

Other proteins besides myosin and titin are present in the crossbridge region of thick filaments. 
Myosin binding protein-C (MyBP-C, also called C-protein) and a smaller related protein, myosin 
binding protein-H, are members of the immunoglobulin superfamily. For many years these proteins 
were known to bind at regular positions along the thick filaments of striated muscle (Craig and Offer 
1976; Bennett et al. 1986) (Figure 1.3) but generated limited interest because they were not required 
for activation of contraction. The discovery that mutations in the gene for cardiac MyBP-C are 
associated with familial hypertrophic cardiomyopathies has stimulated renewed study of how these 
proteins contribute to normal muscle function, especially in the heart (De Tombe 2006; Granzier 
and Campbell 2006; Oakley et al. 2007).

Three isoforms of MyBP-C have been identified and are encoded by different genes. One form, 
MyBP-C3, is found only in cardiac muscle. MyBP-C1 and MyBP-C2 (formerly MyBP-X) are found 
mainly in fast and slow skeletal muscle, respectively. Each isoform consists of a single polypeptide 
chain (extended length approximately 50 nm), containing at least seven repeating immunoglobulin 
I (Ig) type domains and three fibronectin (FN) domains. These are numbered from the N-terminus 
as domains C0 to C10. Repeats toward the C-terminus (C7 to C10) bind to the LMM portion of 
myosin, and also to another myosin binding protein, titin (see below). The N-terminus of MyBP-C 
has affinity for the S-2 portion of myosin and for actin (Kulikovskaya et al. 2003). The cardiac iso-
form is larger than the skeletal, due to a proline charge-rich insert near the center of the sequence 
and addition of a cardiac-specific IgI domain. It also contains additional phosphorylation sites near 
the N-terminus.

Subfragment 1
(S1)

Subfragment 2
(S2)

Light
Meromyosin

(LMM)

ELC
RLC

Nucleotide
binding

Actin
binding

A

B

FIgure 1.5 (see color insert following page 148.) Myosin structure in vertebrate striated muscle. The 
myosin molecule (A) includes two heavy chains (rendered in light and dark green) and two light chains (magenta 
and cyan), and can be divided into three subfragments as shown. The crystal structure of S1 (B) shows loca-
tions of light chains and binding sites for actin and nucleotides. Images were rendered with MacPyMol using 
pdb file 2MYS for S1 and 2FXO for S2.
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MyBP-C binds at seven to nine locations in each half of the thick filament, separated by gaps of 
43 nm, the same as the axial helical repeat of myosin heads on the filament surface (Figures 1.2, 
1.3, and 1.17). Two to four molecules of MyBP-C are thought to bind at each axial position. Two 
models have been proposed for their arrangement. In the trimeric collar model (Winegrad 1999), 
three molecules of MyBP-C consecutively dimerize to form a ring around the myosin filament at 
each axial location. The alternative model aligns C-terminal repeats of MyBP-C parallel to the 
thick filament axis (Squire et al. 2003). In both models, the N-terminus can extend away from the 
backbone to interact with myosin S2, actin, or both. Thus far, high-resolution EM studies have been 
unable to rule out either model, and it is possible that the arrangement differs with muscle or fiber 
type (Flashman et al. 2008).

It now seems likely that MyBP-C functions in regulation, assembly, and structural stability of 
the contractile apparatus. Thick filament assembly and stability are promoted by interactions of the 
C-terminus domains of MyBP-C with titin and are impaired by its absence. Regulatory functions are 
associated with residues near the MyBP-C N-terminus that bind myosin S2. Studies of both intact 
muscle fibers and isolated myosin filaments suggest that in its unphosphorylated state, MyBP-C helps 
tether the S2 portion of myosin to the thick filament backbone; in cardiac muscle, phosphorylation 
of MyBP-C domains C1-C2 is proposed to decrease their association with myosin S2, allowing S1 
to move closer to actin prior to activation (Levine et al. 2001). It is also possible that binding of its 
N-terminus to actin creates a strut that maintains the positions of the thin filaments midway between 
adjacent thick filaments in the overlap region in relaxed striated muscle (Squire et al. 2003).

1.3.3  MyoMesins

Three separate genes code for related proteins found in the M line/band (Schoenauer et al. 2008). 
Myomesin 1 (185 kDa) is found in all striated muscles; myomesin 2 (165 kDa, also called M-protein) 
is found in fast twitch fibers; and myomesin 3 (162 kDa) is restricted to slow and intermediate fiber 
types. All three proteins have unique N-terminal regions followed by two immunoglobulin-like (Ig) 
domains, 5 fibronectin domain 3 like (FN3) domains, and 5 more Ig domains. BLAST sequence 
comparisons, however, indicate only 40% to 50% identity among the myomesins, with the longest 
span being less than 15 amino acids. Myomesin 1 has been proposed to be the major thick filament 
cross-linking protein, with a function analogous to α-actinin in the Z-line (Lange et al. 2005). The 
protein binds to myosin through its N-terminal domain and to titin via the most C-terminal three FN3 
domains. All three myomesins form only homodimers through their carboxyl-terminal regions.

1.3.4  Creatine Kinase and adenylate Kinase

Creatine kinase (CK) is also localized at the M-line. This enzyme catalyzes both the forward and 
reverse reaction of creatine phosphate + ADP to yield creatine and ATP. CK binds to myomesin 
through the latter’s Ig domains 6 to 8 (Hornemann et al. 2003). Only the MM form of creatine 
kinase is found in the M-line and its binding affinity for myomesin is pH dependent, being weak at 
high pH (>7.5) and strong at lower pH (pH 6.0). Adenylate kinase (formerly called myokinase) inter-
converts 2ADP to AMP + ADP and has been found near the M-band. The interaction of adenylate 
kinase at the M-band has been proposed to occur through binding to Fhl2/DRAL, which in turn 
attaches to the carboxyl-terminal region of titin (Lange et al. 2002). The tethering of creatine kinase 
and adenylate kinase near the site of ATP usage appears beneficial for muscle function.

1.3.5  aCtin

Actin is the most abundant protein of muscle on a molar basis, being near 600 µM within the myo-
filament lattice. It acts as both a structural element of the sarcomere and as a co-factor for activa-
tion of the myosin motor domain ATPase. It polymerizes to form the major component of the thin 
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filament in an ATP-dependent manner. The crystal structure of G-actin was solved several years ago 
(Kabsch et al. 1990), and different views of the structure are shown in Figure 1.6A through F. The 
general anatomy of the protein is more planar than spherical. It is subdivided into four subdomains 
numbered 1 through 4 that are named in a clockwise fashion with subdomain 2 starting in the upper 
right and progressing to 1, 3, and then 4 in the upper left. Subdomains 3 and 4 are called the inner 
domain of actin, whereas 1 and 2 are called the outer domain (Holmes et al. 1990). MgATP/ADP is 
bound in a cleft formed between subdomains 2 and 4. The planar nature is obvious when the struc-
ture is viewed from subdomains 1 and 3 (Figure 1.6C) or 2 and 4. Polymerization of G-actin into 
fibrous or F-actin is complex, being dependent on concentrations of salt, divalent cations, G-actin, 
and ATP (Carlier 1991). It follows a sequential process in which subdomains 2 and 4 of one mono-
mer interact with 1 and 3 of another (yellow and cyan monomers in Figure 1.6D and E) to form a 
dimer. Subdomains 3 and 4 of another monomer, rotated about 170° about its vertical axis, associate 

A

D
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C

FIgure 1.6 (see color insert following page 148.) Actin monomer and polymer structure. The crystal 
structure of G-actin is shown in α-carbon cartoon view (A) and surface rendered views (B and C). The sub-
domains are noted, as well as the inner and outer domains. Tilting of the structure 90° into the page shows 
the bottom (subdomains 1 and 3) and that the molecule is mostly flat (C). The crystal structure of an F-actin 
filament containing four monomers is shown (D through F). Each subunit is colored differently and the sub-
domains and domains are noted. The C-terminal three residues for all monomers is colored in black for refer-
ence. View (D) shows the filament from the front, (E) from the side, and (F) from the barbed (+) end of the 
filament. A smaller view of a longer filament is shown in (G) with the α-actinin binding sites colored magenta. 
The barbed (+) end is to the left and pointed (-) end is to the right. Note the spiral of the binding sites resulting 
from the helical nature of the filament. Images were adapted from Pirani et al. (2006) supplemental files.
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with subdomain 4 of the lower G-actin and subdomain 3 of the upper G-actin of the dimer (magenta 
monomer in Figure 1.6D and E). If the cleft is considered the top of the molecule, dimerization 
involves a stacking of one monomer on the other while formation of the trimer involves addition 
of a monomer (after rotation of about 170°) to the side of this stack. Subsequent addition of mono-
mers occurs by primarily adding additional monomers onto the existing trimer (green monomer 
Figure 1.6D and E). The process is rate limited by dimer and trimer formation. This polymerization 
results in the filament having polarity with the clefts all in the same direction. This end of the poly-
mer is termed the minus (−) end of the filament because it grows more slowly than the other plus 
(+) end. When the filament is “decorated” with rigor myosin S1, the minus end appears pointed and 
is thus called the pointed end while the other end appears barbed and is called the barbed end. For 
most illustrations, we will orient the pointed end at the top or right of the figure.

The arrangement of actin monomers in the filament (Figure 1.6G) can be described as either a 
left-handed single stranded helix (sometimes referred to as “short pitch”) or as a right-handed double 
stranded helix (“long pitch”). In electron micrographs the most prominent features are a 6 nm stria-
tion along the filaments resulting from the turns of the left-handed helix, and a 38 nm periodicity 
reflecting the crossover points of the two strands of the right-handed helix. The filament can be 
described as a twisted double strand of pearls with the twist of the two strands giving the long pitch 
and the twist, in going from pearl to pearl, the short-pitch. The filament, without associated proteins, 
is dynamic in that it can grow and shorten, depending on the conditions and G-actin level. In striated 
muscle, there are proteins tightly associated with either the plus end (CapZ) or minus end (tropo-
modulin) and along the side (nebulin and tropomyosin) that stabilize the filament.

The diameter of the filament is about 10 nm and its length in muscle is primarily determined by 
nebulin (see below). There are a few proteins that bind to the ends of the filament and involve both 
the inner and outer domains (McGough 1998). The majority of proteins bind along the filament 
and interact primarily with the outer domain. At the sarcomere level, these proteins include myo-
sin, tropomyosin, troponin (TnT and TnI), α-actinin, nebulin, and possibly MyBP-C. For myosin 
and α-actinin, two actin monomers are bound along the long axis of the filament but to different 
domains of each monomer. The surface regions on F-actin involved in binding tropomyosin, myo-
sin, and α-actinin are shown in Figure 1.7, and it is apparent that there is overlap of some of these 
sites. F-actin’s interactions with other proteins are numerous and are discussed further in sections 
on the substructures of the sarcomere.

Tropomyosin
sites (blocked)

Rigor S1
sites

Alpha-actinin
sites

FIgure 1.7 (see color insert following page 148.) Binding sites on the actin filament. The F-actin 
model from Figure 1.6 was modified by coloring the amino acid residues (dark blue) thought to be involved 
in the binding of tropomyosin in the blocked state, S1 in rigor, and α-actinin. Note that similar residues are 
involved for all three proteins. The residues involved are from McGough (1998) and images were rendered 
as in Figure 1.5.
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1.3.6  neBulin

Nebulin is also a large protein with a size in the 750 to 850 kDa range that is primarily associated 
with the thin filament (McElhinny et al. 2003). The name comes from its nebulous function at the 
time of its discovery. Unfortunately, the role of this protein in muscle still remains mysterious. More 
than 45 mutations have been detected in the human nebulin gene, and most of these lead to nemaline 
myopathy, a muscle disorder where microscopic rods appear in the muscle cells. Nebulin is composed 
of a large number of repeating domains and it is alternatively spliced. It contains an SH3 domain at 
the C-terminus, and this sequence is proposed to bind to a proline-rich sequence near the N-terminal 
end of titin in the Z-line. The proteins α-actinin, desmin, and CapZ also bind to the nebulin carboxyl 
end. A ~35 amino acid repeat occurs 185 times in nebulin. Each of these repeats contains a central 
“SDXXYK” amino acid sequence that is believed to anchor the nebulin to each actin monomer along 
the filament at 5.5 nm intervals. There is also a “WLKGIGW” sequence at every seventh module 
(22 super repeats) in the center of the 185 repeat section, and this corresponds to the 38.5 nm spacing 
of the troponin complexes along the thin filament. The repeating structure is thought to be α-helical. 
Nebulin likely follows a helical path on either side of the actin double strand (Figure 1.2, shown in 
green). The amino terminus binds to tropomodulin near the free end of the thin filament.

Nebulin has been proposed to function as a molecular ruler to determine the thin filament length. 
Support for this idea comes from the observation that the size of the nebulin correlates with the thin fil-
ament lengths when comparing different species. Thus, bovine and human thin filaments, with lengths 
of 1.3 microns (µm), have larger nebulins than mouse with filament lengths of 1.05 µm. The protein has 
also been shown to bind to calmodulin. Nebulin knockout mice have altered calcium regulation and 
markedly up-regulated levels of sarcolipin, a protein that alters the activity of the sarcoplasmic reticu-
lum calcium pump. However, direct interaction of the two proteins has not been demonstrated.

1.3.7  troPoMyosin

Tropomyosin is a parallel homo- or heterodimer that is a component of the thin filament (Perry, 
2001). Dimerization is via formation of an α-helical coiled coil involving hydrophobic interactions 
associated with its amino acid heptad repeat. The non-polar (N) and polar (P) amino acid repeat 
(NPPNPPP) results in a non-polar side chain at average intervals of 3.5 amino acids, very similar 
to the 3.6 amino acid repeat of the α helix. This results in a hydrophobic strip along one side of the 
α helix. Tropomyosin is a stiff, elongate molecule having a length of about 40 nm and a diameter 
of about 2.5 nm (Figure 1.8). Under low salt conditions, it polymerizes end-to-end involving an 
overlap of about 9 amino acids at both the N- and C-termini. It binds along the long axis of the 
actin filament, and the end-to-end interactions between the tropomyosins are such that it is akin to 
a linear co-polymer with F-actin. The orientation of the binding of tropomyosin to actin is such that 
its sequence is anti-parallel to the polarity of the actin filament (N-terminus of tropomyosin at the 
(−) or pointed end). While the overall binding affinity of tropomyosin to F-actin is high, its interac-
tion with individual actin monomers is relatively weak. This allows for some minor movements of 
tropomyosin on the surface of F-actin that are important in regulation of contraction. The major 
binding sites on F-actin are on the outer domain of the filament, with other sites more toward the 
inner domain that are associated with un-blocking of actin for interaction with myosin (Figure 1.8). 
The mole ratio of actin monomers to the tropomyosin dimer is 7 to 1. Tropomyosin is involved in 
stabilizing the thin filament but its primary function is to regulate myosin’s interaction with actin. 
This involves movement of tropomyosin on the surface of the actin filament that is mediated by 
troponin (see below). Troponin binds to tropomyosin in the C-terminal third of the molecule and 
slightly into the N-terminus of the overlapping tropomyosin. This binding is mostly through the 
TnT subunit of troponin, with TnT being anti-parallel with respect to the tropomyosin sequence. 
Tropomodulin binds near the N-terminal 14 amino acid residues of tropomyosin and inhibits tropo-
myosin end-to-end interactions.
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1.3.8  troPonin

Troponin (Tn) is an additional thin-filament associated protein whose primary function is to control 
the location of tropomyosin on the thin filament in a calcium-dependent manner and thus control 
contraction (Farah and Reinach 1995). It is a heterotrimeric protein, being made of subunits called 
TnT, TnI, and TnC. Biochemical studies over the past 40 years determined many of the interactions 
of the subunits with the thin filament and the subunit interactions within the heterotrimer. Troponin 
T primarily binds to tropomyosin (Perry 1998). Troponin T can be divided into two domains called 
TnT1 and TnT2. Tropomyosin binding is mainly by TnT1 whereas TnI and TnC binding is mostly by 
TnT2. Troponin I is inhibitory to actin activation of myosin ATPase activity and interacts primar-
ily with actin (Perry 1999). It too can be subdivided into an N-terminal domain that is involved in 
structural interactions with TnC and TnT and a C-terminal domain that is involved in regulatory 
interactions with actin and TnC. The switching of this domain between actin and TnC is part of the 
molecular switch involved in regulation of contraction. Troponin C binds calcium and is considered 
the calcium binding switch for turning on contraction (Grabarek et al. 1992). As with TnI, TnC can 
also be sub-divided into a regulatory and a structural domain, but with the opposite polarity. The 
C-terminal globular domain is involved in structural interactions with the C-terminal region of TnT 
and the far N-terminal region of TnI. This domain binds two calcium ions with low micromolar 
affinity or two magnesium ions with low millimolar affinity. The N-terminal globular domain binds 
two calcium ions with micromolar affinity for the fast skeletal isoform but only one calcium for the 
slow/cardiac isoform. This “regulatory” calcium binding is associated with structural changes in 
the N-domain that result in exposure of a hydrophobic region. This calcium exposed hydrophobic 
region is a high affinity site for a part of the regulatory domain of TnI.

The troponin trimer forms a club-like structure with a length of about 25 nm and a diameter of 
about 5 nm (Flicker et al. 1982). The handle is made of the N-terminal region of TnT (TnT1), and 
the club part is made of the so-called core-domain of Tn, which includes the C-terminal region of 
TnT (TnT2) and all of TnI and TnC. Crystal structures of the core domain were recently obtained 
(Vinogradova et al. 2005) and are shown in Figure 1.9. There are numerous contacts between the 
subunits and much of TnI and TnT are not resolved in the crystal. The structural interactions that are 
involved in formation of the trimer are demonstrated by the coiled-coil formed between TnT and TnI, 
as well as the interaction of the C-terminal domain of TnC with the N-terminal domain of TnI. The 
C-terminal domain of TnC is held in the structure like chopsticks, with TnI being one stick and the 
TnIT coiled-coil being the other. In the calcium-saturated structure (Figure 1.9C–F), the N-terminal 
domain of TnC has structural differences from the apo state that are associated with the exposure of a 
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FIgure 1.8 (see color insert following page 148.) Tropomyosin structure. A low-resolution structure 
of tropomyosin in α-carbon cartoon view is shown in (A), and a higher-resolution structure of part of the mol-
ecule (B). The high-resolution structure is also shown in surface view in (C). One monomer is colored cyan 
and the other green. Note the coiling of the monomers to form the coiled-coil dimer.
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hydrophobic region. Nestled within this region is an α-helical 9 or 10 amino acid region of TnI. There 
is no direct competition of actin for the same amino acid residues in TnI; rather, the actin binding 
regions are thought to flank the TnC binding region (Luo et al. 2002). Troponin binds to the thin fila-
ment primarily via TnT, through TnT1’s interaction with tropomyosin and via TnI’s interaction with 
actin. Weaker interactions of TnT2 with actin also may be involved in binding Tn to actin (Pearlstone 
and Smillie 1981). There are suggestions that TnI also binds to tropomyosin at specific sites, further 
enhancing its interaction with the thin filament (Geeves et al. 2000; Zhou et al. 2000). The mole ratio 
of actin monomers to troponin heterotrimer is about 7:1, while that of the troponin heterotrimer to 
tropomyosin is 1:1. The so-called regulated thin filament thus has a stoichiometry of 7:1:1.

1.3.9  troPoModulin

Tropomodulin is a low copy number protein that binds tropomyosin and actin and thus is a compo-
nent of the thin filament (Fischer and Fowler 2003). It was originally discovered in red blood cells, 
and subsequent isoforms were found in skeletal muscle. It has an N-terminal tropomyosin binding 
domain and a C-terminal actin binding domain. Tropomodulin’s affinity (in Kd) for tropomyosin 
is about 1 µM, while its affinity for actin is about 0.3 µM. As noted above, tropomodulin binds to 
tropomyosin’s N-terminus. Its interaction with actin is such that it binds to the pointed (−) end of 
the actin filament, likely across the end of the filament (Fowler et al. 2003). Tropomodulin binds 
to the actin–tropomyosin complex with a very high affinity (Kd < 50 pM). Considering its interac-
tions, one would predict a mole ratio of 2 molecules of tropomodulin per thin filament. Because of 
its extremely high affinity for actin–tropomyosin, it essentially prevents addition or loss of G-actin 
monomers from the pointed (−) end of the filament.

1.3.10  CaPZ

Another low copy number protein bound to the thin filament is CapZ (Cooper and Schafer 2000). It is a 
heterodimer made of α- and β-subunits. It binds tightly to the barbed (+) ends of actin filaments with a Kd 
of about 1 nM. As the name implies, it caps actin filaments and is found at the Z-line of the sarcomere. It 
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FIgure 1.9 (see color insert following page 148.) Structure of the troponin core domain. Most of TnC 
(green) and part of TnI (cyan) and TnT (magenta) are shown as α-carbon cartoon structures (A and C) or sur-
face views (B, D, E, and F) The core domain without regulatory calcium bound is shown (A and B) and with 
regulatory calcium bound (C through F). Views (E) and (F) are viewed rotated 90° either out of (E) or into (F) 
the page. Note in (A) and (C) the greater amount of structure detected in the calcium-bound state as a result of 
calcium-dependent regulatory interactions between TnC and TnI.
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also appears to bind α-actinin, and this interaction may stabilize its localization to the Z-line. CapZ was 
recently crystallized (Yamashita et al. 2003) and this structure is shown in Figure 1.10. The molecule is 
elongate, being about 9 nm long and 5 nm wide. There are extensive interactions between the subunits 
in the heterodimer, and the structure of the individual subunits is strikingly similar, although there is 
limited sequence similarity. Both subunits have a far C-terminal region that likely protrudes from the 
main core of the protein. The proposed interactions with the actin filaments involve binding to the 
barbed (+) end G-actin monomers, mediated primarily by the far C-terminal regions of CapZ (Narita 
et al. 2006). The likely mole ratio of CapZ to thin filaments is 1:1.

1.3.11  α-aCtinin

α-actinin is an anti-parallel homodimer found in the Z-line (Otey and Carpen 2004). It has a length of 
about 35 nm and a diameter of about 4 nm. A model structure for α-actinin was developed from the 
individual structures of its domains (Tang et al. 2001) and is shown in Figure 1.11. The monomer has 
three major domains; near the N-terminus is a globular actin binding domain composed of a pair of 
calponin homology domains. This is followed by four triple α-helical, spectrin-like domain repeats. 
This is also called the rod domain of α-actinin. Near the C-terminal is a calmodulin-like domain, 
which in the muscle isoform does not bind calcium. The anti-parallel nature of the molecule results in 
an actin binding domain at each end, with these domains being rotated approximately 180° about the 
short axis of the molecule. As the name implies, the actin binding domain binds to actin, and the resi-
dues on actin involved in this binding have some overlap with residues involved in myosin and tropo-
myosin binding (see Figure 1.7). This likely results in competition between α-actinin and these other 
proteins for binding to actin, as suggested by biochemical experiments (Zeece et al. 1979). α-actinin 
also binds to titin and this involves the C-terminal calmodulin-like domain and spectrin repeats 2 and 
3 (Young et al. 1998). Binding to nebulin occurs at the ends (Pappas et al. 2008) and to CapZ in the 
rod domain (Papa et al. 1999). These numerous interactions with other sarcomeric proteins result in 
very high affinity binding of α-actinin to the Z-line of the sarcomere. Studies with myofibrils in vitro 
demonstrate that α-actinin can readily be exchanged into the Z-line and the apparent dissociation rate 
is 0.01 min−1, in accord with its high affinity for the various proteins at the Z-line (Swartz 1999).

1.3.12  titin

Titin is a giant protein with a monomer size of over 3 million Daltons (for review, see Granzier and 
Labeit 2007). It was so named after the Greek Titans who were giants. It also is sometimes referred 
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FIgure 1.10 (see color insert following page 148.) Structure of CapZ. The α-subunit is colored green 
and β-subunit cyan in carbon cartoon (A) and surface (B) views. Note the similarity in general structure 
between the subunits and the C-terminal extension in the β-subunit that is thought to be involved in binding 
to the barbed (+) end of actin filaments.
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to as connectin. A single titin molecule extends from the Z-line (amino terminus) to the M-line 
(carboxyl terminus) in the sarcomere, a length of more than 1 µm (Figure 1.2, shown in red). Thus, 
the groups of titin molecules have an opposite polarity in each half sarcomere. The arrangement of 
titin in the myofibril has been determined based on antibody staining of permeabilized cells with 
monoclonal antibodies. An example is shown in Figure 1.12, where the extra mass from the mono-
clonal 9D10 is clearly visible in the middle I-band region and a dense line is found in the middle of 
each half A-band using monoclonal 856. Several studies using many different monoclonals show 
similar pairs of antibody stripes at equivalent positions in each half sarcomere. Titin filaments are 
not visible by electron microscopy in intact myofibrils except after extreme stretch where the thick 
and thin filaments are pulled beyond overlap and so-called “gap filaments” can be observed in the 
gap between the A- and I-bands. There are also structures referred to as “end filaments” that appear 
to be formed by aggregates of several titin molecules emerging from the ends of thick filaments 
after the thick filaments are mechanically removed from the sarcomere (Figure 1.13).

The structure of the protein is extremely complex, with large numbers of repeating domains. 
Most of the mass consists of 90 to 100 amino acid modules (as many as 280 total) that are 7 stranded 
β-sheets. These modules are of two types — those similar to the backbone-folding pattern of Ig and 
another set with similarity to the third domain of fibronectin (FN3). The portion of titin that lies in 
the A-band has both FN3 and Ig domains but the I-band region contains only the Ig-type domains.

Because titin is linked at both the Z-lines and the M-band, the structure must be elastic in 
nature to accommodate changes in sarcomere length during contraction and relaxation. In skeletal 
muscle, the elasticity arises from two sources. First, as a muscle is extended from its rest length, 
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FIgure 1.11 (see color insert following page 148.) Model structure and the domain organization of α-actinin 
dimer. One monomer is colored green while the other is colored cyan in the α-carbon cartoon (A) and surface (B) 
views. The complete domain structure of one of the monomers is shown (C) with the actin-binding domain in red, 
spectrin repeats in shades of green, and the calmodulin-like domain in blue. The actin-binding domain of the other 
monomer is shown in dark salmon to demonstrate its location opposite the calmodulin domain.
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the supercoiled titin molecules are straightened. Recent evidence indicates that this straightening 
occurs much like that of a carpenter’s ruler that has both rigid and flexible regions. With greater 
extension forces, a specialized amino acid sequence called the PEVK region (positioned near the 
middle of the half I-band) lengthens. The PEVK is so named because more than 75% of the amino 
acids in this region consist of proline, glutamic acid, valine, and lysine. Most of the PEVK contains 
a repeating structure that includes a large number of 26 to 28 amino acid modules and several glu-
tamic-acid-rich regions. While the Ig and FN3 modules are structurally stable in living muscle, the 
PEVK region is believed to be intrinsically disordered. Because this region is particularly sensitive 
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FIgure 1.12 Titin location within the sarcomeremicron. Two sarcomeres sections of rabbit psoas muscle 
treated with two different monoclonal antibodies to titin prior to preparation for transmission EM. Because 
the antibody binds at only one position within each titin molecule, a dense band appears at only one location 
in each half sarcomere (white arrows). Bar = 1 µm.
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FIgure 1.13 End filaments of the thick filament. Isolated A-band segment (A) and isolated thick filament 
(B) from goldfish bodywall muscle. Due to negative staining, protein structures in these electron micro-
graphs appear as light areas on a dark background. End filaments can be seen protruding from the ends of 
the myosin filaments in both (A) and (B). Note the fine 4 nm striation in the end filament enlargement (C, 
arrow), thought to arise from the intrinsic domain repeat in this region of the titin molecule. Bars = 100 nm 
(A and B) or 20 nm (C).
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to protease action (such as during the postmortem period), SDS gel electrophoresis often reveals two 
titin bands (see Figure 1.4) — the T1 (corresponding to the full-length protein) and T2 (the A-band 
end of the molecule).

As a muscle cell is stretched under resting conditions (i.e., with magnesium and ATP present 
and calcium levels less than 10−6 M), the resisting force gradually increases with an increase in 
sarcomere length. The force measured is often referred to as passive tension (see below). The 
increased tension with sarcomere extension also allows titin to maintain the A-band in the center 
of the sarcomere. Passive tension varies between different muscles, due in part to the presence 
of different-sized titins (between 3.2 and 3.7 MDa). There is a single titin gene in higher verte-
brates, and the size differences arise through alternative splicing in the middle I-band and PEVK 
sequence regions.

Unlike the I-band portions discussed above, the A-band portion of titin is believed to remain 
at fixed length during physiological stretch. The Ig (I) and FN3 (F) domains have 6 super repeats 
with the pattern I-F-F-I-F-F in the so-called D (distal) region of the A-band and 11 super repeats 
with the pattern I-F-F-I-F-F-F-I-F-F-F in the C-region found in the middle of each half A-band. The 
spacing of the start position of the 11 super repeats corresponds to the spacing (43 nm) of MyBP-C 
in the sarcomere and is consistent with the length of 11 modules (4 nm length determined by x-ray 
and NMR of an isolated expressed titin module). The precise domain patterns of the titin modules 
have led to the view that titin serves a ruler function for the assembly of the thick filament. Recent 
evidence suggests that titin runs parallel to the long axis of the thick filament on the surface of the 
shaft. A-band titin also contains a kinase domain. It has been shown to phosphorylate telethonin 
(also know as T-cap) but the kinase and T-cap are half a sarcomere apart in the assembled myofibril. 
No other protein substrates have been identified to date.

Titin interacts with a plethora of other proteins. These include telethonin/T-cap, filamin, nebulin, 
α-actinin, and small ankrin 1 in the Z-line region; obscurin, actin, αß crystalline, Fhl2/DRAL, 
MARP, and calpain-3 in the I-band region; myosin and MyBP-C in the A-band region; and MURFs, 
Ca/calmodulin kinase, Nbr1, Fhl2/DRAL, lamin, calpain-3, and myomesin in the M-line region. 
Some of the listed proteins provide structural anchors for titin. Others have been proposed to func-
tion in signaling and/or protein turnover. However, the functional significance of most of these 
interactions is currently unknown.

1.3.13  oBsCurin

Obscurin is a large myofibrillar protein with a confusing localization pattern (Kontrogianni-
Konstantopoulos, and Bloch 2005). It appears to be bound at the Z-line in developing muscle but 
localizes to the M-line in adults. Similar to titin, the myomesins, and MyBP-C, obscurin contains 
Ig and FN domains (68 and 2, respectively). In addition, there is a calmodulin domain, a RhoGEF 
domain (GEF = GDP/GTP exchange factor) with an associated pleckstin homology (PH) domain, 
and 2 serine-threonine kinase domains. The amount of the protein is very small — on the order of 
one tenth as much as nebulin. Obscurin has been found to associate with the Z-line region of titin 
through two specific Ig domains. It also binds to small ankrin 1 and thus may help tether the sar-
coplasmic reticulum to the myofibril and perhaps the myofibrils to the sarcolemma. The RhoGEF 
domain has been suggested to function in G protein coupled signaling.

1.4  subsarComerIC struCtures

The sarcomere of the myofibril can be divided into several substructures made from the proteins 
described above. This includes the thin and thick filaments that make up most of the sarcomere. 
There are also structures involved in organization of the thin (Z-line) and thick filaments (M-band) 
into their respective I-bands and A-bands. The organization of these subsarcomeric structures are 
described below.
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1.4.1  thiCK FilaMent

Myosin II molecules associate together to form the myosin or thick filaments found in muscle cells. 
Whereas the globular N-terminus of myosin determines its motor activity, the C-terminal rod portion 
is essential for filament formation. Each LMM rod associates with rods of neighboring molecules 
to form the filament backbone, probably as a result of interactions between charged amino acids at 
~4 nm intervals along the rod (McLachlan and Karn 1983; Straussman et al. 2005). Polymerization 
of myosin into thick filaments in vitro is salt, pH, and myosin concentration dependent (Davis 1988). 
Polymerization starts by formation of longitudinal dimers, association of the dimers to form the 
bare zone, and then addition of dimers at the ends of the newly formed bare zone. Filaments formed 
in vitro can have highly variable lengths, pointing out the importance of thick-filament associated 
proteins (i.e., titin) in determining in vivo filament lengths. In vertebrate skeletal muscle, filament 
lengths are quite uniform within each fiber, with around 300 myosin molecules per 1.6 µm fila-
ment. The molecules at each end of the filament face in opposite directions, with their C-terminal 
rods pointing toward the center (Figure 1.14). This bipolar anti-parallel arrangement results in a 
central bare zone devoid of projecting heads (Figure 1.14B and C). At the center of each filament 
are additional proteins that tether adjacent thick filaments together and form the M-band (described 
below). Several models of myosin rod packing have been proposed, some with and some without 
grouping of monomers into subfilaments (Wray 1979; Chew and Squire 1995). Structural data from 
vertebrate striated muscle so far do not clearly favor one particular model but EM features suggest 
that the rods lie nearly parallel to the filament and may surround a narrow hollow core (Squire 
et al. 1998; Kensler 2005). The organization of myosin in vertebrate smooth muscle filaments has 
not been fully characterized but probably is based on anti-parallel packing of tails in a side-polar 
arrangement along the filament so that heads emerge on opposite faces or sides of each filament (Xu 
et al. 1996). Many invertebrate thick filaments also include the protein paramyosin in their core.

Although the rod portions of the myosin molecules are packed so that some lie buried within 
the filament backbone, the S1 heads must all be exposed at the filament surface in order to bind to 
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FIgure 1.14 The filament is formed by association of myosin monomers along their LMM tails, which 
point in opposite directions in each half filament (A). The absence of motor domains in the center results in a 
bare zone (B). In vertebnrates, sequential polymerization of about 300 molecules gives rise to a bipolar fila-
ment of about 1.6 µm in length (C). Images were rendered as described in Figure 1.5 and the myosin filament 
arrangement was adapted from the vertebrate cardiac myosin filament structure of Al-Khayat et al. (2006). A 
transmission electron micrograph of a negatively stained thick filament from goldfish bodywall shows the full 
thick filament length (D) and at higher magnification, projections of motor domains and their apparent spiral 
appearance on the surface of the filament. Bar = 50 nm.
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adjacent actin filaments. In relaxed muscle, the S1 heads project off the backbone in regular arrays 
(Figure 1.14B, C, D) that have been extensively studied by low angle x-ray diffraction and EM, and 
differ by muscle type (smooth vs. striated) and species (Squire et al. 2005; Craig and Woodhead 
2006). For example, in insect filaments there are four myosins emerging at each level (crown), 
whereas in scallop there are seven. Successive crowns are evenly spaced and rotated, so that the 
heads form a helical pattern running along the surface of the filament. In vertebrate striated mus-
cle, three pairs of myosin heads emerge at each crown but the spacing and rotations of successive 
crowns vary, with this pattern repeating every three crowns, about 43 nm.

The orientations of the individual myosin S1 heads in relaxed muscle have been the subject 
of many studies because they represent a starting point for the contractile event, and their highly 
ordered and periodic arrangement makes them accessible to analysis by x-ray diffraction (Huxley 
and Brown 1967; Yagi et al. 1977; Squire et al. 2006; Oshima et al. 2007) and EM image process-
ing (Kensler and Stewart 1983; Cantino and Squire 1986; Craig et al. 1992; Al-Khayat et al. 2006; 
Zoghbi et al. 2008). Moreover, recent work suggests that in myosin-regulated muscles, this arrange-
ment may help maintain the relaxed state. In smooth muscle, myosins with unphosphorylated regu-
latory light chains have very low ATPase activity and are therefore effectively turned off. Structural 
studies of smooth muscle HMM suggest that in the unphosphorylated off state, intramolecular 
interactions inhibit actin binding by one head and ATP hydrolysis by the other (Wendt et al. 2001). 
This smooth muscle interacting head motif appears consistent with the observed EM structures in 
relaxed thick filaments of myosin-regulated tarantula muscle (Woodhead et al. 2005). The argument 
is made that this arrangement is a common feature of all thick filaments that are myosin regulated.

But do such head-head interactions also occur in vertebrate striated muscle? In these systems, 
activation is initiated by calcium binding to troponin but thick filament protein interactions that 
stabilize the resting head configuration could play a secondary role in maintaining the relaxed state. 
Due to perturbations in the helical arrangement, the arrangement of heads in thick filaments of 
vertebrate striated muscle is more difficult to resolve. Structural studies of myosin filaments from 
vertebrate skeletal muscle have supported models with heads from the same molecules closely asso-
ciated but with variations in orientation at different levels within each three-crown repeat (Kensler 
2005b; Al-Khayat et al. 2006; Oshima et al. 2007). Most recently, two independent EM studies have 
modeled crossbridge orientations in mammalian cardiac thick filaments at 4 nm resolution or better. 
Both find that the smooth muscle interacting-head motif fits the observed EM images at two of three 
crowns in the myosin helix (Al-Khayat et al. 2008; Zoghbi et al. 2008). In cardiac muscle, it is not 
expected that this arrangement would prevent activation (as it may in myosin-regulated systems) but 
could lower its probability at low calcium, thus reducing diastolic pressure and optimizing perfor-
mance of the heart. These intramolecular interactions, if shown to be widely conserved, could help 
explain the universal occurrence of two-headed myosins in muscle.

As noted above, the LMM portion of the α-helical rod is essential for filament formation and 
provides the majority of the mass found in the filament backbone. The S2 domain of the rod is more 
soluble, associating only weakly with the filament backbone, and single myosin molecules imaged 
using EM often show a bend near the LMM–HMM junction. These and other data suggest that S2 
has considerable mobility in situ. During relaxation, it appears to lie close to the filament backbone, 
maintaining the ordered array of helical filaments. During activation, release of S2 from the fila-
ment surface would increase the number of target actin binding sites on adjacent filaments where 
S1 can bind. This mobility may also help the contractile system adapt to increases in interfilament 
distance that occur as the muscle shortens.

1.4.2  thin FilaMent

The thin filament of skeletal muscle contains primarily F-actin. Bound along the length of the 
F-actin filament are nebulin, tropomyosin, and troponin (Figure 1.15). The barbed (+) end bind-
ing CapZ (Figure 1.15a) and α-actinin is located at the Z-line while the pointed (−) end binding 
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tropomodulin is at the opposite end. The interactions of primarily nebulin, CapZ, and tropomodulin 
stabilize the F-actin filament from polymerization/depolymerization (Littlefield and Fowler 1998). 
There may be transient interactions of MyBP-C with actin but these are not well resolved. Myosin 
also interacts with the thin filament in an ATP-dependent transient fashion, moving toward the 
barbed (+) end of the thin filament.

Thin filament length in striated mammalian muscle is not the same between muscles within a 
species or between species. It ranges from 1.0 to 1.3 µm in length. This relatively stable structure 
and its anatomy allow one to calculate the mole ratio of proteins within the thin filament. For a 
1 µm thin filament, there are about 400 actin monomers, 56 troponins and tropomyosins, 2 nebulins, 
2 tropomodulins, and 1 CapZ. The amount of α-actinin is dependent on Z-line width, which varies 
with fiber type but ranges from 2 to 8.

The azimuthal position (position with respect to the cross-section of the filament) of tropomyosin 
on the actin filament can change, depending on calcium level and strong (rigor) crossbridges (Vibert 
et al. 1997). This feature was initially inferred from x-ray diffraction studies on muscle and led to 
the steric blocking model of thin filament regulation (Squire and Morris 1998). More recent studies 
using EM reconstruction of reconstituted thin filaments (actin+tropomyosin+troponin), confirming 
this model and adding more detail, are discussed below. The azimuthal location of nebulin is not well 
resolved. Early studies suggested that the actin binding domains bind to the inner domain, primarily in 
subdomains 3 and 4 (Pfuhl et al. 1994). More recent studies with F-actin and a 3-module actin-binding 
fragment of nebulin suggest that it binds in potentially three different locations — the extreme outer 
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FIgure 1.15 (see color insert following page 148.) Thin filament structure. Cartoons of the thin filament 
(A and B) and transmission electron micrographs (C and D) of thin filaments in the non-overlap region from 
plaice fin muscle after freeze fracture show the protein organization along the filament. Cartoons of the ends 
(Z-line and tip in the overlap region) of the thin filaments (A) show the capping of the filament. For the plus or 
Z-line end (leftmost), actin is colored blue and CapZ is colored red. For the minus or tropomodulin end, actin is 
blue, Tm is red, Tn is green, and tropomodulin is cyan. Arrows in D denote the troponin bulges. The rotation of 
each successive troponin pair around the filament axis has been omitted to simplify the rendering.
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domain, the outer domain, and the inner domain (Lukoyanova et al. 2002). Some of these sites are 
occupied by tropomyosin, so there is potential for steric clashing of these molecules on F-actin.

Some of the change in the location of tropomyosin on actin is mediated by troponin. Troponin is 
spaced at about 38 nm intervals along each strand of the two-stranded long-pitch helix. Troponins 
on opposite strands are staggered axially by about 2.5 nm (Figure 1.15A-D). The azimuthal loca-
tion of troponin with respect to the actin has been difficult to determine. Recent studies using EM 
reconstruction and single-particle analysis have led to two different models for troponin’s location 
with respect to actin and tropomyosin. One has troponin bound to actin+tropomyosin with the regu-
latory domain of TnI interacting with the actin and controlling the location of tropomyosin on the 
same long-pitch strand. In this model, the troponin core domain moves with the tropomyosin that it 
controls (Narita et al. 2001). The other model has the troponin on the opposite long-pitch strand con-
trolling the position of tropomyosin; that is, the regulatory domain of TnI spans the short-pitch helix 
(across the filament) to control the location of tropomyosin (Pirani et al. 2006). This model also sug-
gests that part of TnT spans the short pitch and further influences the location of tropomyosin. With 
this model, the troponin structural domain (TnIT coiled-coil and C-terminal of TnC) does not move; 
only the regulatory domain of TnI moves to allow for tropomyosin movement on the surface.

1.4.3  Z-line/Z-disC

The Z-line bisects the I-band and is a critical structural element that links the contractile activity of the 
individual thin filaments to contractions at the ends of the muscle cell (Vigoreaux 1994). In cross-sec-
tion, it appears as a circle or disc and is sometimes called the Z-disc. At the EM level, in cross-section 
within the Z-disc, it appears as either a square lattice or as a basket-weave lattice (see Figures 1.2 and 
1.3). For the square lattice, the corners are the actin filaments and the connections between the cor-
ners are called Z-links that are mostly made of α-actinin. For the basket weave, the “weave” are the 
Z-links and their points of intersection are the actin filaments. These two different appearances are 
thought to be the result of expanding the basket-weave lattice into the square and thus straightening 
out the Z-links (Yamaguchi et al. 1985). In longitudinal-section, the Z-line appears with a zigzag line 
connecting the actin filaments (Figure 1.16a–c). The actin filaments from the opposing half sarcom-
eres overlap at the Z-line (Yamaguchi et al. 1983), allowing α-actinin to link two actin filaments of 
opposite polarity (Figure 1.16a). The width of the Z-line is fiber type specific with fast muscles having 
a narrow (about 50 nm) Z-line and slow/cardiac muscles having a wide (about 140 nm) Z-line. Narrow 
Z-lines appear to have two Z-links while slow bovine sternomandibularis has six Z-links (Luther 
et al. 2002). The longitudinal spacing between the links is about 18 nm. Independent of fiber type, the 
width of the Z-line changes with sarcomere length, being wider at long sarcomere length than short 
to accommodate the constant volume nature of the filament lattice. This is readily observed in light 
microscopy of isolated myofibrils using phase-contrast. The Z-line is quite visible in sarcomeres at 3 
µm but barely visible at 2.2 µm. However, these apparent changes in width are overestimated because 
of the contrast method. Additional structural proteins within the Z-line include titin and nebulin. The 
N-terminal of titin penetrates the Z-line and extends across the complete width. It interacts with the 
C-terminal, calmodulin-like domains of α-actinin through its Z-repeats. Nebulin interacts with the 
Z-line and penetrates to the level of the first Z-bridge (Millevoi et al. 1998).

There is emerging evidence that the Z-line is a potential nexus for several signal transduction path-
ways (Frank et al. 2006) and that there are up to an additional 10 proteins that localize to the Z-line 
or its periphery (Faulkner et al. 2001). These proteins typically are present in low copy number, many 
bind to α-actinin, and some are involved in various signal transduction processes and potentially 
myofibrillogenesis. Additional work needs to be done to document that many of these are bona fide 
structural elements of the Z-line and/or that they are transiently associated with the Z-line in a docking 
fashion. Some that are well characterized include γ filamin, telethonin, and myopalladin. Filamin was 
localized to the Z-line more than 25 years ago (Gomer and Lazarides 1981). More recent studies sug-
gest that this localization involves both the actin binding domains of filamin and through an indirect 
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interaction with α-actinin via a protein called myotilin (Van der Ven et al. 2000). Telethonin/T-cap 
is localized to the Z-line through its interaction with the N-terminus of titin (see above). Myopalladin 
is a recently discovered Z-line 145 kDa protein that links the C-terminal Src homology domains of 
nebulin to the C-terminal calmodulin-like domain of α-actinin (Bang et al. 2001).

1.4.4  i-Band

The I-band was initially so-named because it is isotropic in refractive index when viewed in 
the polarizing microscope. In phase contrast and EM images, it is the low-density region of the 
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FIgure 1.16 (see color insert following page 148.) Structure of the Z-line/Z-disc and M-band. A car-
toon of the Z-line (A) was made using F-actin structures from Figure 1.8 and the α-actinin structure in Figure 
1.13. F-actin is in blue, CapZ in red, and α-actinin in cyan and green. This zigzag appearance is evident in 
electron micrographs from negatively stained sections of frog semitendinosus muscle (B and C). The M-band 
as envisioned in cartoon form (D) was made using Fn and Ig domain models for myomesin and the thick 
filament cartoons in Figure 1.14. The general organization was interpreted from Lange et al. (2002). Myosin 
is colored green, titin blue, Ig domains magenta, Fn domains orange, and myosin binding domain black. 
Myomesin bridges are shown more widely spaced than expected for clarity. The M-lines (M4′, M1, and M4) 
are noted. Bar in (C) = 100 nm.
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sarcomere bisected by the Z-line (Figure 1.2). As such, a single I-band includes one Z-line and the 
region of the thin filaments on each side of the Z-line (longitudinally adjacent half sarcomeres) 
that are not in the overlap region. The width of the I-band decreases as the sarcomere shortens and 
this feature, with a lack of change in the A-band width, led to the sliding filament hypothesis for 
muscle contraction. The thin filaments within a half I-band have the same axial repeat or twist. In 
well-aligned sarcomeres in EM longitudinal sections, as shown in Figure 1.16C, this alignment of 
adjacent filaments produces perpendicular I-band stripes at 38 nm intervals due to the additional 
mass of troponin. In cross-section, the actin filaments have a square lattice near the Z-line (out to 
about 100 nm) and a hexagonal lattice near the A-band (see Figures 1.2 and 1.3). The center-to-
center spacing between adjacent thin filaments is about 25 nm in the overlap region but varies with 
sarcomere length to maintain a constant volume.

1.4.5  M-Band

The electron microscopic appearance of the M-band is related to the types and distributions of 
myomesins (Agarkova et al. 2003). Five prominent lines spaced 22 nm apart are visible in muscle 
sections, and these are labeled M6, M4, M1, M4′, and M6′, with M1 at the center. The M4, M4′ 
lines are present in all muscles (Figure 1.16C and D) but the other lines vary with muscle type and 
developmental stage. The M1-band is present in fast muscles containing myomesin 2, and M6, 
M6′ occurs in muscles containing myomesin 3. The binding to titin and the near proximity of this 
interaction to the titin kinase domain suggests that the myomesins may have some involvement in 
titin stretch signaling. Myomesins are also thought to be the mass associated with the M-bridges 
observed in cross-section (Figures 1.2 and 1.3). Creatine kinase (MM isoform) also binds to the 
M-band to contribute additional mass.

1.4.6  a-Band

In striated muscle, thick filaments lie parallel to each other in clusters that give rise to the A-bands 
seen in the light microscope (Figure 1.2). The separation between thick filaments is around 48 nm 
in vertebrate fibers at rest, but decreases as a muscle is stretched. In most species, the filaments are 
connected at their centers by the M-bridges, which maintain them in a regular hexagonal array. The 
myomesin-dependent M-bridges and M-lines also keep the filaments in vertebrate striated muscle 
in close axial register, so that bare zones, myosin crowns, and myosin binding proteins are in nearly 
perfect alignment (Figures 1.2, 1.3, 1.16, and 1.17). In minimally disrupted A-bands, this align-
ment creates the appearance of stripes running across each A-band. Weak stripes can be detected 
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FIgure 1.17 (see color insert following page 148.) Structure of the A-band. A cartoon of the A-band is 
shown (A) with thick filaments in green (from Figure 1.14C), M-line forming the M-band in cyan, MyBP-C in 
dark blue, and titin in red. A transmission electron micrograph of a negatively stained mechanically isolated 
A-band from goldfish bodywall shows the A-band structures noted in the cartoon (B). Bar = 100 nm.
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every 14.3 nm, corresponding to the aligned myosin crowns, but a denser stripe occurs at every 
third crown. This arises, in part, from perturbation in the arrangement of myosin heads, but in the 
proximal two thirds of the crossbridge region, the extra density is due to the presence of myosin 
binding proteins. Seven to nine stripes that begin approximately 240 nm from the center of the fila-
ments in each half A-band are the most prominent. These correspond to the locations of MyBP-C 
(Figures 1.3, 1.16, and 1.17) and define an area of the A-band known as the C-zone.

The appearance of the A-band as observed in EM cross-sections varies with axial position 
(Figure 1.3). At its center, the filaments are held in a tight hexagonal lattice by the M-bridges. 
These interconnections disappear in the adjacent bare zone, where thick filament profiles take on 
a distinctly triangular appearance in vertebrate striated muscle types. In many species (including 
mammals), neighboring bare zone profiles can be seen to be rotated approximately 60° relative to 
one another, whereas in bony fish, adjacent filaments have the same orientations (Luther et al. 1996). 
Distal to the bare zone is the crossbridge region. Here, the filament packing is still largely hexago-
nal but the backbone is studded with myosin heads projecting off the surface. The ends of the thick 
filaments taper and terminate, in isolated thick filaments, with so-called end-filaments (Trinick 
1981), characterized by a 4 nm periodicity and presumed to be severed titin filaments (Figure 1.13). 
Thick filaments imaged in situ by EM freeze fracture deep-etch methods also appear to terminate 
in strands that continue into the I-band and have on their surface a 4 nm periodicity (Cantino et al. 
2002). These observations support the view that titin binds to myosin in the A-band but is free for 
at least part of its length in the I-band.

1.5  sarComere

The sarcomere consists of one A-band and two half I-bands (Figure 1.2). Its length is measured as the 
distance between two longitudinally adjacent Z-lines. This length can vary from about 4 µm down to 
less than 1 µm. Physiologically, the length range is more restricted such that it maximizes the extent 
of overlap between thick and thin filaments (see below). In cross-section, the sarcomere has a diam-
eter of about 1 µm. It is typically surrounded by the intracellular membrane elements of the mito-
chondria, T-tubule, and sarcoplasmic reticulum (see below). At the EM level, the appearance of the 
cross-sectional view is determined by the location within the sarcomere (see above, and Figure 1.3). 
The spacing between the thin and thick filaments in the overlap region is about 25 nm and varies with 
sarcomere length. The sarcomere is dynamic in that it can grow and shrink in diameter by addition or 
subtraction of thick and thin filaments. It also has the ability to split and grow, thus adding myofibrils 
to the cross-section of the cell. Sarcomeres can also be added at the end of the cell to increase the 
overall cell length. Sarcomeres are aligned end-to-end to form the myofibril.

1.6  myoFIbrIl-to-myoFIbrIl lInkages

A striking feature of longitudinal sections of a muscle cell at both light and electron microscope 
levels is the alignment of the sarcomeres across the cell (Figures 1.2 and 1.20). This alignment is 
the result of protein linkages between the adjacent sarcomeres at the level of the Z-line and likely 
the M-line. A major component of this linkage is the intermediate filament protein desmin (Paulin 
and Li 2004). Desmin itself does not bind to sarcomeric proteins, so its linkage to the periphery of 
the Z-disc involves cross-linking proteins. The two proteins likely involved in this linkage are syn-
emin and plectin. Synemin is an intermediate filament protein that co-polymerizes with desmin via 
its N-terminal domain and binds to the N-terminal and rod domain of α-actinin via its C-terminal 
domain (Bellin et al. 2001). This affords it the ability to cross-link desmin between adjacent Z-lines. 
Plectin is a relatively large MW, multimodal protein that binds to actin filaments, intermediate 
filaments, and microtubules (Wiche, 1998). In muscle in cross-section, it is found around Z-discs 
in association with desmin; and in longitudinal section, the spacing between plectin-containing 
regions is directly proportional to sarcomere length (Hijikata et al. 1999). With its ability to bind to 
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both intermediate filaments and actin filaments, it functions as a cross-linker between desmin and 
the Z-discs of adjacent myofibrils. The linking of adjacent myofibrils at the level of the Z-line is 
thought to enhance the mechanical stability of the muscle cell and to aid in the lateral transmission 
of force across the fiber to the sarcolemma.

1.7  surFaCe struCtures In musCle: CortICal Cytoskeleton, 
Plasmalemma, basal lamIna, and basement membrane

Surrounding the myofibril-packed muscle fiber are three structures that form the surface of muscle 
cells. Directly adjacent to the outermost sarcomeres is the cortical cytoskeleton (also called the 
sub-sarcolemmal cystoskeleton). This is surrounded by a plasma membrane, often referred to as the 
sarcolemma, and outside of this is the basement membrane. Forces applied to or generated within 
the muscle cells must be transmitted across the fragile sarcolemma by a network of proteins and 
protein complexes. These structures are described below and their spatial relationships are sum-
marized. Specialized surface areas of the cell involved in neurotransmission and at the ends of the 
cell are discussed in a later section.

1.7.1  CortiCal CytosKeleton

Just below the sarcolemma are several intracellular structures that form the cortical cytoskeleton 
in striated muscle cells. Costameres are a component of the cortical cytoskeleton and are protein 
assemblies aligned with the Z-line of the outermost myofibrils in muscle that couple them to the 
sarcolemma and associated basement membrane. Other more delicate structures are seen surround-
ing the M-line and connected to the costameres by way of slender fibers oriented parallel to the 
sarcomere long axis. Of these structures, the costamere has generated the most interest because of 
its putative role in mechanical stability and strain-dependent cell signaling (mechanotransduction) 
and gene expression (Ervasti 2003). Costameres contain several cytoskeletal proteins, including 
γ-actin, spectrin, dystrophin, tropomodulin, and α-actinin. Most interest has focused on dystrophin, 
the defects in which lead to Duchenne muscular dystrophy. The rod-shaped N-terminus of skeletal 
muscle dystrophin forms strong lateral associations with γ-actin filaments in the costameres, while 
the C-terminus binds via dystrobrevin and syntrophins to a multiprotein complex of integral mem-
brane proteins dystroglycan and sarcoglycan-sarcospan (see below). Linkage of the sarcomere to 
the costamere is via plectin interacting with γ-actin of the costamere and desmin of the sarcomere 
(Hijikata et al. 2008).

Another structure just below the sarcolemma is the focal adhesion complex. The proteins in this 
complex include actin, vinculin, talin, α-actinin, plectin, and the cytoplasmic domain of integrins 
(Critchley 2004). These proteins are also typically aligned with the Z-line, at least at low mag-
nification. The molecular linkages from the sarcomere to the sarcolemma are thought to involve 
desmin at the Z-line being linked to actin filaments via plectin, much like the myofibril-to-myo-
fibril linkages described earlier. Plectin is thought to link into the filamentous actin network in 
the cortical cytoskeleton. Linking these filaments to the sarcolemma involves talin, vinculin, and 
α-actinin that bind either directly or indirectly to the cytoplasmic domain of integrin. There is 
thought to be some redundancy between the dystrophin/dystroglycan complex and the focal adhe-
sion complex in the mechanical rigidity of the sarcolemma and coupling of sarcomeric contraction 
to the BM (Mayer 2003).

1.7.2 sarColeMMa

The next layer is the sarcolemma. Like other plasmalemmas, the sarcolemma is a lipid bilayer in 
which there are embedded proteins essential for signal transduction, propagation of the action poten-
tial, ion homeostasis, force transmission, and many other functions. Regular tubular invaginations 
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of the sarcolemma into the cell called T-tubules bring the surface membrane into close proximity to 
each sarcomere in the cell interior and are described in more detail below.

1.7.3  transMeMBrane Proteins

Traversing the sarcolemma are transmembrane proteins that are important in structural coupling 
of the sarcomere to basement membrane. These proteins include the integrins and the dystroglycan 
complex. Integrins have a large extracellular domain that binds to laminin and/or fibronectin, and 
intracellular domains that bind to talin and α-actinin (Ervasti 2003). There are numerous isoforms 
and their expression changes with muscle development; there are also different isoforms associated 
with different regions of the cell (Mayer 2003). The most common form in adult muscle is α7β1D and 
it is aligned with Z-lines. The dystroglycan complex is a large multi-protein complex that includes 
the transmembrane proteins dystroglycan, sarcoglycan, and sarcospan, as well as syntrophins and 
α-distrobrevins on the sarcoplasmic side (Michele and Campbell 2003). Dystroglycan binds to 
laminin, agrin, and perlecan on its extracellular side and to dystrophin on the intracellular side. 
These transmembrane proteins, through their protein linkages on both the inside and outside of the 
cell, provide a critical mechanical link between the sarcomere and the basement membrane.

1.7.4  BaseMent MeMBrane

Exterior to the sarcolemma is a basement membrane composed of a basal lamina, connected to 
the sarcolemma via the dystroglycan complex and integrins, and a fibrillar reticular lamina fac-
ing the outer connective tissue layers (Figure 1.18). The basement membrane plays critical roles in 
both muscle development and in maintaining the integrity of muscle during activity (Sanes 2003). 
Although the contractile apparatus resides within the cells, the basement membrane contributes 
significantly to the strength and elasticity of the tissue as a whole (Tidball 1986). Several struc-
tural elements contribute to these properties. Collagen IV is the most abundant protein in the basal 
lamina. Its chains interact with non-collagenous proteins such as laminin. Covalently cross-linked 
networks of collagens and laminins are connected together by the glycoprotein, entactin/nidogen 
(Figure 1.18c). This network serves as a scaffolding linking structures from the reticular lamina to 
the sarcolemma, and providing ligands for membrane-associated receptors such as integrins and 
dystroglycans. Mutations in genes coding for basement membrane components tend to allow nor-
mal muscle development but result in progressive degeneration and loss of muscle integrity with 
use. These include defects in α2 laminin (congenital MD) and its transmembrane receptors (inte-
grin α  7 and dystroglycan) in dystrophin (Duchenne and Becker MD), which links dystroglycan to 
the cortical cytoskeleton, and in dystroglycan- and dystrophin-associated sarcoglycans (limb girdle 
MD); the α chains of collagen VI, connecting the basal lamina to the reticular lamina (Bethlem 
myopathy).

1.7.5  neuroMusCular JunCtion

The neuromuscular junction is as the name implies: it is the junction between the axon terminal and 
the muscle cell (Naguib et al. 2002). The development and maintenance of the neuromuscular junc-
tion is a complex process involving both the nerve terminal and the muscle cell. Signaling events 
involved in this process involve acetylcholine and agrin (a secreted extracellular protein) from the 
nerve terminal and rapsyn and muscle-specific kinase within the muscle cell. Most adult muscle 
cells have just one neuromuscular junction, typically near the center of the cell. The impinging axon 
branches into several smaller axon terminals that reside in depressions within the muscle cell and 
form the motor endplate. The basement membrane of the axon terminal intermeshes with that of 
the sarcolemma, forming a mechanical coupling between the axon and the muscle cell. The space 
between the axon terminal and muscle cell is called the synaptic cleft and is about 30 nm wide. It 
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is enriched in acetylcholine esterase. The sarcolemma at the motor endplate is enriched in acetyl-
choline receptors (ligand-gated Na+ channel). The membrane is extensively folded to increase the 
surface area exposed to neurotransmitter release from the axon terminal. The acetylcholine released 
at the axon terminal binds to the acetylcholine receptor, altering its conformation and allowing for 
Na+ to pass through the membrane and depolarize the cell. The high level of acetylcholine esterase 
activity in the synaptic cleft quickly removes the acetylcholine from the synaptic cleft and thus 
from the receptor allowing the Na+ channels to close. A single motor neuron may innervate 1 to 100 
muscle fibers to control their contraction. This motor neuron, along with the group of muscle cells 
it controls, is called a motor unit.

1.7.6  Myotendinous JunCtion

The myotendinous junction is the major region of the cell where force is transmitted from the 
myofibrils to the connective tissue that forms the tendon (Tidball 1991). The ends of muscle cells 
are specialized at both the sarcomeric and sarcolemmal levels. At the sarcomere, the myofibrils 
terminate such that after the last Z-line, there are only thin filaments and no thick filaments or 
A-band (Figure 1.19). The thin filaments are of different length such that the end half sarcomere 
is tapered. Talin, vinculin, paxillin, and the intracellular domain of integrin are all enriched in 
this region to facilitate coupling of these terminal actin filaments to the extracellular matrix, 
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FIgure 1.18 The surface layers of skeletal muscle. Scanning electron micrograph of a frog semitendinosus 
fiber (A) demonstrates the collagen fibers of the endomysium. Transmission electron micrograph of frog sar-
torius (B) shows the collagen fibrils in both cross- and longitudinal section in close association with the base-
ment membrane and myofibrils. Freeze-fracture replica of the surface of chemically skinned plaice fin muscle 
(C) shows collagen fibrils running over remaining plasma membrane and associated cortical layer of fibers.
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much like that involved in other focal adhesion regions of the cell, but much more so. The sarco-
lemma is folded at the end of the cell, in close association with the tapered ends of the terminal 
sarcomeres. The folding increases the surface area for contacts with the extracellular matrix 
about tenfold. As noted earlier, integrins are enriched in this region and pass through the sarco-
lemma. The extracellular material is enriched in fibronectin and laminin that bind to collagen 
fibers of the tendon. Thus, the likely molecular linkage is from the terminal actin filaments of the 
terminal half sarcomere to talin/vinculin to integrin to fibronectin/laminin to the collagen fibers 
of the tendon.

1.8  t-tubules and sarCoPlasmIC retICulum

The T-tubules and sarcoplasmic reticulum (SR) are involved in converting sarcolemmal depolariza-
tion arising from acetylcholine release at the neuromuscular junction into an increase in cytosolic 
calcium. This process is called excitation-contraction coupling. The SR is also involved in uptake 
of calcium and thus relaxation of muscle and storage of calcium for subsequent release. Mutations 
in the proteins associated with these structures can result in improper calcium homeostasis and 
disease (Berchtold et al. 2000). The T-tubules are named as such because they are transverse with 
respect to the long axis of the muscle cell. They are invaginations of the sarcolemma, at regularly 
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FIgure 1.19 The myotendinous junction. A low-magnification transmission electron microscope image 
of the myotendinous junction in a longitudinal section of rat soleus muscle (A) demonstrates the tapering of 
the fiber and its sheathing by the tendon. A higher-magnification view of a longitudinal section of mouse toe 
muscle (B) shows that the end half sarcomere is devoid of the A-band and thick filaments. Muscle is denoted 
as M and tendon as T.
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spaced intervals, into and across the width of the muscle fiber. Each tube is about 20 nm in diameter 
and is filled with extracellular fluid. At modest magnification in cross-section, the network forms 
a net or mesh with each hole in the net/mesh being occupied by a myofibril. That is, the T-tubules 
wrap around the myofibril. In longitudinal section, the network appears as a series of holes whose 
location along each sarcomere depends on striated muscle type. For mammalian skeletal muscle, 
the T-tubules are located near the A-band – I-band junctions on either side of each half sarcomere 
(Figure 1.20). In avian skeletal muscle, the T-tubules are located at the Z-lines. The SR is a deriva-
tive of the smooth endoplasmic reticulum of other cell types. It is a membrane-bounded organelle 
found between myofibrils and has a high (near mM) calcium concentration within its lumen at rest. 
It does not form a continuous sheath around the myofibril; rather, it forms a network that partially 
surrounds the myofibril. It can be further divided into a corpular, bulbous, or junctional region in 
close proximity to the T-tubule that is called the terminal cisterna, and a thinner region that is more 
meandering and runs along the length of the sarcomere (Figure 1.20). In skeletal muscle, the SR 
and T-tubules are organized such that two tubules of the junctional SR lie on opposite sides of a 
T-tubule. In cross-section, this structure appears as a triad with the T-tubule lumen in the middle 
and a junctional SR lumen on each side (Figure 1.20). The close proximity of the T-tubule to the SR 
allows for signal transduction between proteins of these respective structures.

The major proteins involved in converting membrane depolarization into intracellular calcium 
release are the voltage-gated calcium channel of the T-tubule and the calcium release channel of 
the junctional SR. These proteins are also called the dihydropyridine receptor and the ryanodine 
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FIgure 1.20 The location of triads and mitochondria in skeletal muscle. Transmission electron microscope 
image from a longitudinal section of rat soleus muscle showing the location of the mitochondria (mito) at the 
level of the I-band, on each side of the Z-line between the myofibrils and the triad near the I-band – A-band 
junction between the myofibrils. The triad (inset and at higher magnification) includes the junctional SR (jSR) 
and T-tubule.
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receptor, respectively, based on the drugs that bind to them. The voltage-gated calcium channel is a 
heterotetrameric transmembrane protein (Dulhunty et al. 2002). Of the four subunits, the α1 subunit 
is the largest, contains the transmembrane calcium channel, and likely interacts directly with the 
calcium release channel in skeletal muscle. Depolarization of the T-tubule membrane is sensed by 
the voltage-gated channel and leads to a conformational change in the protein. The calcium release 
channel is a very large homotetramer that spans the membrane of the SR (Fill and Copello 2002). 
The monomer MW is about 520 kDa, and association into the tetramer forms the core of the calcium 
channel. Most of the mass of the protein is located in the sarcoplasm, facing the T-tubule. These 
proteins form an organized array in both the T-tubule and SR. The voltage-gated calcium channel 
forms a so-called tetrad, which lies opposite a calcium release channel of the SR. The ratio of cal-
cium release channels to tetrads is 2:1, such that every other calcium release channel faces a tetrad. 
For those directly opposite a voltage-gated calcium channel, there are thought to be direct molecular 
interactions between the two complexes upon T-tubule depolarization that lead to the opening of the 
calcium release channel. Calcium release from the adjacent channels is thought to occur by calcium-
induced calcium release or by communication between the adjacent calcium release channels. In 
cardiac muscle, the two channels are not directly coupled, and release is thought to be triggered 
entirely by calcium-induced calcium release.

Other proteins important in regulating calcium levels in both the lumen of the SR and the cyto-
sol are the sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA) and calsequestrin. 
Calsequestrin is a 45 kDa, low-affinity, high-capacity calcium binding protein enriched in the cor-
pular region of the SR (Beard et al. 2004). It has 40 to 60 calcium binding sites with a Kd of 1 to 100 
µM. Upon calcium binding, it self-associates to form a homomultimer. It functions as a calcium buf-
fer in the lumen of the SR, maintaining the free concentration of calcium in the near mM range. The 
SERCA or calcium ATPase is a calcium pump that transports two calcium ions from the cytosol to 
the lumen of the SR per ATP hydrolyzed (Periasamy and Kalyanasundaram 2007). It is a 110 kDa 
chemiosmotic protein pump in that it uses the energy available from ATP hydrolysis to generate a 
calcium gradient between the SR and the cytosol. It is a P-type ion pump in that there is transfer 
of the γ-phosphate of ATP to an aspartate residue near the ATP binding site. The pump can oper-
ate either way, depending on the [ATP]/[ADP]*[Pi] : [Ca2+]SR lumen/[Ca2+] cytosol. The kinetic 
pathway involves an isomerization of the enzyme from a high-affinity calcium binding protein (E1 
state) with the calcium binding sites exposed to the sarcoplasm, to a low-affinity calcium binding 
protein (E2 state) with the calcium binding sites exposed to the SR lumen. The major conforma-
tional changes associated with the isomerization are the result of ATP binding, gamma phosphoryl 
transfer to the enzyme, and ADP release, allowing for isomerization from E1 to E2. The isomeriza-
tion from E2 to E1 involves hydrolysis of the phosphate from the enzyme and subsequent release 
of the phosphate. There is a relatively high level of SERCA in the SR to rapidly reduce cytosolic 
calcium after calcium release from the SR, allowing the muscle to relax rapidly. The equilibrium 
of the reaction under physiological conditions allows the enzyme to maintain the cytosolic calcium 
level below 10−7 M.

1.9  mItoCHondrIa

Mitochondria are membrane-bounded organelles involved in oxidative metabolism to synthesize 
ATP. The substrates are lipids, pyruvate, oxygen, ADP, and Pi, while the products are ATP and 
carbon dioxide. They are a slow but efficient machine that converts lipid and carbohydrates into a 
form of energy to be used by the muscle cell and primarily the acto-myosin ATPase upon activation 
of contraction. The volume of the cell occupied by mitochondria differs with fiber type and can be 
greater than 20% of the cell volume. There are differences in the mitochondrial content between 
different fiber types, with slow/oxidative fibers having higher mitochondrial volume than fast glyco-
lytic fibers. Mitochondrial volume within a fiber is plastic and dependent upon the energy demands 
of the cell. It is often assumed that mitochondria are spheroid bodies within the cell, when in fact 
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they form more of a reticular network. Analysis of mitochondrial shape and location within skeletal 
muscle shows that there are two domains where mitochondria are enriched: in the subsarcolemmal 
region and in an intermyofibrillar region. The intermyofibrillar region contains mostly a reticular 
(meandering) network of the mitochondria when observed in cross-section or a more spheroid shape 
in longitudinal section (Kirkwood et al. 1986). The reticulum is located around the myofibrils with 
a doublet of lumens centered at the Z-line (Figure 1.20). The intermyofibrillar mitochondria show 
higher rates of respiration and protein synthesis than the subsarcolemmal mitochondria (Cogswell 
et al. 1993).

1.10  nuCleI

The nucleus of a cell is a highly organized structure that contains its genome. It is bounded by a dou-
ble-membrane structure called the nuclear envelope that is contiguous with the rough endoplasmic 
reticulum. The nuclear envelope consists of two nuclear membranes; an underlying nuclear lamina 
made mostly of intermediate filament proteins called lamins, and nuclear pores. The nuclear pore 
is a complex protein assembly that regulates protein import and export from the nucleus. As such, 
it is a control point for signal transduction processes that influence transcriptional activity. Import 
and export of proteins is energy dependent and involves signal sequences on the protein that are rec-
ognized by the protein importin for import and exportin for export. Within the nuclear membrane 
is the genome with its associated proteins. This protein-DNA complex is called chromatin. The 
extent of packing of the chromatin is associated with its appearance at both the electron and light 
microscope levels. Densely packed chromatin is termed heterochromatin, while loosely packed 
chromatin is called euchromatin. Within a nucleus, there are regions rich in heterochromatin, typi-
cally near the nuclear envelope, with euchromatin interspersed in the other regions of the nucleus. 
Euchromatic chromatin is mostly the result of the dissociation of proteins from the DNA and partial 
unwinding of the DNA. This allows for transcription of genes. Thus, euchromatic regions of the 
nucleus are regions high in transcriptional activity. At the cellular level, the entire nucleus is classi-
fied as being either euchromatic (mostly containing euchromatin) or heterochromatic (mostly con-
taining heterochromatin). There is another dense structure within the nucleus called the nucleolus. 
This is the site of ribosomal RNA transcription and processing as well as ribosome assembly. At 
the light microscope level, the shape of the nucleus is usually indicative of the shape of the cell and 
in most tissue types, the nucleus is in the center of the cell. The nuclei in adult skeletal muscle are 
usually elongate, parallel to the long axis of the cell, and located at the cell periphery. Also, skeletal 
muscle cells are multinucleate. More detailed analyses of the location of nuclei in adult skeletal 
muscle (Bruusgaard et al. 2003) show that there are regions enriched in nuclei at the motor endplate 
and myotendinous junction. In the other regions, the nuclei are equidistantly dispersed, and in vivo 
they are relatively immobile.

1.11  aCtomyosIn atPase and tHe CrossbrIdge CyCle

Muscle contraction results from conformational changes in myosin associated with actin-activated 
hydrolysis of ATP. Current understanding of this biochemical process is summarized in Figure 1.21. 
Myosin alone is a cation-dependent ATPase. Several biochemical experiments in the 1970s led to 
understanding the kinetic properties of the enzyme (Geeves et al. 2005). It will hydrolyze a cation–
ATP complex into ADP and Pi, with the rate of this hydrolysis being dependent upon the cation. The 
relative rates are NH4+ > K+ > Ca2+ > Mg2+. The relative affinity of ATP for Mg2+ and the free con-
centration of Mg2+ make MgATP the physiological substrate for myosin. As noted above, there are 
conformational differences associated with the motor domain in the MgATP, Mg-ADP-Pi, MgADP, 
and nucleotide-free states. Myosin binds MgATP with very high affinity (Figure 1.21). This is fol-
lowed by hydrolysis at the γ-phosphate, with the products still associated with the enzyme. The rate-
limiting step is release of products (Pi and ADP). Product release is sequential, with Pi dissociating 
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first and then ADP. The relative affinity of myosin for MgADP and Pi is much less than that for 
MgATP, favoring the hydrolysis reaction. In solution, the overall pathway is essentially irreversible 
(i.e., myosin cannot make ATP from an excess of Pi and ADP).

Myosin binds to actin, and the affinity is determined by the nucleotide status of myosin 
(Figure 1.21). The highest affinity is for myosin without bound nucleotide. This is termed the rigor 
state and, in the muscle, gives rise to the stiffness associated with death. The next-highest affinity 
is for the MgADP state. Actin binds to both MgATP and MgADP-Pi myosin rather weakly. The 
affinity of actin for myosin, for all myosin states, is stronger at low salt than at high salt. The main 
steps in the hydrolysis pathway that are influenced by interaction with actin are the product release 
steps, which are accelerated by several orders of magnitude compared to myosin alone. As such, 
actin can be considered a co-factor of the myosin ATPase that facilitates nucleotide exchange (ATP 
exchange for ADP). Binding of MgATP to acto-myosin (A-M) is also weaker than MgATP binding 
to myosin (M).

The general pathway for the crossbridge ATPase (i.e., myosin interacting or bridging with actin 
in muscle) is similar to the biochemical scheme but probably has additional steps (isomerizations) 
prior to product release (Gordon et al. 2000). The main physical difference between the crossbridge 
cycle and the acto-myosin cycle is that, in the muscle, myosin performs work either by moving 
the actin filament or by maintaining a force. In solution (biochemical system), myosin does no 
work. The step(s) in the pathway associated with force production are not fully resolved but most 
information suggests that force production occurs between ATP hydrolysis and phosphate release. 
Evidence for this is that isometric force rapidly declines upon a rapid increase in phosphate, thought 
to be associated with reversal of the power stroke (Dantzig et al. 1992). The overall rate of the 
crossbridge cycle is limited by the rate of MgADP dissociation and this varies with myosin isoform 
(Siemankowski et al. 1985). This step essentially dictates the speed of unloaded or maximal muscle 
shortening. The distance of the relative sliding of myosin over actin is about 10 nm/ATP. This is also 
called the step size of myosin.
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FIgure 1.21 The myosin and acto-myosin ATPase kinetic scheme. The overall pathway was adapted from 
Geeves et al. (2005) and the binding and rate constants are from Gordon et al. (2000) The top pathway is for 
myosin (M) alone, while the bottom pathway is for acto-myosin (A-M). The reactions between the upper and 
lower pathways are actin (A) association (top to bottom) or dissociation (bottom to top) with myosin. The rate 
constants (k) are given for the forward (top) and reverse (bottom) of each step along the top and bottom path-
ways. The association constant (K) is given for actin association with myosin in the different states. Starting 
from rigor (A-M), the pathway in muscle is thought to be AM+ATP ↔ A1+M-ATP ↔ A2-M-ATP ↔ A-M-
ADP-Pi ↔ A-M-ADP+Pi ↔ A-M+ADP. The subscripts on A are to note that myosin attaches to an actin 
further toward the Z-line after it is dissociated from the previous actin by ATP.
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The crossbridge can be defined as weak or strong (Brenner 1987). This is determined by the 
nucleotide status of myosin. With MgATP or Mg-ADP-Pi, it is a weak crossbridge, as it binds the 
thin filament weakly. With MgADP or no nucleotide bound, it binds strongly. This can be measured 
by the stiffness (related to extensibility) of muscle. Strong crossbridges, such as those found in rigor 
muscle, result in stiff muscle. Weak crossbridges, such as those found in relaxed muscle, result in 
compliant (1/stiffness) or extensible muscle. Because in muscle there is a rather exacting organiza-
tion of thick and thin filaments in three dimensions, the ability of the motor domain to “find” actin is 
not a random event as it is in solution. This feature, to some extent, can dictate crossbridge kinetics. 
Fortunately, there is a slight mismatch in the helical periodicities of actin and myosin that allows 
myosin to find an actin to bind to in the overlap region at different sarcomere lengths. The mobility 
of the S2 domain and its potential modulation by MyBP-C can also influence the mobility of the 
motor domain, thus allowing it to find an actin in the best orientation for interaction.

1.12  regulatIon oF tHe CrossbrIdge CyCle

Troponin and tropomyosin are the thin-filament proteins that regulate myosin’s interaction with 
actin in striated muscle. The steric-blocking model of thin-filament regulation was proposed in the 
early 1970s as the mechanism for regulation (Squire and Morris 1998). This model proposed two 
states, one an “off” state where tropomyosin occupies or sterically blocks the myosin binding sites 
on actin (Figure 1.7). With calcium, the thin filament is in the “on” state as a result of conforma-
tional changes within the thin filament. In the “on”-state, tropomyosin no longer blocks the binding 
sites. This allows for full activation of the myosin motor domain for interaction with actin and thus 
maximal ATPase and crossbridge cycling. While this model was supported by many studies, there 
were some observations that were not fully explained by the simple two-state model. Biochemical 
studies showed that the thin filament could not fully activate S1 ATPase activity when the level of 
S1 was low (Lehrer and Morris 1982) and that strong binding S1 (rigor or MgADP) could activate 
the thin filament in the absence of calcium (Bremel and Weber 1972; Murray et al. 1982). Additional 
biochemical studies in the late 1980s led to the proposal of the three-state, two-step model for thin-
filament regulation (McKillop and Geeves 1993). Additional structural studies soon followed that 
supported the three-state model (Swartz et al. 1996; Vibert et al. 1997; Zhang et al. 2000; Swartz 
et al. 2006). The states (named B, C, and M) relate primarily to the position of tropomyosin on 
the actin filament, as shown in Figures 1.22 and 1.23. The reaction scheme is B<->C<->M with KB 
being the equilibrium between the B- and C-states, and KT being the equilibrium between the C- 
and M-states (Figure 1.23). In the B or blocked state, activation of S1 ATPase activity, S1 binding, 
and contraction is blocked by tropomyosin. This state is highly occupied when calcium is low. In 
the C or closed state, activation of S1 ATPase activity, S1 binding, and contraction are still blocked 
by tropomyosin. In this state, tropomyosin is shifted closer to the inner domain of actin but it still 
blocks some of the S1 binding regions on actin. The C-state is highly occupied when calcium is 
high. The M-state is associated with activation of S1 ATPase activity, S1 binding, and contraction. 
Tropomyosin is positioned further toward the inner domain such that it not longer blocks the sites 
on actin for interaction with myosin. This state is highly occupied when there is about 1 rigor S1 
per 7 to 14 actins.

The position of tropomyosin is not static; rather, it fluctuates about on the surface of actin. In the 
absence of troponin, skeletal tropomyosin is mostly in the C-state position (Lehman et al. 2000). In 
the presence of troponin but absence of calcium, tropomyosin is mostly in the B-state position. Thus, 
troponin is thought to “latch” tropomyosin in the blocking position (Farah and Reinach 1995). The 
molecular mechanisms involved in latching are primarily mediated by TnI (Figure 1.23). At low cal-
cium levels, such that the regulatory domain of TnC is devoid of calcium, the C-terminal region of 
TnI is mostly bound to actin. In the presence of calcium, the N-terminal regulatory domain of TnC 
binds calcium and undergoes a conformational change resulting in a high-affinity binding site for 
the C-terminal region of TnI (Figure 1.9c–f). Thus, there is competition between actin and TnC for 
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the C-terminal region of TnI. Because TnC has a higher affinity for TnI than TnI’s affinity for actin, 
TnI switches from being bound to actin to being bound to TnC. Thus, tropomyosin is un-latched and 
moves to the C-position. The equilibrium between the C- and M-states is not large, such that there 
is a fraction of M-state in the presence of calcium (McKillop and Geeves 1993). This small fraction 
allows for some myosin interaction with actin. Once there is some myosin interaction, additional 
actin sites near this M-state site (where the strong crossbridge is at) are also switched to the M-state, 
allowing additional myosin interaction (Swartz et al. 1990; Swartz et al. 1996; Zhang et al. 2000). 
This local effect is likely mediated by tropomyosin’s relative inelasticity. The model explains well 
some of the earlier data on the inability of calcium to fully activate the system and the ability of 
strong crossbridges to activate the system in the absence of calcium. For this latter mechanism, TnI 
dissociation from actin is likely to occur by a conformational change in actin-tropomyosin.

Activation of contraction is a highly cooperative process. The response of the system to calcium 
is usually fitted to a sigmoid logistic (derivative of the Hill equation) to obtain the calcium sensitiv-
ity (calcium level for half-maximum response or pCa50) and the Hill coefficient (nH or steepness 
of the response). Non-cooperative systems have nH = 1, while cooperative systems have a nH > 1. 
Skeletal muscle can have an nH of 2 to 6 in the response of isometric force to calcium concentration. 
The molecular mechanism responsible for this high cooperativity is not fully resolved but involves 
several features of the thin and thick filaments (Gordon et al. 2000). At the level of the thin filament, 
the features include cooperative binding of calcium by TnC, and tropomyosin spanning seven actin 
monomers along the long pitch in conjunction with its inelasticity. At the level of the thick filament, 

B-state
blocked/off

C-state
closed/off

M-state
open/on

A

B

FIgure 1.22 (see color insert following page 148.) Tropomyosin position on actin filaments associated 
with thin filament regulation. Longitudinal (A) and cross-sectional (B) views of F-actin with bound tropomyo-
sin are shown with actin in blue and tropomyosin in red, yellow, or green for the B-, C-, and M-states, respec-
tively. Note that tropomyosin is mostly on the inner domain of actin for the B-state and on the outer domain for 
the M-state. (The cartoons were made as in Figure 1.5 using the supplemental files in Pirani et al., 2006.)
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it mainly involves the nucleotide status of the motor domain and its relative mobility on the surface 
of the thick filament. If the crossbridge is strong (rigor or MgADP), it facilitates conversion of local 
actin sites into the M-state and, again, this is likely mediated by tropomyosin’s inelasticity.

1.13  aCtIvatIon oF ContraCtIon and relaxatIon

Activation of contraction of a skeletal muscle cell originates in the motor cortex of the brain by 
signaling an action potential in a motor neuron. From here on, it involves several of the proteins dis-
cussed above, either directly or indirectly. The action potential travels down the axon to the motor 
endplate, resulting in the release of acetylcholine. This ligand binds to the acetylcholine receptor 
and opens the receptor’s Na+ channel, resulting in local membrane depolarization. The local mem-
brane depolarization activates adjacent voltage-dependent Na+ channels, allowing for the depolar-
ization to propagate along the sarcolemma and down the T-tubules. Depolarization of the T-tubules 
results in a conformational change in the voltage-gated calcium channel of the T-tubule in the triad 
that is sensed by the calcium release channel of the junctional SR. The channel opens and calcium 
flows from the lumen of the SR into the cytosol. The calcium concentration in the cytosol increases 
to about 10−5 M. Some of this free calcium is bound by the N-terminal regulatory domain of TnC, 
and the conformation of this domain changes such that it has a high-affinity site for the regulatory 
domain of TnI. Once the C-terminal domain of TnI dissociates from actin, it is bound by TnC and 
remains bound by TnC because, in the calcium-saturated state, TnC has a higher affinity for TnI 
than actin. Upon TnI dissociation from actin, tropomyosin shifts from the B-state position, near the 
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FIgure 1.23 Thin filament regulation by tropomyosin and troponin. The position of tropomyosin associ-
ated with the different states, and the troponin subunit interactions with actin and tropomyosin are shown.
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outer domain of the actin filament, to the C-state position, more toward the inner domain. There is 
also a small fraction of the thin filament that is in the M-state position that allows for full interaction 
of actin and myosin. Once there are a few strong crossbridges attached, more of the thin filament 
is switched into the M-state, allowing for completion of the crossbridge cycle and thus sarcomere 
shortening and transmission of this shortening to the tendon and bone causing it to move.

Relaxation involves removal of acetylcholine from the synaptic cleft and closure of the ligand-
gated Na+ channel. Membrane repolarization occurs, resulting in closure of the calcium release chan-
nel. Removal of cytosolic calcium by SERCA reduces cytosolic calcium to about 10−7 M. Calcium 
dissociates from the regulatory domain of TnC, resulting in a conformational change that weakens 
its interaction with TnI. If the proportion of strong crossbridges is modest, as in a physiological 
contraction, the fraction of M-state is small, and the remainder is in C-state. Once TnI dissociates 
from TnC, it associates with actin and returns tropomyosin from the C-state position to the B-state 
position. This, in turn, pulls the three-state equilibrium further away from M-state and eventually 
nearly all the thin filament is in the B-state, preventing crossbridge cycling and thus relaxing the 
muscle. In pathological conditions, where ATP is low, the fraction of strong crossbridges is high, 
and relaxation is prevented even when calcium is low. This condition can occur in the conversion of 
pre-rigor to post-rigor muscle.

1.14  musCle meCHanICs

Muscle contraction is the result of the myosin motor domain mediated movement of the thick fila-
ments towards the Z-line (or the pulling of the Z-line towards the center of the sarcomere). If the 
muscle, single fiber, myofibril, or sarcomere is held at a constant length, contraction is said to be 
isometric (i.e., no change in length). If the muscle, single fiber, myofibril, or sarcomere is not held, 
so-called unloaded, then it will shorten at its maximum velocity, primarily dictated by the Mg-ADP 
release step of the crossbridge cycle. If there is a constant load or weight that the muscle is lifting 
or working against, it will shorten at a constant rate and under these conditions the contraction is 
called isotonic. Measurement of the shortening velocity as a function of load results in a curve of the 
form of a rectangular hyperbola called the force-velocity curve. At its extremes, it defines the maxi-
mum force (the load at which no shortening occurs) and the maximum shortening velocity (where 
there is no load on the muscle). The general nature of this curve is the result of slower crossbridge 
movement when it is doing work (shortening against a load).

It is important to realize that muscle shortening is the result of the individual crossbridges acting 
at the level of the half sarcomere. Thus, the shortening velocity is determined by the crossbridge 
throw or step size times the number of cycles per second. However, the speed at which the two ends 
of a muscle fiber move toward each other (in units of absolute distance/time) also depends on the 
number of sarcomeres in series. Thus, a muscle that has 1000 sarcomeres in series will shorten 10 
times faster than a muscle having 100 sarcomeres in series, as long as the motor is the same. This 
feature is called the sarcomere amplifier effect. This has importance with regard to overall muscle 
anatomy, as described previously. To express the shortening velocity as a parameter that is indepen-
dent of fiber or muscle length, the velocity is often given in muscle lengths per second. Normalizing 
to muscle fiber lengths per second corrects for this difference as long as the sarcomere lengths are 
the same between the fibers of different length.

Muscle total isometric force is dependent upon the cross-sectional area of the muscle fibers 
within it and the sarcomere length of the myofibrils, but not the number of sarcomeres in series. The 
cross-sectional area component takes into account the amount of myofibrillar material contributing 
to the force. Because the various fiber types differ in their proportion of myofibrillar mass per unit 
volume, they will produce different forces per cross-sectional area. For example, slow fibers have 
significantly more volume of the cell occupied by mitochondria than fast fibers. The sarcomere 
length component of isometric force is more complicated. There is an inactive (or passive) com-
ponent of this that rises in a near-exponential fashion with sarcomere length, once the length is 



38 Applied Muscle Biology and Meat Science

greater than about 2.4 µm. In a single fiber that has had the sarcolemma, basement membrane, and 
endomysium removed, this is mainly mediated by titin (discussed above). This is considered the 
sarcomeric component to passive tension. At the intact single fiber level, the basement membrane 
and endomysium also contribute. At the muscle level, the perimysium and epimysium contribute to 
the passive force.

Muscle active isometric force (via cycling crossbridges) is dictated by the sarcomere length but 
in a much more complex way than passive force. The active isometric force–sarcomere length rela-
tionship was determined with precision in the 1960s (Gordon et al. 1966), and the general features 
of it are shown in Figure 1.24A for a fiber with a thin filament length of about 1.0 µm. Below about 
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FIgure 1.24 Theoretical active isometric force–sarcomere length relationships for muscles with different 
thin filament lengths. Note the large differences in the relationship when thin filament length increases.
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1.3 µm, no active force is developed. At longer sarcomere length, the relation can be divided into 
four phases (steep ascending, shallow ascending, plateau, and descending). The ascending phase is 
subdivided into a steep ascending phase between 1.3 and 1.6 µm, and a shallow phase between 1.6 
and 1.9 µm. This is followed by the plateau phase between 1.9 and 2.2 µm. From 2.2 to 3.65 µm is 
the descending phase where force declines.

The structure and organization of the thick and thin filaments within the sarcomere determine 
the shape of the relationship. The main structural mechanism that results in the form of the curve is 
that the force exerted on a thin filament is determined by the number of cycling crossbridges. This is 
much akin to people (crossbridges) pulling on a rope (thin filament) to move an object. Adding more 
people to the rope allows them to move a larger object (develop more force). The steep and shallow 
ascending phases are the least understood and will be discussed last. The plateau and descending 
phase are better understood. The sarcomere length range associated with the plateau result from the 
maximum extent of overlap of thick and thin filaments and thus the maximum number of cross-
bridges. Even though there are changes in the filament overlap between 1.8 and 2.2 µm, since there 
are no crossbridges in the bare zone of the A-band, there is no change in force in this region of the 
curve. Physiologically, skeletal muscle works in the plateau phase in most cases. At longer lengths 
(>2.2 µm), the tips of the thin filaments are pulled further away from the M-line, resulting in there 
being no actin for the motor domains closest to the M-line to interact with. Further increases in 
length result in fewer and fewer crossbridges on the thin filament and thus a linear decline in force 
with increases in sarcomere length.

The decreased force at lengths shorter than about 2.0 µm likely involves several mechanisms. 
For the steep ascending phase (1.3 to ~1.65 µm), there is an internal load (muscle working against 
itself) resulting from the thick filaments abutting the Z-lines. Either the thick filaments are forced 
through the Z-line or they buckle at the Z-line. Additionally, the force generated by the crossbridge 
is about tenfold less when it interacts with actin of the opposite polarity (Ishijima et al. 1996). In 
this length range, a substantial length of the thin filament from the opposing half sarcomere is 
present, thus, half the thin filaments in the actin-double overlap zone are of the opposite polarity. 
Early studies using in vitro motility revealed that the actin filament polarity determined the direc-
tion of movement (Toyoshima et al. 1987). Thus, for a crossbridge to form with a thin filament of 
the opposite polarity, it must swivel 180° about the long axis of the thick filament, likely via the S2 
domain. This contortion of the crossbridge likely decreases its efficiency. In the shallow ascending 
phase, the main factors decreasing the force are the inefficiency of the misoriented crossbridges and 
a lesser contribution of an internal load, likely via forcing the thin filaments from the opposing half 
sarcomere through the M-line and past each other. Interestingly, the ATPase activity as a function of 
sarcomere length does not have an ascending phase, only a descending phase at lengths greater than 
about 2.2 µm (Stephenson et al. 1989). Similarly, almost all motor domains form rigor crossbridges 
at sarcomere lengths below the plateau range (Swartz et al. 1993).

It is important to appreciate that the exact sarcomere length–active isometric force relationship is 
determined by the length of the thin and thick filaments, with a minor contribution from the width 
of the Z-line. In vertebrate muscle, the thick filaments are 1.6 µm long, whereas the thin filaments 
and Z-line width differ between vertebrate species and between fiber types within some species. 
For fast chicken muscle, the thin filament length is 1.0 µm, for fast rabbit muscle it is about 1.1 µm, 
and for bovine (and human) it is about 1.3 µm (Ringkob et al. 2004). These differences in thin fila-
ment length give different predicted isometric force–sarcomere length relationships, as shown in 
Figure 1.24B.

The steep ascending phases are the same between the different muscles as this is mainly medi-
ated by thick filament length. The shallow ascending phase becomes shallower with longer thin 
filament length, as thin filament length is involved in this phase. Here, the sarcomere length at 
which the shallow ascending phase intersects the plateau is equal to 2X thin filament length plus 
one Z-line width. The absolute width of the plateau phase is independent of thin filament length but 
its location in terms of sarcomere length is at longer lengths for fibers with longer thin filaments. 
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Finally, the slopes of the descending phase are independent of thin filament length as there is a 
linear dependence of force on number of crossbridges (i.e., length of the overlap region). The begin-
ning and end of this phase is dependent upon thin filament length, with the phase being shifted to 
longer sarcomere lengths with longer thin filaments. This is in accord with the beginning of the 
descending phase starting at the sum of 2X thin filament length plus 1 Z-line width, and the end 
being determined by the thick filament length plus 2X thin filament length plus 1 Z-line width. 
These large differences in the active force–sarcomere length relationship because of differences in 
thin filament length are generally not appreciated.

1.15  summary

Skeletal muscle is a highly organized tissue. This organization can be traced back to the molecu-
lar level of the individual proteins that are within the sarcomere. Subsequent organization of the 
sarcomeres into myofibrils and myofibrils into skeletal muscle cells requires additional proteins to 
allow for mechanical coupling of the contractile elements to tendons and bone and thus transport 
us about. This transport, at the molecular level, involves a highly regulated interaction between 
actin and myosin. Structural features of the sarcomere dictate the mechanical properties of muscle 
contraction and relaxation as well as cooked meat eating quality. By understanding the properties of 
the major skeletal muscle proteins, it is hoped that we can gain further insight into skeletal muscle 
structure and function and its properties as a food.
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2 Satellite Cell Biology

R.P. Rhoads, C.R. Rathbone, and K.L. Flann

2.1  IntroduCtIon

Skeletal muscle is extremely responsive to environmental and physiological cues, and is able 
to modify growth and functional characteristics in accordance with the demands placed on it. 
Upon injury or trauma, skeletal muscle also retains the capacity to regenerate despite being 
largely composed of post-mitotic, multinucleated fibers. The plasticity of skeletal muscle 
results, in large part, from a population of resident stem-like cells, often referred to as satellite 
cells. When needed, satellite cells proceed through a terminal differentiation program cul-
minating in fusion competency. During muscle fiber hypertrophy or repair, satellite cells are 
able to fuse with the existing muscle fiber for nuclei donation. When muscle fibers are lost to 
damage, satellite cells fuse to each other for the formation of a nascent myotube and eventual 
muscle fiber replacement.

This cellular basis for postnatal muscle growth and regeneration has been realized over the past 
several decades (Allen et al. 1979; Campion 1984). Recently, investigations into satellite cell biology 
have intensified, thereby expanding our knowledge of this critical skeletal muscle cell. The purpose 
of this chapter is to highlight our current understanding of satellite cell biology. Specific topics 
include the expression of molecular markers during the satellite cell “life cycle,” biological signals 
critical to satellite cell regulation, and satellite cell contributions to skeletal muscle mass during 
various physiological states.

2.2  deFInIng tHe satellIte Cell

Nearly 50 years ago, Mauro (1961) identified a peculiar cell residing in a “wedged” position 
between the plasma membrane and basement membrane of a frog skeletal muscle fiber by electron 
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microscopy. Unknown at the time, Mauro termed the cells “satellite cells” and postulated that the 
cells may proliferate upon skeletal muscle trauma. Satellite cells in adult skeletal muscle exhibit 
distinct morphological characteristics consisting of a substantial nuclear-to-cytoplasmic ratio, little 
organelle content, and a small nucleus (compared to adjacent myonuclei) with considerable amounts 
of heterochromatin, consistent with a relative lack of cellular activity (Figure 2.1; Schultz et al. 
1978; Schultz and McCormick 1994; Snow 1983). As one might expect, these distinct morphological 
characteristics are reversed upon muscle trauma as satellite cells become progressively more active. 
Since the seminal observations by Mauro, elegant work by Moss and Leblond (1971) established 
that the sources of new myonuclei in myofibers are satellite cells. Nuclei within muscle fibers are 
post-mitotic, and the postnatal accumulation of DNA is due to the division and fusion of satellite 
cells to myofibers (Moss and Leblond 1971). Satellite cells have since been identified in the skeletal 
muscles of mammals (Campion et al. 1981; Dodson et al. 1987; Schmalbruch and Hellhammer 
1976; Schmalbruch and Hellhammer 1977), poultry (Feldman and Stockdale 1991; McFarland et al. 
1988; Yablonka-Reuveni et al. 1987), fish (Matschak and Stickland 1995) and reptiles (Kahn and 
Simpson, Jr. 1974).

The population of satellite cells varies among species and by muscle type (Gibson and Schultz 
1982; Schmalbruch and Hellhammer 1977; Schultz and McCormick 1994). For example, the satel-
lite cell content of slow-twitch, oxidative soleus muscle is several-fold greater than the fast-twitch, 
glycolytic extensor digitorum longus and tibialis anterior muscle counterparts. Shortly after birth, 
satellite cell populations exhibit a steady decline with advancing age from approximately 30% of 
total muscle nuclei in newborn animals to approximately 3% to 6% of muscle nuclei in adult skel-
etal muscle (Gibson and Schultz 1983; Snow 1977). This decline in satellite cell numbers coincides 
with skeletal muscle growth and additional accumulation of nuclei within skeletal muscle fibers 
(see “Satellite Cell Contribution to Muscle Mass”). In contrast to the case with young growing 

Satellite cellMyonuclei

Basal lamina

Plasmalemma

FIgure 2.1 Identification of a satellite cell associated with a skeletal muscle fiber and comparison to myo-
nuclei. Satellite cells reside between the plasma membrane and basement membrane of a skeletal muscle fiber. 
Satellite cells in adult skeletal muscle exhibit distinct morphological characteristics consisting of a substantial 
nuclear-to-cytoplasmic ratio, little organelle content, and a small nucleus (compared to adjacent myonuclei) 
with considerable amounts of heterochromatin.
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animals, satellite cells in adult skeletal muscle generally reside in a quiescent state, and activation 
of quiescent satellite cells is the pivotal event that initiates both hypertrophic growth and repair in 
adult skeletal muscle.

2.3  “lIFe CyCle” oF tHe satellIte Cell

Satellite cells are primarily inactive during most periods of an animal’s adult life. This state of rest 
is termed “quiescence” and refers to a cell in the G0 phase of the cell cycle. In this dormant and 
undifferentiated state, satellite cells exhibit limited gene expression or protein synthesis and remain 
in quiescence until becoming activated in response to either injury and/or mechanical stress (Allen 
et al. 1979; Bischoff 1986; Carlson 1973; Darr and Schultz 1989). Following activation, the satellite 
cells migrate out of their niche below the basal lamina, enter the G1 phase, and are subsequently 
termed “muscle precursor cells” or “myoblasts.” Once outside the basal lamina, satellite cells begin 
to proliferate, and a population of the progeny will ultimately differentiate and commit to a myo-
genic lineage.

Upon differentiation, these cells contribute to adult muscle mass in two unique ways. The first is 
through fusion with preexisting muscle fibers. The fusion of the satellite cell to a preexisting fiber 
results in a contribution of additional nuclei to the multinucleated muscle fiber. This addition can 
increase the number of nuclei on the muscle fiber, allowing for muscle growth (hypertrophy), or can 
replace damaged nuclei in the repair process. Furthermore, in response to injury, the satellite cell 
can not only replace the damaged nuclei, but also is able to replace damaged myofibers with a new 
regenerated muscle fiber. In this second method of maintenance, satellite cells fuse with other satel-
lite cells, forming new myotubes and ultimately new multinucleated fibers. It is important to recog-
nize that the formation of a new fiber does not increase the fiber number (hyperplasia) under most 
conditions, but rather is responsible for maintaining the original myofiber number in the muscle 
(Figure 2.2).

Quiescent
satellite cell

Daughter cell returning
to quiescence

Activated
myoblast

Proliferating
myoblast

Myoblast committed
to differentiation

Fusion with other
myoblasts forming
new myotubes &
new myofibers

Fusion with
pre-existing myotube

FIgure 2.2 Life cycle of the satellite cell in adult skeletal muscle. Satellite cells remain in quiescence 
until becoming activated in response to either injury and/or mechanical stress. Once activated, satellite cells 
begin to proliferate, and a population of the progeny will ultimately differentiate and commit to a myogenic 
lineage. Finally, satellite cells fuse to an existing fiber or to other satellite cells for nascent myotube forma-
tion. Activated satellite cells are also able to exit the cell cycle and return to the quiescent state, a self-renewal 
process.
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The ability of the satellite cell to maintain, repair, and regulate muscle mass is dependent upon 
the satellite cell’s ability to respond to a variety of both intrinsic and extrinsic signals. These signals 
are responsible for the up-regulation and repression of various transcription factors involved in 
cell cycle progression and hence the regulation of myogenesis. These myogenic regulatory factors 
(MRFs) include muscle-specific transcription factors (MRFs) as well as a set of transcription fac-
tors called paired box proteins 3 and 7 (Pax3 and Pax7). The MRFs include myogenin (also named 
myogenic factor 4), myogenic determination factor 1 (MyoD), and myogenic factor 5 (Myf5), all 
of which have been shown to be necessary for muscle formation and presence of myogenic cells 
in adult skeletal muscle (Kassar-Duchossoy et al. 2004). While Pax3 and Pax7 are not restricted 
to myogenic lineages, they lie genetically upstream from Myf5 and MyoD, and therefore have also 
been shown to be critical in this well-orchestrated genetic program resulting in myogenesis (Relaix 
et al. 2005; Seale et al. 2000).

During quiescence, satellite cells express the transcription factors Pax7, Pax3, and possibly Myf5. 
Pax7 has widely been recognized as being involved in expression of survival and anti-apoptotic fac-
tors. Experiments utilizing Pax7-null mice demonstrate compromised satellite cell proliferation 
ultimately resulting in the loss of satellite cell numbers, indicating that Pax7 expression is vital for 
satellite cell survival (Kuang et al. 2006; Oustanina et al. 2004). Conversely, recent data show that 
over-expression of Pax7 in myogenic Pax7-null cells up-regulates MyoD while delaying myogenin 
expression (Olguin et al. 2007; Zammit et al. 2006). Taken together, this suggests that Pax7 has a 
dual role of inducing myoblast proliferation and delaying differentiation through the regulation of 
MyoD (Relaix et al., 2006).

Pax3, a close relative and paralog of Pax7, is essential for embryonic muscle development but 
its function in adult muscle is less well understood. Similar to Pax7, Pax3 has been implicated as 
a participant in satellite cell progression and is transiently expressed during activation (Conboy 
and Rando 2002). However, it is only detected in high levels in certain muscle types, such as the 
diaphragm (Day et al. 2007; Relaix et al. 2006), and therefore the exact role of Pax3 in adult skel-
etal muscle maintenance remains largely unknown. Finally, Myf5 is thought to regulate prolifera-
tion rate and homeostasis (Beauchamp et al. 2000; Ustanina et al. 2007; Zammit et al. 2006). It 
is expressed at relatively high levels in freshly isolated satellite cells; however, there appears to 
be a small population of satellite cells that remain Myf5-inactive (Day et al. 2007; Kuang et al. 
2007). Therefore, it is not known if Myf5 is expressed in quiescent cells, and the exact role of Myf5 
remains in question.

Upon activation of the satellite cell, expression of Pax7, Pax3, and Myf5 is retained and the cell 
also begins to express the transcription factor MyoD (Figure 2.3). Expression of MyoD may be 
required for satellite cell differentiation and is often thought of as the master myogenic transcription 
factor (Tapscott 2005). There are studies, however, indicating that satellite cells from MyoD-null 
mice are able to transition into the differentiation phase but the process is delayed both in vitro and 
in vivo (White et al. 2000; Yablonka-Reuveni et al. 1999).

Transcription factors needed and involved in the proliferation phase appear to be identical to 
those expressed in activation — Pax3, Pax7, Myf5, and MyoD (Figure 2.3). At this stage in the 
satellite cell program, most proliferating satellite cells will begin committing to differentiation as 
indicated by the up-regulation of myogenin. The requirement of myogenin expression for differen-
tiation was confirmed using myogenin-null transgenic mice. Loss of myogenin leads to a decrease 
in muscle size, presumably by preventing the skeletal myoblast contribution to postnatal muscle 
growth (Knapp et al. 2006). During commitment of myoblasts to the differentiation phase, expres-
sion of Pax3 and Pax7 is lost. Recently it was also shown that myogenin may act to facilitate down-
regulation of Pax7 during differentiation (Olguin et al. 2007).

Finally, fusion of a satellite cell to an existing fiber or to other satellite cells for nascent myotube 
formation leads to the cessation of all myogenic regulatory factor expression except for myogenin 
expression. At this point, the satellite cell is now terminally differentiated and can no longer enter 
back into the cell cycle (Figures 2.2 and 2.3).
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Stem cells are able to both generate differentiated progeny as well as the ability to undergo self-
renewal. Importantly, satellite cells possess this quality where small populations of activated satel-
lite cells can exit the cell cycle and return to the quiescent state. This is of obvious importance in 
the adult skeletal muscle for maintaining satellite cell numbers and hence the muscle’s regenerative 
capacity. This idea was first described by Moss and Leblond (1971), who suggested either a stochas-
tic event or asymmetrical division where one daughter cell is committed to differentiation and the 
second returns to quiescence. Recent studies have shown that while most of the proliferating cells 
will suppress Pax7 expression and up-regulate MyoD before differentiation, there is a small popula-
tion of these cells that maintain Pax7, repress MyoD, and return to quiescence (Zammit et al. 2004; 
2006). The molecular mechanisms regulating satellite cell self-renewal, however, remain poorly 
understood.

Numerous other satellite cell markers have been identified and may be useful for our future 
understanding of these cells. For example, a quiescent satellite cell exhibits a distinct gene expres-
sion profile including Pax7(+) and CD34(+) positive and CD45(−) and Sca1(−) negative expression 
(Montarras et al. 2005). Furthermore, all cells becoming myogenic must express structural proteins 
(α sarcomeric actin, myosin heavy chain, desmin) as well as cell adhesion proteins (neural cell 
adhesion molecules N-cam and M-cadherin). While Pax7 remains the most useful current marker 
for identifying quiescent satellite cells due to the availability of a high-quality antibody (Shefer 
et al. 2006), these other proteins can serve in additional capacities. For example, because Pax7 is 
expressed in both quiescence and proliferation phases, it is impossible to distinguish between satel-
lite cells within these two phases through the use of Pax7 alone. However, the exact stage of satellite 
cell progression can be identified through the use of Pax7 and another molecular marker, such as 
CD34. Although not specific to satellite cells, CD34 is only expressed in quiescent satellite cells 
and can be used to distinguish satellite cells on isolated myofibers and aid in the identification of 
quiescent vs. proliferative cells (Beauchamp et al. 2000).

Quiescent
satellite cell

Activated
satellite cell

Pax7

Pax3

Myf5

MyoD

Myogenin

Proliferating
satellite cell

Satellite cell
committed to

myogenic lineage

Satellite cell
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Satellite cell
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FIgure 2.3 Myogenesis and myogenic regulatory factors (MRFs). The progression of the satellite cell and 
their progeny through the myogenic lineage is regulated by various transcription factors, including MRFs as 
well as a set of transcription factors called paired box proteins 3 and 7 (Pax3 and Pax7) shown here.
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2.4  satellIte Cell ContrIbutIon to musCle mass

Skeletal muscle has a remarkable ability to conform to the demands placed on it. Several physiolog-
ical events are capable of altering satellite cell activity, including muscle injury (due to cytotoxins, 
trauma, mechanical stretch, genetic defects); hypertrophic events (e.g., compensatory hypertrophy, 
physical training, postnatal growth); and environmental stimuli (e.g., hyperthermia, nutrition). 
Both increases and decreases in muscle mass are accompanied by corresponding alterations in 
muscle DNA content (Adams and Haddad 1996; Allen et al. 1995a; Roy et al. 1999), which sug-
gests that the ratio of muscle DNA to its cytoplasmic volume remains constant, a concept known as 
the myonuclear domain (Allen et al. 1999; Cheek et al. 1971). Because myonuclei are post-mitotic, 
it logically follows that increases in muscle mass are dependent on satellite cells to maintain a 
constant myonuclear domain. Similarly, myonuclear loss, which is largely attributable to apopto-
sis and occurs in conjunction with an increase in protein degradation, is associated with skeletal 
muscle atrophy (Allen et al. 1997; Hikida et al. 1997). Satellite cells are necessary to provide the 
genetic machinery for increases in protein synthesis that must occur for successful regeneration 
and re-growth following damage and/or atrophy. Given the intimate relationship between satellite 
cells and the regulation of muscle mass, it is critically important to consider the influence of satel-
lite cells under conditions where muscle mass fluctuations may occur, namely, during hypertrophy, 
re-growth, and repair. It is also of particular relevance to characterize satellite cells in these mod-
els when the regulation of muscle size is impaired, such as that which has been observed in old 
skeletal muscle.

2.4.1  hyPertroPhiC events

The formation of skeletal muscle fibers occurs during prenatal life and absolute fiber number 
becomes fixed around the time of birth (Oksbjerg et al. 2004; Picard et al. 2002). For this rea-
son, prenatal development has often been viewed as a period of hyperplasia, and postnatal muscle 
growth has been characterized as a period of hypertrophy due to substantial increases in protein 
deposition. It is interesting to note, however, that during the postnatal growth phase, muscle fibers 
display a substantial increase in DNA content such that skeletal muscle accumulates between 50 
and 99% of the total DNA after birth, depending on the species and muscle type (Allen et al. 1979). 
As noted earlier, the satellite cell is responsible for skeletal muscle DNA accretion, and thus early 
postnatal life can be characterized as an intense period of satellite cell proliferation. On a temporal 
basis, early studies have demonstrated that DNA incorporation precedes the accumulation of muscle 
protein and that muscle fiber diameter in growing animals is directly related to the total number of 
myonuclei (reviewed in Allen et al. 1979; Harbison et al. 1976; Swatland 1977; Winick and Noble 
1966). These observations led to the notion that DNA incorporation may be a rate-limiting step for 
protein accretion and postnatal muscle hypertrophy. In fact, if satellite cell activity is experimen-
tally ablated in vivo by irradiation (Mozdziak et al. 1997; Rosenblatt and Parry 1993) or reduced 
using hindlimb unloading (Darr and Schultz 1989), the normal increases in myonuclear number and 
fiber volume during postnatal growth are reduced.

Several models have demonstrated the relationship between increased satellite cell activity and 
skeletal muscle hypertrophy. In humans, myonuclear addition accompanied myofiber hypertro-
phy after 16 weeks of resistance training, and an increase in the number of myonuclei per fiber, 
which the authors attributed to the need for myofiber hypertrophy (Petrella et al. 2008). The 
importance of satellite cell contribution to hypertrophy is evident when muscles are irradiated 
prior to the initiation of a hypertrophic event. The use of irradiation to limit the contribution of 
satellite cells has been employed to delineate the importance of satellite cells in the control of 
muscle mass apart from that of the existing myonuclei. Irradiation causes satellite cells to become 
apoptotic when they divide. Because myonuclei are post-mitotic, they do not divide and are pre-
sumably unaffected by the irradiation (Lewis 1954). Several studies have used this technique to 



Satellite Cell Biology 53

demonstrate the role of satellite cells during skeletal muscle hypertrophy. As an example, abla-
tion of the tibialis anterior caused an increase in extensor digitorum longus muscle mass and 
myofiber hypertrophy, with a concomitant increase in myonuclei, processes that were eliminated 
when irradiation was used prior to the ablation for the purpose of inhibiting satellite cell activity 
(Rosenblatt et al. 1994).

2.4.2  rePair and re-growth Following atroPhy

As stated above, myonuclei eliminated during periods of atrophy and/or damage need to be replaced 
via the contribution of satellite cells. Removal of weight-bearing activity via tail suspension in 
rodents causes significant atrophy, especially in type I muscle fibers (Carlson et al. 1999; Steffen 
et al. 1990). Mitchell and Pavlath (2001) reported a 53% atrophy of the soleus muscle concomitant 
with a 35% decrease in myonuclei after a 14-day period of hindlimb suspension. When animals 
were allowed to ambulate normally, soleus muscle re-growth and myonuclear accretion were com-
plete by 2 weeks, however, re-growth and myonuclear addition were inhibited when muscles were 
irradiated prior to the initiation of re-growth (Mitchell and Pavlath 2001), thus providing support 
for satellite cells during re-growth.

Limb immobilization, a model that also causes large decreases in muscle mass, may be physi-
ologically relevant for the study of muscle re-growth because it is a common treatment for inju-
ries such as fractures, tears, and sprains (Appell 1986; Booth and Kelso 1973; Shefer et al. 2008). 
A 6-week period of limb immobilization is sufficient to reduce the cross-sectional area of both 
type I and II fibers in the human vastus lateralis muscle by 29 and 36%, respectively (Blakemore 
et al. 1996). When immobilization is removed, normal healthy skeletal muscle mass successfully 
re-grows due, in part, to satellite cell activity. The importance of satellite cells in atrophied muscle 
re-growth is based on observations demonstrating enhanced re-growth following interventions that 
increase satellite cell activity (Chakravarthy et al. 2000; Shefer et al. 2008). Skeletal muscle repair 
following severe damage methods, such as crush injury, injection of myotoxins, freeze injury, and 
eccentric contractions, have also been shown to be associated with increased satellite cell activity to 
achieve successful regeneration (Granata et al. 1998; Hall-Craggs 1974; Hurme and Kalimo 1992; 
Pavlath et al. 1998; Rathbone et al. 2003; Schultz et al. 1985).

2.4.3  sarCoPenia

It is important to consider the involvement of satellite cells when the regulation of muscle size is 
impaired — more specifically, in models of re-growth, repair, and hypertrophy in skeletal muscle of 
aged individuals. Defects in these processes, and satellite cell function, may provide unique insight 
into the skeletal muscle disorder sarcopenia, a process characterized by the inevitable loss of skel-
etal muscle mass and strength that occurs with age. Decreases in skeletal muscle mass and function 
contribute to loss of independent living and an increase in disability in our growing elderly popula-
tion as compared to individuals with normal muscle mass (Baumgartner et al. 1998; Greenlund and 
Nair 2003; Roubenoff 2000). The frailty and falls that occur subsequent to the loss of muscle mass 
and strength increase the chance of morbidity, thus highlighting the importance of understanding 
this skeletal muscle disease (Metter et al. 2002).

Cachexia — the muscle wasting that accompanies diseases including heart disease, cancer, and 
human immunodeficiency virus — is often associated with sarcopenia (Thomas 2007). More spe-
cifically, the interrelationship between cachexia and sarcopenia is evident when one considers the 
increased likelihood for such diseases with advanced age. Decreases in satellite cell function may 
be associated with sarcopenia; therefore, decreases in satellite cell function may also be associated 
with cachexia as well.

Support for the notion of satellite cell involvement in sarcopenia draws from the idea that the 
hypertrophy, re-growth, and repair of old skeletal muscle exhibits a similar phenotype to that seen 
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when irradiation is used in conjunction with models of hypertrophy, re-growth, and repair in young, 
healthy skeletal muscle. For example, irradiation prior to synergistic ablation prevented hypertrophy 
(Rosenblatt et al. 1994), and aged rats failed to hypertrophy following synergistic ablation although 
adult rats increased muscle mass by 53% (Blough and Linderman 2000).

The inability of aged skeletal muscle to grow following immobilization may be a likely contribu-
tor of age-related atrophy. Even in young, healthy skeletal muscle, the recovery of muscle mass fol-
lowing immobilization often takes weeks and even months, depending on the severity of the injury. 
This may lead to atrophy in elderly subjects as they may not fully recover the muscle mass lost 
during immobilization. As an example, satellite cell function is restored in young skeletal muscle 
when an atrophy-inducing stimulus is removed allowing re-growth to occur (Childs et al. 2003); 
however, decreases in satellite cell function in old animals persist as old skeletal muscle is unable to 
re-grow (Chakravarthy et al. 2000). Old skeletal muscle exhibits an incomplete recovery following 
eccentric contraction-induced injury (Brooks et al. 2001; Rader and Faulkner 2006), similar to that 
observed when muscles are irradiated prior to eccentric contraction-induced injury (Rathbone et al. 
2003). Together, this lends support to the idea that satellite cells in old skeletal muscle are defective. 
Indeed, factors that affect satellite cell activity were shown to be discordant in old as compared to 
young skeletal muscle, both at rest and following acute resistance exercise, providing further sup-
port for a role of satellite cell contributing to sarcopenia (Dennis et al. 2008).

Recent data demonstrate that the reestablishment of satellite cell activity restores old skeletal 
muscle mass, again pointing to a role for satellite cell dysfunction limiting old skeletal muscle 
growth. These observations indicate that satellite cells may be suitable pharmacological targets 
for re-growth in old skeletal muscle (Barton-Davis et al. 1998; Chakravarthy et al. 2000; Conboy 
et al. 2005). For example, directly applying IGF-I to the skeletal muscle of old rats rescued both 
the depressed satellite cell proliferative capacity and muscle re-growth from an immobilization-
induced atrophy (Chakravarthy et al. 2000). Importantly, studies demonstrating defects in satel-
lite cell activation, proliferation, and differentiation (Barani et al. 2003; Chakravarthy et al. 2000; 
Decary et al. 1997; Dreyer et al. 2006; Johnson and Allen 1993; Lees et al. 2006; Petrella et al. 2006; 
Yablonka-Reuveni et al. 1999) may help explain the similarities in phenotype between irradiation 
and old skeletal muscle models. It is likely that characterization of the satellite cell role in disease 
states and associated molecular pathways will become pharmacological targets and lead to treat-
ments for skeletal muscle diseases including sarcopenia and cachexia.

2.4.4  nutritional inFluenCes

It is well recognized that plane of nutrition has profound consequences on skeletal muscle mass by 
influencing cellular protein accretion through the balance of protein synthesis and protein degrada-
tion within the myocyte. Equally important — although not as well understood — are satellite cell 
contributions to skeletal muscle growth and mass during periods of poor nutrition.

Nutritional effects on satellite cell activity can manifest during prenatal life. Greenwood et al. 
(1999) used a model of intrauterine growth retardation (IUGR) in sheep to demonstrate this concept. 
In this model, placental insufficiency causes growth restriction in the developing fetal lamb by pre-
venting transfer of maternally derived nutrients (fetal malnutrition), resulting in a small fetal size that 
is approximately 50% of normal fetuses. In such cases, small fetuses display slower muscle accretion 
than larger fetuses despite similar numbers of myofibers during late fetal development. Associated 
with the lesser degree of muscle protein accretion, small fetuses have a smaller proportion of cycling 
cells and less overall muscle DNA as compared to large fetuses. Overall, this study demonstrates that 
fetal nutrition influences satellite cell activity and subsequent skeletal muscle growth.

The intense period of satellite cell activity during early postnatal life is subject to nutritional 
regulation. Early studies conducted in rodents and humans demonstrate that poor nutrition reduces 
satellite cell numbers and muscle DNA accumulation (Beermann et al. 1983; Hansen-Smith et al. 
1979; Moss 1968). Subsequent studies in neonatal sheep, pigs, and poultry indicate that nutrient 



Satellite Cell Biology 55

restriction can transiently alter in vivo satellite cell kinetics during this critical growth phase and 
potentially lead to permanent muscle growth deficits (Fiorotto et al. 1986; Greenwood et al. 2000; 
Halevy et al. 2003; Jeanplong et al. 2003; Moore et al. 2005). Malnutrition may affect satellite cell 
kinetics by depressing the anabolic growth factor, IGF-I, and stimulating an inhibitor of muscle 
growth, myostatin, although definitive proof is lacking (Jeanplong et al. 2003). Thus, despite our 
knowledge that nutritional influences can limit satellite cell dynamics and skeletal muscle growth 
potential, the underlying mechanisms leading to such effects are poorly characterized and require 
additional study, especially in species of agricultural importance.

2.5  regulatIon oF satellIte Cell beHavIor

It is well accepted that the control of muscle mass is influenced by both anabolic and catabolic hor-
mones and growth factors, and therefore it is no great surprise that such influences occur, at least in 
part, through the regulation of satellite cell activation, proliferation, and differentiation. In an effort to 
understand the molecular basis for satellite cell activity and contribution toward muscle mass, scientists 
have identified numerous factors, including hormones, growth factors and cytokines (see Table 2.1), a 
list that continues to grow. Although several of these anabolic and catabolic factors arrive via the cir-
culation, it is important to understand that several such growth factors are synthesized by satellite cells 
and myotubes themselves, and can act in an autocrine/paracrine manner. It is beyond the scope of this 
chapter to examine each factor individually, and therefore only a subset of factors will be discussed.

2.5.1  hePatoCyte growth FaCtor

Few growth factors have been identified that affect satellite cell activation — that is, cause satellite 
cells to exit quiescence (G0) and enter the cell cycle (G1). Bischoff (1986) made the observation that 
crushed muscle extract could stimulate early entry into the cell cycle, and a series of experiments 
determined that the growth factor crushed muscle extract was hepatocyte growth factor (HGF) 
(Allen et al. 1995b; Tatsumi et al. 1998). Originally identified as a growth factor synthesized in the 
liver and known for the ability to affect cell migration, HGF has since been shown to be synthesized 
by satellite cells and myotubes, and has also been shown to be located in skeletal muscle extracel-
lular matrix, having the unique ability to stimulate satellite cell activation of quiescent satellite cells 
in vitro and in vivo (Allen et al. 1995b; Sheehan et al. 2000; Tatsumi et al. 1998). In addition to 
its role as a major player in the onset of activation, HGF increases proliferation and decreases dif-
ferentiation (Leshem et al. 2000; Sheehan and Allen 1999; Zeng et al. 2002). Importantly, Tatsumi 
et al. (1998) demonstrated that direct intramuscular injection of HGF caused increased activation 
of satellite cells, thus giving physiological relevance to this growth factor as a therapeutic agent for 
satellite cell activation. The receptor for HGF, c-met, is present on quiescent satellite cells and can 
bind HGF (Allen et al. 1995b; Bottaro et al. 1991; Tatsumi et al. 1998). The release of HGF and 
its localization to the c-met receptor has been shown to occur within 15 minutes following injury, 
a response that is nitric oxide dependent (Anderson 2000; Tatsumi et al. 2002; Tatsumi and Allen 
2004). HGF-induced increases in satellite cell activation occur through MAPK/ERK signaling, 
specifically through decreases in the cell cycle inhibitor p27Kip1 to allow cells to withdraw from 
quiescence, pass the G1:S checkpoint, and synthesize DNA (Leshem and Halevy 2002).

2.5.2  insulin-liKe growth FaCtors

To date, two insulin-like growth factors have been identified: IGF-I and IGF-II. Both growth factors 
play an important role in satellite cell regulation through complex interactions involving multiple 
receptors, binding proteins, splice variants, and intracellular pathways. Unlike other growth factors, 
IGF-I in particular has been shown to stimulate both myoblast proliferation and differentiation, 
depending on the timing and intracellular conditions of the myoblast (Engert et al. 1996; Florini 
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et al. 1996). It is known that IGF-I production increases in response to muscle loading, (DeVol 
et al. 1990; DeVol et al. 1991; Yan et al. 1993; Yang et al. 1997) and can elevate within 24 hr of a 
single bout of resistance training (Bamman et al. 2001), and it has been shown that muscle mass 
can increase over twofold in transgenic mice with increased IGF-I expression (Coleman et al. 1995; 
Musaro et al. 2001). IGF-I exerts its effects on skeletal muscle hypertrophy through the direct regu-
lation of satellite cells as well as through general anabolic effects, including the regulation of gene 
transcription and protein translation. Activated satellite cells also initiate expression of members of 
the IGF family and expression of a muscle-specific isoform of IGF-I, termed mechano-growth fac-
tor, has also been described as an early event in satellite cell activation (Goldspink 2005).

Binding of the IGF-I protein to its receptor (a receptor tyrosine kinase) on satellite cells results in 
an induced expression of myogenic regulatory factors and intracellular signaling cascades involv-
ing both mitogenic and myogenic responses (Coolican et al. 1997; Musaro and Rosenthal 1999). It 

table 2.1
modulation of satellite Cell activity by various Factors

Factor Proliferation differentiation migration ref.

Estradiol-17β Increase Johnson et al. 1998

FGF Increase Decrease Equivocal Allen and Boxhorn 1989

Bischoff 1997

Robertson et al. 1993

Ghrelin Decrease Increase Filigheddu et al. 2007

Zhang et al. 2007

HGF Increase Decrease Increase Allen et al. 1995

Miller et al. 2000

Bischoff 1997

IGF-I Increase Increase Allen and Boxhorn 1989

Florini et al. 1996

IGF-II Increase Increase Florini et al. 1996

Doumit et al. 1993

IL-6 Increase Cantini et al. 1995

IL-15 Increase Quinn et al. 1995

Leptin Increase Decrease Yu et al. 2008

LIF Increase Increase Barnard et al. 1994

Austin and Burgess 1991

Myostatin Decrease Decrease Joulia et al. 2003

McCroskery et al. 2003

PDGF Increase Increase Robertson et al. 1993

Testosterone Increase Joubert and Tobin 1989

Johnson et al. 1998

TGF-β Equivocal Equivocal Increase Robertson et al. 1993

Zentella and Massague 1992

Greene and Allen 1991

TNF- Equivocal Decrease Li 2003

Miller et al. 1988

Spurlock 1997

Langen et al. 2004

VEGF Increase Increase Increase Germani et al. 2003

Arsic et al. 2004

Christov et al. 2007
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has been shown that IGF-I acts through both the PI3K/AKT as well as the Ras/Raf intracellular 
signaling pathways (Moelling et al. 2002). Interestingly, it has been shown that the PI3K activa-
tion is necessary for myoblast differentiation and acts through p70 S6 kinase (Canicio et al. 1998; 
Tureckova et al. 2001). In contrast, the Ras-Raf pathway leads to signaling of extracellular response 
kinases (ERK), which have been shown to be involved in proliferation (Coolican et al. 1997). There 
is also increasing evidence that there is an interaction between IGF-I signaling and calcineurin that 
may co-coordinate myogenic differentiation in satellite cells (Delling et al. 2000; Friday et al. 2000; 
Musaro and Rosenthal 1999). While many of the details remain in question, IGF undoubtedly plays 
an important role in the regulation of satellite cells and skeletal muscle tissue as a whole.

IGF-II, in contrast, is thought to be involved predominately with satellite cell differentiation. It has 
been shown that when satellite cells are placed in low serum containing medium, IGF-II expression is 
activated and secretion of IGF-II increases significantly just prior to myoblast differentiation (Florini 
et al. 1991). In fact, introduction of either IGF-I or IGF-II antisense oligonucleotides to cultured 
media results in partial reduction of differentiated cells (Ewton et al. 1987; Florini et al. 1991).

2.5.3  vasCular endothelial growth FaCtor

Vascular endothelial growth factor (VEGF), a well-established regulator of the vasculature that 
enhances vessel permeability, endothelial cell survival, and migration (Dimmeler et al. 2000; 
Senger et al. 1983), has recently been implicated in the regulation of satellite cell activity. During 
skeletal muscle ischemia, strong VEGF gene expression and protein abundance are found in regen-
erating muscle fibers but not undamaged fibers, and expression appeared to be localized in putative 
satellite cells (Germani et al. 2003; Rissanen et al. 2002). Subsequent studies have confirmed that 
satellite cells express VEGF under basal conditions and in response to physiological stimuli such 
as contractile activity and hypoxia (Arany et al. 2008; Ciafre et al. 2007; Dehne et al. 2007; Jensen 
et al. 2004; Rhoads et al. 2008).

Physiological stimuli appear to induce VEGF production in satellite cells through distinct path-
ways. The first involves hypoxia-inducible factor (HIF), a transcription factor expressed in response 
to hypoxia (Semenza 1999). HIF drives the transcription of more than 70 genes involved in cell 
survival, metabolism, erythropoiesis, and angiogenesis, including VEGF (Semenza 2003). We and 
others have identified that HIF signaling pathway is operational in satellite cells leading to VEGF 
production during hypoxic conditions (Ciafre et al. 2007; Dehne et al. 2007; Rhoads et al. 2008). 
Recent work has implicated peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α), a 
transcriptional coactivator involved in the regulation of cellular metabolism, as an HIF-independent 
pathway leading to satellite cell-driven VEGF production (Arany et al. 2008). A third report indi-
cates that the VEGF promoter region contains sites for the myogenic transcription factor, MyoD, 
and are essential for MyoD-mediated regulation of VEGF gene expression (Bryan et al. 2008).

Cell responsiveness to VEGF occurs through two high-affinity receptors, known as the Fms-like 
tyrosine kinase (Flt-1) and the kinase insert domain-containing receptor (KDR/Flk-1)(Breen 2007). 
Satellite cells express both Flt-1 and KDR/Flk-1 receptors, and their levels increase upon VEGF 
exposure (Arsic et al. 2004; Bryan et al. 2008; Germani et al. 2003). Indeed, numerous reports have 
demonstrated that VEGF administration increases satellite cell migration, proliferation, and dif-
ferentiation while preventing satellite cell apoptosis (Arsic et al. 2004; Bryan et al. 2008; Christov 
et al. 2007; Germani et al. 2003). Taken together, the data presented above indicates that satellite 
cell-derived VEGF production may enhance skeletal muscle myogenesis through autocrine/para-
crine actions.

2.5.4  CytoKines

The plasticity of skeletal muscle may best be exemplified by the capacity to produce and respond to 
various cytokines. Depending on the nature of the inflammatory event and cytokine profile present, 
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skeletal muscle will respond in a catabolic or anabolic fashion. For example, skeletal muscle break-
down during periods of infection supports processes related to survival (Frost and Lang 2008). 
In contrast, myotrauma and inflammation following a bout of exercise ultimately leads to muscle 
hypertrophy (Vierck et al. 2000). Not surprising then, studies examining the effect of various cytok-
ines on satellite cell activity have provided mixed results and may be related to model systems (e.g., 
in vivo vs. in vitro experiments, primary cell culture vs. myogenic cell lines such as rat L8 and 
murine C2C12), dose, and time of exposure.

Equivocal data has been generated regarding the effect of tumor necrosis factor-α (TNF-α) on 
satellite cell proliferation. Acute TNF-α treatment (24 hr) of satellite cells induces their prolifera-
tion (Li 2003), whereas chronic exposure of C2C12 myoblasts to TNF-α (alone or in combination 
with IL-1) reduces proliferation and can induce apoptosis (Spurlock 1997; Stewart et al. 2004). From 
a differentiation standpoint, numerous reports have ascribed a negative role to TNF-α in myogen-
esis. TNF-α appears to inhibit myogenic differentiation through the activation of the transcription 
factor NF-κB and the subsequent down-regulation of MyoD and myogenin (Guttridge et al. 1999; 
Guttridge et al. 2000; Langen et al. 2001; Langen et al. 2004; Layne and Farmer 1999; Miller et al. 
1988; Szalay et al. 1997). As noted earlier, the above observations have been made using model 
systems of either rodent or human origin. However, studies addressing the role of pro-inflammatory 
cytokines on bovine-derived myogenic cell behavior are lacking and represent a significant gap in 
our understanding of muscle biology in this agriculturally important species.

2.5.5  Myostatin

Myostatin (also known as growth and differentiation factor 8 (GDF8)), a member of the TGF-β super-
family, has perhaps received the most attention and is arguably the most impressive negative regula-
tor of muscle mass (McPherron et al. 1997). This is evident in myostatin knockout mice, which have 
notable increases in muscle mass, and in Piedmontese and Belgian Blue cattle carrying mutations in 
the myostatin gene that exhibit the “double muscling” phenotype (Kambadur et al. 1997; McPherron 
and Lee 1997). Myostatin is associated with atrophy, aging, and muscle wasting due to disease 
(Carlson et al. 1999; Dasarathy et al. 2004; Gonzalez-Cadavid et al. 1998; Ma et al. 2003; Yarasheski 
et al. 2002). Lending further support to the notion that myostatin inhibits muscle growth and hyper-
trophy are the observations that the inhibition of myostatin increases muscle mass and strength in the 
adult animal (Wagner et al. 2005; Whittemore et al. 2003), and that myostatin over-expression causes 
skeletal muscle atrophy (Reisz-Porszasz et al. 2003; Zimmers et al. 2002). Given the role for satellite 
cells in the regulation of skeletal muscle size described above, it is no surprise that myostatin exerts 
its effects, at least in part, through the negative regulation of satellite cell activation, proliferation, and 
differentiation (Joulia et al. 2003; McCroskery et al. 2003; Thomas et al. 2000).

Similar to other TGF-β family members, myostatin first binds a type II serine/threonine kinase 
receptor, with a preference for ActRIIB (Rebbapragada et al. 2003). Binding of the appropriate 
type II receptor leads to the recruitment and phosphorylation of the type I receptor, either the 
ALK4 or ALK5 (TβRI) (Franzen et al. 1993; Rebbapragada et al. 2003), which leads to the phos-
phorylation and activation of Smad2 and Smad3, which are known as receptor-regulated Smads 
(R-Smads) (Nakao et al. 1997b; Rebbapragada et al. 2003; Zhu et al. 2004). Upon phosphorylation, 
the Smad2/3 complex heteromerizes with Smad4, a co-mediator Smad (Co-Smad), followed by the 
translocation of this complex to the nucleus, which causes increased transcriptional activity of TGF-
β-specific genes (Nakao et al. 1997b). Also, Smad7, an inhibitory Smad (I-Smad), functions through 
a negative feedback mechanism as it interferes with the Smad2/3 and Smad4 complex, and through 
competition for activation by type I receptors (Nakao et al. 1997a). Based on the dramatic influ-
ence of myostatin on skeletal muscle mass, it is likely that further characterization of the myostatin 
signaling cascade will lead to effective pharmacological treatments for muscle wasting disorders 
including sarcopenia and cachexia (Roth and Walsh 2004; Tsuchida 2004), in addition to enhancing 
muscle growth in meat animals (Dayton and White 2008).
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2.6  summary

This chapter described basic aspects of satellite cell biology, including the contributions of the satel-
lite cell to skeletal muscle growth and repair. Clearly, the importance of the satellite cell in support 
of skeletal muscle hypertrophy is evident by either the absence of muscle accretion or atrophy when 
satellite cell activity becomes dysfunctional. Studies have begun to define various aspects of satel-
lite cell behavior that are susceptible to modulation by physiological events, environmental stimuli, 
and biological signals. Despite these initial advances, a better understanding of satellite cell regula-
tion is warranted to accurately understand the biological mechanism(s) underlying skeletal muscle 
growth and repair. Such knowledge is critical for developing novel approaches (i.e., genetic, nutri-
tional, and therapeutic) to modulate satellite cell activity and affect skeletal muscle performance in 
the agricultural setting or human biomedical sector.
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3 Adipose Tissue Development 
in Extramuscular and 
Intramuscular Depots 
in Meat Animals

G.J. Hausman and S.P. Poulos

3.1  IntroduCtIon

Adipose tissue, also known as fat, is a connective tissue of mesenchymal origin. Although adi-
pose tissue contains various cell types, adipocytes predominate and are the primary storage site 
for triacylglycerols. Subcutaneous, internal, and intramuscular adipose tissue depots are all eco-
nomically and physiologically important in meat animal production. Brown adipose tissue (BAT) 
is also present in the neonate of some species and is considered important for thermoregulation 
of the newborn. Advancements in meat production have attempted to shift energy use for maxi-
mal muscle accretion while limiting adipose accretion resulting in enhanced feed efficiency and 
improved growth rates. Marbling fat is one important meat quality factor that has suffered as a 
result of advances made to improve the efficiency of animal production. Also known as marbling 
fat, intramuscular lipid is lipid stored in adipocytes found within skeletal muscle that impacts meat 
flavor and tenderness. It is known that adequate adipose accumulation is essential. Adipose tissue 
is considered an endocrine organ that secretes or expresses many endocrine factors, including lep-
tin, growth factors, and various cytokines. The discovery that adipose tissue is the major source of 
circulating leptin (OB), a hormone that influences growth, metabolism, and behavior, has provided 
a new perspective on adipose tissue function (Trayhurn et al. 2006). Furthermore, the expression 
of growth factor genes by adipose tissue and presence of the resulting proteins further indicates 
that adipose tissue has endocrine functions. For example, adipose tissue in the pig fetus produces 
more IGF-1 mRNA than all other tissues studied (Ramsay et al. 1994). It now appears that adipose 
tissue expresses and secretes cytokines, growth factors, and leptin beginning early in life and con-
tinuing throughout life (Hausman et al. 2006; Hausman et al. 2007). The coincidental expanse of 
vascular development as adipose tissue develops (Crandall et al. 1997; Hausman and Richardson 
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2004) adds credence to the suggestion that adipose functions as an endocrine organ. Therefore, 
the structural and functional aspects of adipose tissue development are important during fetal and 
postnatal growth and aging. And, it is critical to elucidate the factors that regulate the develop-
ment of adipose tissue as evidence is mounting that adipose tissue may be related to metabolism 
and function of other systems. For example, little is known about the development and regulation 
of intramuscular adipose tissue, which is important in meat quality but may also be important in 
energy homeostasis.

3.2  adIPose tIssue develoPment

3.2.1  white adiPose tissue develoPMent in the Fetus

The development of presumptive adipose tissue mesenchymal tissue lobules commences between 14 
and 16 weeks of fetal life, depending on location (Poissonnet et al. 1984; Hausman and Richardson 
1994) and is characterized by the appearance of a presumptive mesenchymal fat tissue that develops 
into a number of “primitive fat cell organs or lobules,” which subsequently increase in number and 
size throughout fetal development (Table 3.1; Poissonnet et al. 1983, 1984; Hausman and Hausman 
1993; Crandall et al. 1997; Martin et al. 1998). In the fetal pig, there is a cranial to caudal and dorsal 
to ventral gradient regarding development of presumptive vascular structures (with few or no fat 
cells) in subcutaneous adipose tissue (Hausman and Richardson 1994). Furthermore, in the fetal 
pig, the development of several layers of subcutaneous adipose tissue (outer, middle, inner) is fol-
lowed postnatally by growth or expansion of each layer in a distinct manner (Anderson et al. 1972; 
Leymaster et al. 1991). Despite little lipid accretion, subcutaneous layer development in the fetus 
is predictive of the degree of fat cell development in each layer postnatally. Within the outer sub-
cutaneous layer in the pig, hair follicle adipose lobules have been studied and identified as further 
specialization or compartmentalization of the subcutaneous depot (Klein et al. 2007). Development 
of hair follicle adipocytes is linked functionally, to a degree, to hair and hair follicle development 
(Klein et al. 2007). Regardless of depot or location, a most remarkable aspect of fetal adipose 
tissue development is the close spatial and temporal relationship between developing adipocytes 
and associated capillaries (Crandall et al. 1997; Hausman and Richardson 2004). Capillary density 
and vascular anatomy clearly distinguishes adipose tissue depots in the fetus while fat cell size is 
independent of depot (Crandall et al. 1997; Hausman and Richardson 2004). In fact, morphologi-
cal development of the vasculature clearly precedes overt adipocyte differentiation in internal fat 
depots. The expression of a number of genes encoding major regulators of angiogenesis marks 

table 3.1
Characteristics of Fetal adipose tissue development

trait

Key developmental traits Depot-dependent structural differentiation of presumptive mesenchymal fat tissue 
(no lipid) → development of “primitive fat organs or lobules” and onset of lipid 
accretion

Mode of accretion or expansion Depot-dependent hyperplasia and hypertrophy of primitive fat lobules; adipocyte 
hyperplasia with either significant or limited adipocyte hypertrophy

Molecular & ultrastructural markers Leptin; few and simple mitochondria

Late fetal tissue & adipocyte 
morphology

Moderately vascular, mature or immature tissue with either unilocular cells, or 
unilocular and multilocular cells

Source: Reviews, Crandall et al. 1997; Hausman and Hausman 1993; Martin et al. 1998; Hausman and Richardson 1994; 
Hausman and Hausman 2004; Poissonnet et al. 1983; 1984; Hausman and Thomas, 1984; Hausman and Kauffman 
1986; Mostyn et al. 2006; Muhlhauster et al. 2007; O’Connor et al. 2007; Yuen et al. 1999; 2003.



Adipose Tissue Development in Extramuscular and Intramuscular Depots in Meat Animals 69

the development of fetal and neonatal adipose tissue, supporting the hypothesis that vascular and 
cellular development in adipose tissue are interrelated (see Tables 3.2, 3.4, and 3.5). At the tissue 
level, adipocyte cluster development (size) in fetal adipose tissue is clearly dependent on proximity 
to entry point of large arterioles throughout development (Table 3.3). Proximity to entry of large 
arterioles apparently dictates adipocyte number because adipocyte cluster development is primar-
ily attributable to increases in adipocyte number because fetal adipocyte hypertrophy is minimal 
(Table 3.3; Hausman and Thomas 1986). Virtually nothing is known about fetal intramuscular adi-
pose tissue development. Morphological studies of neonatal pig muscle provide evidence of a rela-
tionship between intramuscular adipocyte cluster development and proximity to larger arterioles 
(Figure 3.1). Furthermore, image analysis of marbling flecks in longissimus dorsi cross-sections in 
cattle showed that ventral aspects, which were more proximal to intercostal arteries, had fivefold 
larger marbling flecks with fourfold more adipocytes and larger adipocytes than more distal or dor-
sal aspects (Yang 2006). Therefore, blood vessel development and/or blood flow are clearly involved 
in intramuscular adipocyte development.

Subcutaneous depots develop before internal depots in many species except pigs. Subcutaneous 
adipose tissue clearly represents the major depot in pig fetuses (Hausman and Hausman 1993) and 
continues to predominate throughout life in several species. As subcutaneous adipose tissue con-
tinues to develop in the fetal pig, the tissue appears to develop sensitivity to hormones and begins 
producing cytokines. In vivo and in vitro studies of fetal adipose tissue stromal-vascular cell cul-
tures (fetal preadipocytes) suggest this occurs between 50 and 75 days after conception (reviewed 
in Hausman et al. 2001; Hausman et al. 2008). During this sensitive period, the thyroid hormones, 
glucocorticoids, and growth hormone each markedly influence the development of key metabolic 
and cellular traits of fetal subcutaneous adipose tissue (Hausman et al. 2001; Hausman et al. 2008). 
Furthermore, in vitro studies demonstrate that hormone influences on fetal preadipocytes can be 
long-lasting (Hausman et al. 2001). Cultures of fetal muscle stromal-vascular cells have been used 
to demonstrate the presence of fetal intramuscular preadipocytes that respond to adipogenic stimuli 
(Poulos and Hausman 2006a). Although limited, in vitro studies suggest adipocyte development 
from stromal-vascular cells in skeletal muscle may differ from the development of cells from sub-
cutaneous adipose tissue (Poulos and Hausman 2006a, b).

3.2.2  adiPose tissue develoPMent in the neonate

Multilocular adipocyte morphology decreases with the appearance of unilocular cell morphology 
in all depots (Table 3.4). The slower rate of intramuscular adipose tissue accretion is associated with 
much less hypertrophy than in other depots (Table 3.4). At birth, sheep and cattle BAT and white 
adipose tissue (WAT) are virtually filled with adipocytes, and BAT rapidly transforms to WAT in 
neonatal ruminants during the neonatal period. Several characteristics distinguish intramuscular 
adipose tissue from other depots during postnatal development (Table 3.4).

3.2.3  Postnatal develoPMent

The rate of accretion and mode of cellular development of WAT are depot and species dependent 
(Table 3.5), with adipocytes in internal depots generally being largest compared to adipocytes in the 
subcutaneous or intramuscular depots (Table 3.5). Plateaus in adipocyte hyperplasia during postna-
tal development have been estimated based on counts of fixed adipocytes of a minimal size (Allen 
et al. 1976). Intramuscular adipocyte hyperplasia apparently continues on with either a delayed 
plateau or no plateau in hyperplasia (Allen et al. 1976). Gene expression studies indicate expression 
of similar regulatory and transcription factors by intramuscular and other adipose depots during 
postnatal development (Table 3.2). Intramuscular adipocyte size and number determine, to a great 
extent, the variability in lipid content of skeletal muscle in several meat animals, including cattle, 
rabbits, and pigs (Gardan et al. 2006). Generally, lipid accretion is associated with variable degrees 
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table 3.2
Collective reports of genes and Proteins expressed during adipose tissue development

regulatory  
secreted 

regulatory 
non-secreted metabolism gene transcription

Fetal
SCAT Leptin, IGFBP-1, -2, -3, -4, -5; 

IGF-I, -II; IL-1, -1A, - 4, -6, -8, 
-12; APO-E; APO-A1; APO-R1; 
TGF-β; adipsin; BDNF; 
ANG-2; PAI-1; TNF-α

UCP-1; OBLR C/EBPα, β, and δ; 
PPARγ

neonatal
SCAT Leptin; IGF-I, -II; IL-1, -1A, -4, 

-6, -8, -12; APO-E, -A1, -R1; 
Agouti; BDNF; ANG-2; PAI-1; 
TNFα; IGFBP-1, -3, -5; adipsin

UCP-2, -3; GHR;  
β 1-3- AR’s; 
ANG-II-receptors; 
GR; PREF1

GLUT 4; HSL; LPL; SCD; 
aP2; GLUT 1, -11 β; HSD-1

C/EBPα, β, and δ; 
PPARγ; ADD1

Postnatal
IMAT IGF-II; leptin; adiponectin; 

decorin; osteonectin
AFABP; NAT1 
HFABP; UCP-2, -3; 
FABP-4; SOCS-3; 
BTG family, member 
2; matrix Gla protein

ACC; FAS; LPL; HSL; 
G6PDH; CPT-1; SCD, CS; 
HAD; DGAT1;  
pyruvate dehydrogenase beta

SREBP-1; SREBP-2;  
PPARγ -2;  
PPARδ

SCAT Leptin; EGF; IGFBP-1, -3, -5, -7; 
bFGF, HGF; IGF-I, -II; adipsin; 
TNFα; adiponectin; TGF-β; 
adipsin; decorin; osteonectin

AFABP; HFABP; 
GHR; β 1-3- AR’s; 
OBLR; IGF-IR; 
eNOS; Dlk-1-C-2; 
UCP-2, -3

SCD; ACC; ACO; FAS; LPL; 
ME; HSL; GLUT 1, 4;  
ATP citrate lyase; VDAC; 
GDH; 11 βHSD-1; STA5A; 
3β-HSD; 17β-HSD; aromatase

ADD1; SREBP-1; 
SREBP-2;  
PPARγ 1, -2; 
PPARα; C/EBPα, β; 
SREB1-1c

SCAT IL-1A, -1B, -5, -6, -8, 10, -15, 
-18; IL-1RN; IFNG; NGF; 
RANTES; resistin; MCP-1; 
MIF; PAI-1; APO-E; APO-A1; 
APO-R1; ANG-2

PREF1*; UCP-1*; heat shock 
70-kDa protein; SOCS-3

* Undetectable. Additional genes/proteins reported: postnatal pig adipose tissue: cofilin, low density lipoprotein receptor, low 
density lipoprotein related protein and high density lipoprotein binding protein; postnatal cattle adipose tissue: type III col-
lagen, ferritin heavy chain; postnatal cattle intramuscular adipose tissue: sorbin and SH3 domain-containing protein 1, tria-
din, titin, ferritin heavy chain, ribosomal proteins; fetal pig adipose – laminin and type IV collagen.

Abbreviations: IMAT, intramuscular adipose tissue, SCAT, subcutaneous adipose tissue ,11 β HSD-1-2, 11 beta-hydroxysteroid 
dehydrogenase 1-2; , ACC, acetyl CoA carboxylase; ACO, acyl-CoA oxidase; ADD1, adipocyte determination and differentiation-
dependent factor 1; ANG-II, angiotensin II; aP2, fatty acid binding protein; β AR’s, beta adrenergic receptors; bFGF, basic fibro-
blast growth factor; C/EBP, CCAAT enhancing binding protein; EGF, epidermal growth factor; FAS, fatty acid synthase; GAPDH, 
glyceraldehyde-3-phosphate dehydrogenase; GDH, glutamate dehydrogenase; GHR, growth hormone receptor; GLUT, glucose 
transport protein; HGF, hepatocyte growth factor; HSL, hormone sensitive lipase; IGF, insulin-like growth factor; IGF-1R, IGF-1 
receptor; IGFBP, insulin-like growth factor binding protein; IMAT, intramuscular adipose tissue; LPL, lipoprotein lipase; ME, 
malic enzyme; NAT1, novel APOBEC-1 target-1; OBR, long form leptin receptor; PPAR, peroxisome proliferator activated recep-
tor; PREF1, preadipocyte factor 1; SCAT, subcutaneous adipose tissue; SCD, stearoyl coenzyme A desaturase; SREBP, sterol regu-
latory element binding protein; TGF, transforming growth factor; TNF, tumor necrosis factor; UCP, uncoupling protein; VDAC, 
voltage-dependent anion channel.

Source: Reviews, Trayhurn et al. 2006; Hausman et al. 2006; 2007; Murdoch et al. 2005; Tang et al. 2007; Smith et al. 1999; 
Wu et al. 2007; Barber et al. 2000; Casteilla et al. 1994; McNeel et al. 1995; Hishikawa et al. 2005; Garden et al. 
2008; Zhou et al. 2004.
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of increases in fat cell number and size during the finishing phase in meat animals (Table 3.5). 
Intramuscular lipid stores in skeletal muscle tissue have been correlated to overall fatness (Kouba 
et al. 1999) and can be influenced by many factors (Table 3.6), including age, diet, gender, fasted 
state (Broad and Ulyatt 1980; Kim et al. 2000; Gondret et al. 2000), genetics (Kouba et al. 1999; 
Mourot and Kouba 1999), and physical activity (Harper and Pethick 2004b). It is important to con-
sider that intramuscular lipid accretion can be influenced by these factors in a muscle and species 
dependent manner (Table 3.6). For example, heat exposure in chickens and somatotropin treatment 
in pigs produced depot-dependent changes in fatty acid composition in a comparison of subcutane-
ous and intramuscular adipose tissue (Clark et al. 1992; Ain et al. 1996). Dietary-induced obesity 
increases intramuscular lipid content in several species (Poulos and Hausman 2005). Although 
limited, there is also evidence of dietary manipulation affecting intramuscular lipid production 
in animals. Reduced protein diets may increase intramuscular lipid by preferentially increasing 
stearoyl-CoA desaturase enzyme activity in porcine skeletal muscle (Doran et al. 2006). Force-fed 
Muscovy ducks had an increased lipid content, larger intramuscular adipocytes, and altered fatty 

table 3.3
adipocyte Cluster development in Fetal 
Pig Perirenal adipose tissue depends on 
Proximity to entry Point of large arterioles

Fetal age 
(days)

adipocyte Cluster size 
(μm2)

adipocyte  
Cluster no.Proximal distal

70 126 ± 5 31 ± 3 10 ± 1

90  172 ± 11 47 ± 8 61 ± 3

Note: Adipocyte cluster size is primarily attributable to 
adipocyte number because adipocyte size is affected 
little by location (Hausman and Thomas 1986).

table 3.4
Characteristics of neonatal adipose tissue development

trait subcutaneous and Internal Intramuscular

Tissue morphology Mature tissue with contiguous adipocytes Mature tissue with contiguous adipocytes

Adipocyte morphology Decrease in multilocular cells & increase in 
unilocular cells

Decrease in multilocular cells & increase in 
unilocular cells

Mode of accretion or 
expansion

Depot-dependent hypertrophy- 
subcutaneous location; depot-dependent 
hyperplasia

Little to no hypertrophy early; primarily 
hyperplasia-muscle dependent

Rate of accretion or 
expansion

Rapid; subcutaneous layer and location 
dependent

Extremely slow; muscle independent.

Molecular & ultrastructural 
markers 

Gene expression of leptin, transcription 
factors, & lipogenic enzymes

SREBP-1 expression, enzyme activities 
(i.e., ME, G6PDH, LPL)

Abbreviations: SREBP-1, sterol regulatory element binding protein 1; ME, malic enzyme; G6PDH, glucose-6-phosphate 
dehydrogenase; and LPL, lipoprotein lipase.

Source: Reviews, Hausman and Hausman 1993; Hausman et al. 2001; Hausman and Hausman 2008; Hausman and Hausman 
2004; Chen et al. 2008; Gnanalingham et al. 2005; Hauser et al. 1997; Hausman and Gampion 1986; Martin et al., 1999.
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A

B

C

FIgure 3.1 Lipid staining in frozen cryostat sections of the deep (A), intermediate (B), and superficial 
regions (C) of the semitendinosus muscle from a 14-day-old pig. Note the large cluster of adipocytes in the 
deep region (A, white arrow) and scattered isolated adipocytes in the superficial region (C, white arrows) 
of the semitendinosus muscle. Also note that there are more lipid stained muscle fibers per fasciculi (black 
arrows) in the deep region than in the more superficial regions of the muscle ( A vs. B, C). Therefore, adipo-
cyte development and the development of aerobic muscle fiber types are closely associated in the developing 
semitendinosus muscle.

table 3.5
Characteristics of Postnatal adipose tissue development

Postnatal depots Internal subcutaneous Intramuscular

Relative adipocyte size Largest Intermediate Smallest

Mode of accretion or 
expansion

Early: hyperplasia & 
hypertrophy

Late: primarily 
hypertrophy

Early: hyperplasia & 
hypertrophy

Later: hypertrophy dependent 
on gender & species

Early & late: muscle-
dependent hyperplasia with 
little hypertrophy

Accretion & accretion 
rate

Species dependent Dependent on location, layer, 
gender, and species

Slow-muscle dependent

Relative lipogenesis Intermediate Highest Lowest

Developmental markers:  
key proteins/genes

Decorin, CDC42, 
beta-1-AR, cofilin

SCD, leptin G6PDH, ME, FABP-4, 
AFABP, IGF-II, SREBP-1, 
DGAT1, Col3a1

ND = not determined. 

Abbreviations: AFABP, adipocyte fatty acid-binding protein; Beta-1-AR, beta 1-adrenergic receptor; CDC42, cell division 
cycle 42; DGAT1, diacylglycerol acyltransferase; FABP-4, fatty acid-binding protein; G6PDH, glucose-6-phosphate dehy-
drogenase; IGF-II, insulin-like growth factor II; ME, malic enzyme; SCD, stearoyl-CoA desaturase; SREBP-1, sterol regula-
tory element binding protein-1.

Source: Reviews, Hausman and Hausman 1993; Hausman et al. 2001; Hausman and Hausman 2008; Hausman and Hausman 
2004; Allen et al. 1976; Anderson et al. 1972; Anderson and Kauffman 1973; Bao et al. 2007; Childs et al. 2002; 
Choi et al. 2003; Damon et al. 2006; Gardan et al. 2007; Gondret and Lebret 2002; Jurie et al. 2007; Mourot and 
Kouba 1999; Ross et al. 2005; Sasaki et al. 2006; Schoonmaker et al. 2004; Thaller et al. 2003.
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acid composition in the pectoralis major muscle at 14 weeks of age (Zanusso et al. 2003). Angus 
× Hereford steers fed a high-energy concentrate beginning at 12 months of age had differences in 
intramuscular adiposity upon slaughter. Muscle lipid content increased by 40% when animals were 
fed low-protein, low-energy diets (Table 3.6). Changes in muscle lipid content could be due to age 
or altered muscle metabolism.

Many markers of adipocyte development / lipid accretion in several adipose depots have been 
identified (see Tables 3.4 and 3.5). For example, malic enzyme and glucose-6-phosphate dehydro-
genase (G6PDH) have been identified as markers of lipid accretion in the intramuscular depot (see 
Tables 3.4 and 3.5). Cattle breeds with higher propensity for marbling have greater G6PDH and 
leptin expression (Bonnet et al. 2007), whereas G3PDH and lipoprotein lipase (LPL) activity did not 
seem to be involved in marbling accumulation. Generally, leptin gene expression is a good marker of 
subcutaneous adipose accretion and, as a consequence, leptin expression traits distinguish adipose 
depots in several species (Table 3.5). At a given age, intramuscular adipocytes have less lipogenic 

table 3.6
Factors that Influence Intramuscular lipid accretion or marbling are muscle and 
species dependent

Factor species; muscle study

Age Cattle and pigs; 
several muscles

Lipid accretion dependent on muscle and species (Allen et al. 1976)

Cattle; LD Lipid increase between 11 & 15 months; no change after 15 months 
(Cianzio et al. 1985)

Cattle Linear increase in marbling to 200–400 kg; no further increase after 
420 kg (Pethick et al. 2004)

Diet Japanese black 
cattle; LD

Reduced vitamin A serum levels increases marbling  
(Harper and Pethick 2004a)

Holstein steer; LD Vitamin A restriction does not influence marbling FCS and FCN 
(Gorocica-Buenfil et al. 2007)

Pigs; LD and BF Lysine deficient diet increases lipid (Essen-Gustavsson et al. 1994)

Holstein steer; LD Marbling FCS influenced by energy level and FCN influenced by energy 
source (Schoonmaker et al. 2004)

Pigs; BF and LD Lipid decreased with feed restriction (30–70 kg), not influenced by 
compensatory growth (Heyer and Lebret 2007)

Pigs; LD, RF, deep 
and superficial ST

Feed restriction reduced lipid in muscle-dependent manner  
(ST > RF, LD) on a constant age basis (Bee et al. 2007)

Pigs; LD Reduced protein & energy diet reduced lipid and FCS, long-term feed 
restriction reduced lipid & FCN (Gondret and Lebret 2002)

Yucatan mini-pigs; 
BF

Overfeeding (4–16 months) increased FCS & lipid  
(Guillerm-Regost et al. 2006)

Endocrine Pigs pGH decreases lipid while pST did not change lipid  
(Sorensen et al. 1996)

Pigs; trapezius No influence of IGF-II genotype on FCS and lipid (Gardan et al. 2006)

Birth weight Pigs; LD and ST Low birth weight increases ST lipid and FCS, no influence on LD 
(Gondret et al. 2006)

Obesity Pigs; LD Increased lipid. (Harbison et al. 1976; Seideman et al. 1989)

Gender Cattle; LD Marbling lipid highest in heifers, intermediate in steer, and lowest in bulls 
(Harper and Pethick 2004a)

Transgenic models Mice Variable influence dependent on gene (Poulos and Hausman 2005)

Pharmaceutical agents Thiazolidinediones Species-dependent increase in lipid (Hausman et al. 2008)

Abbreviations: BF, biceps femoris; LD, longissimus dorsi; ST, semitendinosus; RF, rectus femoris
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and lipolytic activity when compared to subcutaneous and perirenal adipocytes. In vitro studies 
also showed that lipogenesis and adipocyte size were different in subcutaneous and intramuscular 
adipose tissue explants and stromal-vascular cells from several breeds of cattle (May et al. 1994). 
Gene expression for lipogenic and lipolytic enzymes follows this pattern, suggesting marked meta-
bolic differences in adipocytes from different depots (Gardan et al. 2006). It cannot be excluded that 
there may be a developmental delay in metabolic efficiency, hyperplasic or hypertrophic growth that 
contributes to these metabolic differences; however, it remains unknown if this can be manipulated 
for improved performance and health outcome.

3.2.4  adiPose tissue studies in transgeniC and gene KnoCKout MiCe

Transgenic and gene knockout studies identify genes that play critical roles in adipose tissue develop-
ment (Table 3.7). For example, these studies demonstrate that several groups of transcription factors 
have major roles in adipose tissue development (Table 3.7). These studies also show that a number of 
genes that encode secreted factors play roles in adipose tissue development (Table 3.7). Collectively, 
these studies demonstrate many potential levels of genetic influence on adipose tissue development.

3.3  InteraCtIons betWeen adIPose tIssue and skeletal musCle

As the most energy-demanding and most energy-dense tissues in the body, skeletal muscle and 
adipose tissue have been the targets of many animal production efforts. Mounting evidence sug-
gests that these tissues communicate with each other to regulate energy homeostasis, which has 
the potential for significant impact on the animal industry. This regulation occurs, in part, through 

table 3.7
studies of transgenic and gene knockout mouse models reveals a variety of genes are 
Involved in adipose tissue development

Phenotype/ 
Influence transcription Factors

signaling Factors/
receptors

growth Factors/
Hormones/
Cytokines

metabolism/
apolipoproteins

Adipose tissue 
development 

C/EBPα, -β  
(Arch 2002; Blüher 2005; 
Millward et al. 2007)

PPARγ, -2  
(Arch 2002; Blüher 2005)

PPARα  
(Knauf et al. 2006)

KLF5  
(Oishi et al. 2005)

SREB1-1a, -1c  
(Arch 2002; Blüher 2005)

SRC-3  
(Arch 2002; Blüher 2005) 

PRLR  
(Flint et al. 2006)

Wnt10b  
(Vertino et al. 2005)

GHR  
(Flint et al. 2006)

GDF-8  
(Arch 2002;  
Blüher 2005)

IL-1Ra  
(Somm et al. 2005)

Pref-1*  
(Arch 2002;  
Blüher 2005)

TGFα*  
(Arch 2002;  
Blüher 2005)

AGT  
(Arch, 2002;  
Blüher, 2005)

Plg  
(Arch 2002;  
Blüher 2005)

ADAM 12-S  
(Arch 2002;  
Blüher 2005)

SPARC  
(Arch 2002;  
Blüher 2005)

HSL  
(Arch 2002;  
Blüher 2005)

Abbreviations: ADAM, A disintegrin and metalloproteinases; AGT, angiotensinogen; C/EBP, CCAAT/enhancer-binding 
protein; GDF, growth/differentiation factor; GHR, growth hormone receptor; HSL, hormone-sensitive lipase; IL, interleu-
kin; KLF, Krüppel-like transcription factor; Plg, plasminogen; PPAR, peroxisome proliferator-activated receptor; Pref, 
preadipocyte factor 1; PRLR, prolactin receptor; SPARC, secreted protein acidic and rich in cysteine; SRC, steroid recep-
tor coactivator; SREB, sterol regulatory element-binding protein; TGF, transforming growth factor.
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paracrine factors released and recognized both by adipose tissue and skeletal muscles. It is now 
known that skeletal muscle and adipose tissue release myokines and adipokines, respectively, which 
are likely involved in maintaining proper energy homeostasis between the two tissues (Tomas et al. 
2004; Argiles et al. 2005; Hausman et al. 2006; Hausman et al. 2007; Hausman and Hausman 
2008). Interleukins that may be involved include IL-10, which appears to decreased intramuscular 
fatty acyl-CoA levels, and IL-6 (Kelly et al. 2004) and IL-15, which are thought to enhance skeletal 
muscle growth and inhibit fat deposition (Argiles et al. 2005).

Paracrine factors from adipose tissue that have been implicated in the regulation of intracel-
lular fat content include adiponectin, plasminogen activator inhibitor-1 (PAI-1; Fibbi et al. 2002), 
transforming growth factor β (TGFβ; Bouche et al. 2000; Fibbi et al. 2002), leptin, and insulin-
like growth factor 1 (IGF-I). Adiponectin receptors, AdipoR1 and AdipoR2, are both expressed in 
human skeletal muscle and appear to be regulated by glucose and lipid metabolism (Staiger et al. 
2004) and inflammatory processes (Delaigle et al. 2004).

Alternatively, myokines that influence adipose tissue metabolism include those in the IGF sys-
tem. The IGF system, including IGF-I (Adams 2002), IGF-II, and the IGF binding proteins (Haugk 
et al. 2000; Foulstone et al. 2003; Harridge 2003) are produced by skeletal muscle and may influ-
ence adipocyte growth or help signal energy requirements in skeletal muscle. Intramuscular fat con-
tent in Duroc pigs is positively correlated to serum IGF-I concentrations at 8 weeks of age (Suzuki 
et al. 2004). Additionally, myostatin, nerve growth factor (Toti et al. 2003), and fibroblast growth 
factor (Hannon et al. 1996) have been implicated in cross-talk that occurs between skeletal muscle 
and adipose tissue.

3.4  summary

The cellular and metabolic aspects of developing intramuscular adipose tissue and other adipose 
tissue depots have been studied, including examination of the expression of a number of genes. 
Depot-dependent or depot “marker” genes such as stearoyl-CoA desaturase and leptin for subcu-
taneous adipose tissue and fatty acid-binding protein 4 and glucose-6-phosphate dehydrogenase 
for intramuscular adipose tissue have been identified. The regulation of intramuscular adipose 
tissue by many factors has been examined in several species. Additional studies are necessary to 
determine the ontogeny and importance of adipose tissue transcription factors and other regula-
tory factors as influenced by depot and species. Furthermore, there is little information on the 
ontogeny and regulation of expression of factors expressed and secreted by intramuscular adipo-
cytes. Additionally, a number of factors from both skeletal muscle and adipose tissue appear to be 
responsible for communicating the energy needs and regulating energy availability between these 
two tissues. However, our limited knowledge of these factors, their interactions, and the interplay 
between adipose tissue and skeletal muscle limits the practical application to current animal pro-
duction practices.
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4 Fetal Programming of Skeletal 
Muscle Development

Min Du and Meijun Zhu

4.1  Fetal stage Is CruCIal For skeletal musCle develoPment

Enhancing skeletal muscle growth is crucial for the profitability of animal agriculture and the meat 
industry. Effective enhancement of skeletal muscle growth depends on our understanding of the 
mechanisms controlling skeletal muscle growth. Skeletal muscle development can be separated 
into three stages: (1) embryonic, (2) fetal, and (3) postnatal. Myogenesis at the embryonic stage is 
characterized by the formation of primary muscle fibers, secondary muscle fibers are formed at the 
fetal stage, and postnatal myogenesis is mainly associated with the activation of satellite cells and 
their involvement in muscle growth and damage repair.

The fetal stage is particularly important for skeletal muscle development because there is no 
increase in the net number of muscle fibers after birth. Muscle growth is achieved later in life by 
increasing the muscle fiber diameter (Zhu et al. 2006). Thus, the reduction in the number of prena-
tal muscle fibers has irreversible effects on later postnatal life. Furthermore, the lower priority in 
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nutrient partitioning compared to the neural system, internal organs, and bone during development 
makes skeletal muscle particularly vulnerable to nutrient fluctuation (Zhu et al. 2006; Zhu et al. 
2008). Because skeletal muscle development and properties can be altered by maternal nutrition, 
skeletal muscle developmental programming plays a crucial role in predisposing offspring to accu-
mulate fat and reduce the lean:fat ratio (Vonnahme et al. 2003; Zhu et al. 2008). Under-nutrition 
during gestation affects the growth performance of offspring (Dwyer et al. 1994; Osgerby et al. 
2002). This chapter examines recent evidence regarding the developmental programming of skel-
etal muscle and discusses underlying mechanisms.

4.1.1  eMBryoniC stage

4.1.1.1  embryonic myogenesis
Embryonic skeletal muscle cells are derived from mesenchymal stem cells. First, a portion of mes-
enchymal stem cells becomes myogenic progenitor cells. These cells are not yet muscle cells but 
are committed to become muscle cells. Embryonic myogenesis is controlled by a well-coordinated 
set of transcription factors, including Wnt, paired box gene Pax3 and Pax7, and myogenic regula-
tory factors (MRFs). Wnt signaling is crucial for mesoderm formation and mesenchymal stem cell 
differentiation. Within the surrounding tissues, a portion of mesenchymal stem cells to become 
myogenic progenitor cells express Pax3 and Pax7, which are highly related proteins and may be 
partially redundant. Pax3 and Pax7 induce the expression of MRFs (Hyatt et al. 2008; Maroto 
et al. 1997).

Myogenic precursor cells further differentiate into myoblasts and then myotubes under the 
control of MRFs that belong to a superfamily A of basic helix loop helix (bHLH) transcriptional 
regulators (Atchley and Fitch 1997). Currently, four MRFs are identified, including MyoD, Myf-5, 
myogenin, and MRF-4, all of which are derived from a single ancestor gene. The MRF transactiva-
tion domains are not conserved. Myogenin processes the transactivation domain in both the N- and 
C-termini, MyoD and MRF-4 at the N termini, and Myf5 is in the C-terminus. On the other hand, 
the bHLH domains of all four MRFs are highly conserved.

MRF-4 is expressed briefly during the very early stage of myogenesis, followed by the expression 
of MyoD and Myf-5, and myogenin is expressed later and maintained throughout fetal life. MRF-4 is 
also expressed later and becomes the dominant MRF postnatally. The main role of MyoD and Myf-5 
is to induce the differentiation of pluripotent myogenic precursor cells into myoblasts. The functions 
of MyoD and Myf-5 appear compensative with each other (Maroto et al. 1997; Roth et al. 2003). 
MyoR and Mist1 inhibit the function of MyoD and thus negatively regulate myogenesis (Lemercier 
et al. 1998). Myogenin is necessary for the fusion of myoblasts into myotubes. The exact mechanisms 
controlling myoblast fusion remain poorly defined but calcium-activated transcription factor Nuclear 
Factor of Activated T Cells C2 (NFATC2) has an indispensable role (Pavlath and Horsley 2003).

4.1.1.2  Primary muscle Fibers
The amounts of primary muscle fibers developed at the embryonic stage are very limited and pro-
vide templates for the formation of secondary myofibers. Because myogenic cells are derived from 
myogenic progenitor cells, enhancing the proliferation of progenitor cells will generate a higher 
number of myogenic cells, which fuse to form more and larger muscle fibers. However, due to the 
fact that only a very limited number of primary myofibers are formed during the embryonic stage, 
their contribution to the overall muscle size and myofiber number of offspring is insignificant.

4.1.2  Fetal stage

The majority of muscle fibers are formed during the fetal stage and, as a result, the fetal stage is 
crucial for skeletal muscle development. To differentiate from the primary myogenesis at embryonic 
stage, myogenesis at fetal stage is referred to as secondary myogenesis.
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In fetal skeletal muscle, a large number of myogenic progenitor cells present. These myogenic 
progenitor cells are initially maintained in a proliferating, undifferentiated state and, then, dif-
ferentiated into myoblasts and myofibers (Figure 4.1) (Swatland 1973). Secondary myofibers have 
peripherally located nuclei, which differ from primary myofibers processing centrally located nuclei 
(Beermann 1978; Swatland 1973). In addition, the diameter of primary muscle fibers is much larger 
than secondary muscle fibers (Figure 4.2).

The formation of secondary myofibers coincides with adipogenesis, which is initiated at mid-
gestation in cattle and sheep but late gestation in pigs and rodents. This stage is also associated 
with fibrogenesis. Fibroblasts developed during this stage synthesize connective tissue, which forms 
perimysium and epimysium in fetal skeletal muscle at late gestation. Myocytes, adipocytes, and 
fibroblasts all have mesenchymal origins. Therefore, the fetal stage is crucial for skeletal muscle 
development in cattle and sheep. However, fetuses of rodents and pigs are born immature; in addi-
tion to fetal stage, secondary myogenesis continues into the neonatal period (Agbulut et al. 2003; 
Fazeli et al. 1996). To date, most studies regarding myogenesis have focused on primary myo-
genesis, and mechanisms regulating the formation of secondary muscle fibers, adipogenesis, and 
fibrogenesis, which forms the basic structure of skeletal muscle, are poorly studied. Considering 
that intramuscular adipogenesis and fibrogenesis forms marbling and connective tissue, which have 
direct impacts on meat quality, studies to understand their generation and development in fetal 
skeletal muscle are imperative.

4.1.3  Postnatal stage

Postnatal skeletal muscle growth is characterized by the increase in size (hypertrophy) instead of 
the increase in number (hyperplasia). However, the maturity of skeletal muscle at birth is different 
for rodents and pigs compared to cattle and sheep. For cattle and sheep, skeletal muscle matures at 
late gestation (McCoard et al. 2001), but for rodents and pigs, skeletal muscle matures at the neona-
tal stage (Kassar-Duchossoy et al. 2005). Therefore, using birth as a marker for the stage of skeletal 
muscle development is not accurate and does not reflect the difference between species.
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Fat cells
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Pluripotent
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FIgure 4.1 Fetal skeletal muscle development.
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As discussed in Chapter 2, satellite cells are inseparable from postnatal skeletal muscle 
growth. For fetal sheep and cattle, satellite cells are well developed and muscle structure 
matures at late gestation, but in rodents and pigs, satellite cells start to appear only around birth 
(Kassar-Duchossoy et al. 2005). In neonatal mice, satellite cells are metabolically very active 
but become quiescent as the animal grows older (Schultz 1976), which is quite different from 
satellite cells in sheep, cattle, and humans where quiescent satellite cells are formed at late ges-
tation (McCoard et al. 2001). Therefore, when conducting studies and comparing data obtained 
from animals of different species, such differences in fetal skeletal muscle development need to 
be observed.

Chapter 2 provided detailed discussions of satellite cells and postnatal skeletal muscle growth 
and thus they are not repeated here.

4.2  Fetal ProgrammIng due to maternal nutrItIon

4.2.1  ConCePt oF Fetal PrograMMing

The concept of fetal origins of adult health, known as fetal or developmental programming or 
the Barker hypothesis, is based on the epidemiological data linking long-term effects of low birth 
weight, due to malnutrition, on adult health (Barker et al. 2002). The fetal origins hypothesis states 
that fetal nutrient deficiency leads to disproportionate fetal growth and programs later predisposi-
tion to chronic disease states such as coronary heart diseases, stroke, diabetes, and hypertension 
(Barker 2001). The prevalence of type 2 diabetes increases threefold for men who weighed 5.5 
pounds at birth when compared to those who had birth weights of 9.5 pounds. This relationship has 
been confirmed by several studies in Britain, the United States, and Sweden (Barker, 1995, 2003; 
Hales et al. 1991), and also numerous animal studies. Studies linking fetal programming to animal 

FIgure 4.2 Primary and secondary muscle fibers in fetal skeletal muscle of sheep at day 75 of gestation. 
Muscle cryosection was stained with Hematoxylin and Eosin. Black arrows show the presence of primary 
muscle fibers. White arrows show the presence of secondary muscle fibers. Primary muscle fibers are large 
with centrally located nuclei, and each primary muscle fiber is surrounded by secondary muscle fibers with 
peripherally located nuclei.
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performance in livestock were initiated fairly recently. In these studies, both malnutrition and over-
nutrition during gestation impact offspring growth performance (Benyshek et al. 2004; Bieswal 
et al. 2006; Bispham et al. 2003; Desai et al. 2005; Fernandez-Twinn et al. 2006; Fernandez-Twinn 
et al. 2005; King 2006; Symonds et al. 2004; Zambrano et al. 2006).

4.2.2  Maternal nutrition during Fetal stage has MaJor 
iMPaCts on sKeletal MusCle develoPMent

4.2.2.1  Fetal developmental Programming of skeletal muscle 
Fiber size, number, and type Composition

Maternal nutrition programs fetal development, especially fetal skeletal muscle development. The 
lower priority of skeletal muscle in nutrient partitioning during fetal development compared to 
organs, such as brain, heart, and liver, renders skeletal muscle development particularly vulnerable 
to nutrient alteration (Zhu et al. 2006). As discussed previously, maternal nutrition during the embry-
onic stage has minor effects on skeletal muscle development due to the fact that only a very limited 
number of myofibers are formed during this stage. Indeed, in our study in beef cattle receiving 30% 
nutrient restriction during 30 to 120 days of gestation, there was no effect on fetal body weight and 
carcass weight (Du et al. 2005). However, in sheep, 50% nutrient restriction for 24 days around peri-
conception reduced the number of muscle fibers without affecting fetal body weight (Quigley et al. 
2005). The ratio of secondary to primary fiber was reduced (Quigley et al. 2005), implying that the 
reduction in muscle fiber number was mainly due to the reduction in secondary myogenesis.

On the other hand, at late gestation, skeletal muscle matures (approximately day 105 of gesta-
tion for sheep and day 200 of gestation for cattle) for sheep and cattle, and nutrient restriction at 
this stage has no major impact on the number of muscle fibers. Maternal nutrient restriction dur-
ing late gestation had no effect on muscle fiber number but reduced muscle fiber size (Greenwood 
et al. 1999). When comparing the fetal muscle growth of sheep with single and twin pregnancy, the 
competition between littermates for nutrients at late gestation impacts fetal skeletal muscle mass 
but such restricted nutrient supply only limits muscle fiber hypertrophy, not hyperplasia (McCoard 
et al. 2000).

Fetal stage, specifically mid to late gestation for sheep and cattle, and late gestation to neonatal 
stage for rodents and pigs, is the critical stage for programming fetal skeletal muscle development. 
Because the number of muscle fibers is fixed at birth, muscle fiber number at birth is of critical 
importance (Zhu et al. 2004). The reduction in skeletal muscle mass during fetal development there-
fore has long-lasting, irreversible negative physiological consequences for offspring (Stannard and 
Johnson 2004; Zambrano et al. 2005). In our previous studies, pregnant sheep receiving 50% nutri-
ent restriction during days 28 to 78 of gestation reduced the total number and the ratio of secondary 
to primary muscle fibers (Zhu et al. 2004). Lambs obtained from these ewes were raised to 8 months 
and then longissimus dorsi muscle was sampled for analyses. Maternal nutrient restriction during 
early to mid-gestation decreased the number of muscle fibers in the offspring and increased the ratio 
of myosin IIx to other isoforms by 17.6 ± 4.9% (p < 0.05) compared with offspring of control ewes. 
Intramuscular triglyceride content was increased in skeletal muscle of nutrient restricted lambs. In 
addition, lambs from dams subjected to nutrient restriction were fatter and had a lower lean/fat ratio 
than their counterparts (Zhu et al. 2006). These data indicate that maternal nutrient deficiency pro-
grams skeletal muscle development and has a long-term effect on offspring performance. In another 
study, peri-conceptional 50% nutrient restriction of pregnant sheep reduced the total muscle fiber 
number of fetal muscle by about 20% (Quigley et al. 2005). Maternal nutrient restriction of ewes 
reduced fetal carcass weight and fat content (Luther et al. 2007). In the pig, under-nutrition in utero 
resulted in low birth weight and a decrease in muscle fiber number. The progeny of under-nourished 
sows had a significantly lower secondary-to-primary myofiber ratio (Dwyer et al. 1994). In guinea-
pig fetuses, a similar reduction in fiber number was observed in fetuses under-nourished in utero 



86 Applied Muscle Biology and Meat Science

(Ward and Stickland 1991). Low-energy diets from 190 day through term decreased the calf birth 
weights (Houghton et al. 1990). However, another study showed no differences in calf birth weights 
when dams were on a low plane of nutrition during the second trimester of pregnancy, but did show 
decreased birth weights and body weight at day 28 when dams were placed on a low plane of nutri-
tion during the second and third trimesters of pregnancy (Freetly et al. 2000). However, the muscle 
fiber number was not analyzed in this study. It is expected that second trimester nutrient restriction 
will reduce secondary myogenesis, and thus the number of muscle fibers. In another study, 205 day 
adjusted weaning weights of heifer calves whose dams were supplemented with protein during late 
gestation were increased (Martin et al. 2007).

In our previous study, 20 Angus × Gelbvieh rotationally crossed cows carrying female fetuses 
were blocked by body weight and were fed in equal numbers to either meet NRC requirements 
to gain weight (average = +4.25% of body weight [BW], Control, C) or fed below NRC (nutrient 
restricted, NR) to lose weight (average = −6.8% of BW) from day 30 to day 125 of gestation. On 
day 125, five C and NR cows were necropsied, and the remaining five NR cows were realimented 
to achieve similar BW to C cows when necropsied on day 250 of gestation. The longissimus dorsi 
muscle of fetuses at the 12th rib was removed, fixed, and embedded in paraffin for histochemical 
examination. At day 125 of gestation, maternal nutrient restriction reduced the average number of 
muscle fibers in muscle bundles of fetal muscle; the average number of muscle fibers per bundle from 
C cows was 12.2 ± 0.34 while that of NR cows was 10.2 ± 0.53 (p < 0.05) (Figure 4.3a). Compared to 
the muscle of fetuses from C cows at day 250 of gestation, maternal nutrient restriction significantly 
increased the volume of muscle fibers and reduced the number of muscle fibers per square area in 
the fetuses from NR cows; the ratio of the average cross-sectional area of fetal muscle fibers from 
C cows versus NR cows was 1 ± 0.07 to 1.29 ± 0.14 (p < 0.05, Figure 4.3b). The results showed that 
nutrient restriction during the early gestation (day 31 to day 125) significantly affected fetal muscle 
development by reducing the number of muscle fibers in each muscle bundle. This reduction in the 
number of muscle fibers due to maternal nutrient restriction at early gestation could not be recovered 
by realimentation during the late stage of gestation (day 125 to day 250), and resulted in a muscle 
with reduced numbers of muscle fibers of larger volume (see Figure 4.3).

In addition to muscle mass, muscle fiber type composition also affects the growth potential of 
offspring. Type I myofibers have high catabolism rates and are less energy efficient for growth, while 
Type II myofibers have low catabolism rates and higher growth efficiency. In our preliminary study 
in the offspring of ewes receiving 50% nutrient restriction during day 28 to day 80 of gestation, the 
ratio of Type IIx myofibers significantly increased in skeletal muscle of lambs that experienced mater-
nal nutrient deficiency (Zhu et al. 2006). Therefore, maternal nutrient deficiency programs skeletal 
muscle to a more efficient way of growth. This result is confirmed by another study in sheep (Daniel 
et al. 2007).

In addition to muscle growth, maternal under-nutrition also promotes the accumulation of vis-
ceral and subcutaneous fat. Nutrient restriction during mid-gestation increases the fatness of off-
spring and decreases the muscle mass (Zhu et al. 2006). Runt piglets experienced maternal nutrient 
restriction during fetal stage, and these piglets are known to be fatter and have lower growth effi-
ciency compared to normal littermates (Wigmore and Stickland 1983).

In addition to maternal under-nutrition, maternal over-nutrition also programs fetal muscle 
development. In our previous study, ewes were fed 150% of nutrient requirements to day 75 of ges-
tation. The semitendinosus muscle weight was higher in over-nourished fetuses compared to control 
fetuses. Although no difference in the muscle fiber number was observed, over-nutrition reduced 
muscle fiber density in fetuses (Zhu et al. 2008). Over-feeding of sows from conception to day 50 of 
gestation increased offspring fatness at birth, and the muscle fiber type composition of progeny was 
altered due to maternal nutritional management (Bee 2004). Rats born to mothers fed the high fat 
diet either during gestation alone or during both gestation and lactation exhibited a 25% reduction 
in muscle cross-sectional area with approximately 20% fewer fibers compared with pups fed a bal-
anced chow diet (Bayol et al. 2005).
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4.2.2.2  Fetal developmental Programming of Intramuscular adipocytes and Fibroblasts
Intramuscular adipocytes form marbling in meat while fibroblasts synthesize collagens, both of 
which are closely associated with meat quality. Skeletal muscle cells and adipocytes are both derived 
from mesoderm pluripotent stem cells. At mid-gestation, there are a large number of pluripotent cells 
in fetal muscle that can differentiate either into myogenic cells or adipogenic cells. The formation 
of adipocytes from the mesoderm begins around mid-gestation (Feve 2005; Gnanalingham et al. 
2005; Muhlhausler et al. 2006). Adipose tissue growth in later life is due to both hypertrophy and 
hyperplasia (Feve 2005). However, new adipocytes generated later in life are mainly located in 
visceral and retroperitoneal fat depots and also in subcutaneous fat depots, with very few located in 
intramuscular fat (Faust et al. 1978; Miller et al. 1984; Valet et al. 2002). Thus, adipogenesis inside 
muscle during the fetal stage has a dominant effect on the number of adipocytes existing inside 
muscle. Enhanced adipogenesis in fetal muscle of over-nourished mothers produces a large number 
of adipocytes in skeletal muscle, which predisposes offspring muscle to accumulate intramuscular 
fat due to the hypertrophy of existing adipocytes. Mechanisms controlling adipogenesis in fetal 
muscle in vivo are poorly defined although there are numerous in vitro cell culture studies (Rosen 
and MacDougald 2006). In these studies, pre-adipocytes 3T3 and mesenchymal stem cells 10T1/2 
cell lines are commonly used. These studies have demonstrated that peroxisome proliferators-acti-
vated receptor γ (PPARγ) and CCAAT-enhancer-binding proteins (C/EBPs) are crucial intracellular 
factors controlling adipogenesis. Their expression leads to adipogenesis from pluripotent cells (Cho 
and Jefcoate 2004; Giri et al. 2006).

We conducted a preliminary study to assess the impact of maternal over-nutrition on the adipo-
genesis and lipid content in fetal muscle. From 60 days before conception to day 75 of gestation, 
multiparous ewes were fed either a highly palatable diet at 100% (Con) of the National Research 
Council (NRC) recommendations or 150% (OB) of the NRC recommendations (NRC 1985). Fetal 
longissimus dorsi muscle was collected for biochemical analyses. Data showed that maternal over-
nutrition altered fetal skeletal muscle development by increasing extracellular space and adipogen-
esis (Zhu et al. 2008), strongly suggesting that adipogenesis and fibrogenesis might be altered due to 
maternal over-nutrition. In fetal muscle at mid-gestation, there are no mature adipocytes (Casteilla 
et al. 1987; Lomax et al. 2007). However, the lack of mature adipocytes does not exclude the cells 
that have progressed through differentiation to the point of being equipped at the molecular level to 
accumulate triacylglycerols. Indeed, the initial events in adipogenesis start in mid-gestation (Feve 
2005; Gnanalingham et al. 2005; Muhlhausler et al. 2006). PPARγ is a key regulator of adipo-
genesis. The expression of PPARγ leads to adipogenic differentiation from pluripotent cells, and 
PPARγ is highly expressed in adipose tissue (Spiegelman et al. 2000). Both mRNA and protein 

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6

Con NR

Re
la

tiv
e A

re
a

Relative Area of Cross-Section of Fetal Myofibers
at Day 250 Gestation

 

*

0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

Con NR

N
um

be
r o

f M
yo

fib
er

s p
er

 B
un

dl
e 

Average Number of Myofibers in a Fetal Muscle
Bundle at Day 125 Gestation

*

A B

FIgure 4.3 Fetal muscle fiber number (day 125 of gestation) and average cross-section area (day 250 of 
gestation) of cows receiving either 100% (Con, □) or 70% (NR, ■) nutrient requirements during day 30 to 125 
of gestation. *p < 0.05, n = 5.



88 Applied Muscle Biology and Meat Science

of PPARγ were higher in OB fetal skeletal muscle (Tong et al. 2008). Because PPARγ is a marker 
of adipocyte differentiation, these data indicated enhanced adipogenesis in OB fetal muscle. Of 
course, PPARγ is also expressed in muscle cells but the level of expression is very low (Verma et al. 
2004; Vidal-Puig et al. 1996). To further evaluate adipogenesis in fetal muscle, the content of a 
pre-adipocyte marker, preadipocyte factor-1 (Pref-1), was analyzed (Kim et al. 2007; Smas and Sul 
1993). Preadipocyte factor-1 is exclusively expressed in pre-adipocytes, not mature adipocytes and 
other cells (Fahrenkrug et al. 1999; Mei et al. 2002). Its expression was higher in over-nourished 
fetal skeletal muscle compared to Con fetal skeletal muscle, showing that a higher number of pluri-
potent cells had committed to adipogenesis in over-nourished fetuses (Tong et al. 2008). These data 
clearly show that adipogenesis was enhanced in over-nourished fetal skeletal muscle. In another 
study, cattle were fed 100% nutrient requirements (Con), 70% of nutrient requirements (NR), and 
70% nutrient requirement plus supplementation of ruminal bypass protein (Prot) from day 60 to day 
180 of gestation. The offspring steers of Prot had lower marbling compared to Con steers, and the 
subcutaneous fat was lower (unpublished data), showing maternal protein supplementation down-
regulates adipogenesis in fetal skeletal muscle.

Nutritional management to affect adipogenesis in fetal muscle can also be extended to the post-
natal stage. The abundance of pluripotent cells in skeletal muscle declines as animals develop. 
Therefore, the effectiveness of nutritional management to enhance adipogenesis in skeletal muscle 
(marbling) is: fetal stage > neonatal stage > early weaning stage (150 to 250 days of age) > wean-
ing and older stages. After 250 days of age, nutritional supplementation will be largely ineffec-
tive in increasing the number of intramuscular adipocytes due to the depletion of pluripotent cells, 
although the size of existing intramuscular adipocytes can be increased, a reason for the enhance-
ment in marbling during fattening. Currently, the marbling window, the window for nutritional 
management of cattle to enhance marbling, is between 150 and 250 days after birth (early weaning 
stage) (Corah and McCully 2007; Pyatt et al. 2005a, b; Wertz et al. 2002; Wertz et al. 2001). There 
are studies indicating that early weaning and feeding a grain, especially corn-based, diet increases 
marbling (Pyatt et al. 2005a, b; Wertz et al. 2002; Wertz et al. 2001). Nutritional supplementation 
of calves earlier than 150 day of age is more difficult due to the fact that calves are nursing and 
consuming significant quantities of milk prior to 150 days of age. On the other hand, fetal stages 
provide a unique, and perhaps the best, window for nutritional management. This is due to at least 
three advantages: (1) an abundant amount of pluripotent cells exist in fetal muscle and therefore it 
is expected that nutritional manipulations will be very effective because diverging pluripotent cells 
in fetal muscle to adipogenesis will dramatically increase marbling; (2) fetal nutrients are derived 
from maternal circulation, allowing maternal supplemented nutrients to be effectively transferred to 
the fetus, thus promoting adipogenesis in fetal muscle; and (3) this stage is a very convenient stage 
for cow/calf producers to nutritionally manage their cows.

Limited studies also indicate that maternal nutrition affects the collagen content in skeletal mus-
cle. Runt piglets experienced maternal nutrient restriction. Compared to their counterparts, grown 
runt pigs have higher concentrations of collagen in skeletal muscle (Karunaratne et al. 2005). More 
studies on the association among maternal nutrition, fibrogenesis, and collagen accumulation in 
offspring muscle are apparently needed.

4.3  meCHanIsms underlyIng Fetal skeletal musCle ProgrammIng

4.3.1  wnt signaling and Fetal MusCle develoPMent

The Wnt family has more than ten members that act by binding to Frizzled (Fzd) receptors on tar-
get cells (Polesskaya et al. 2003), which in turn activate β-catenin-dependent and/or -independent 
signaling pathways (Huelsken and Birchmeier 2001). Binding of Wnt to Fzd activates Disheveled 
(Dvl), leading to the phosphorylation and inactivation of glycogen synthase kinase-3β (GSK-3β). 
The increased phosphorylation of GSK-3β results in its target β-catenin stabilization and entering 
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the nucleus, thereby acting in a complex with members of the T cell factor/Lymphoid enhancer fac-
tor (TCF/LEF) family of transcription factors to activate target genes (Dierick and Bejsovec 1999; 
Hecht and Kemler 2000), including Myf5 and MyoD (Cossu and Borello 1999).

β-Catenin plays an essential role in the canonical Wnt signaling pathway that regulates the embry-
onic, postnatal, and oncogenic growth of many tissues (Armstrong and Esser 2005; Mermelstein 
et al. 2007). It has been suggested that β-catenin regulates the expression of transcription factors 
Pax3 as well as Gli (Borycki et al. 2000; Capdevila et al. 1998). Pax3 is essential for skeletal myo-
genesis and acts upstream of MyoD during skeletal muscle development, while Gli factors play an 
essential role in Myf-5 expression (Gustafsson et al. 2002; Ridgeway and Skerjanc 2001). The expres-
sion of MRFs is controlled by signals such as Wnts and Sonic hedgehog (Shh) (Munsterberg et al. 
1995; Petropoulos and Skerjanc 2002; Stern et al. 1995) via Pax3 and Pax7 (Kassar-Duchossoy et al. 
2005). Overexpression of β-catenin in myocytes is sufficient to support cellular growth by a Wnt-
independent mechanism (Haq et al. 2003). Activation of the Wnt signaling pathway enhances myo-
genesis and inhibits adipogenesis in cultured mesenchymal stem cells (Shang et al. 2007). Blocking 
the β-catenin pathway reduced the total number of myocytes (Pan et al. 2005; Yamanouchi et al. 
2007). In our previous study in ewes that were fed 150% of nutrient requirements to day 75 of ges-
tation (Tong et al. 2008), Wnt/β-catenin signaling was down-regulated in OB fetal muscle, which 
should be at least partially responsible for the down-regulation of myogenesis, but up-regulation of 
adipogenesis (Tong et al. 2008; Zhu et al. 2008).

4.3.2  ePigenetiC ModiFiCations

Because myogenesis, adipogenesis, and fibrogenesis from mesenchymal stem cells are controlled by 
the expression of one or more crucial genes, maternal nutrition might change fetal muscle develop-
ment through epigenetic modifications. The development of the human body starts from one fertil-
ized cell, which generates an increasing body of diversified cells sharing the same copy of genes. 
Silencing genes while allowing other genes to express is essential for maintaining the diversity of 
cells, which is accomplished through epigenetic modifications (Schuettengruber et al. 2007). By 
definition, epigenetic heritance occurs when the modifications, such as cytosine methylation and 
histone modifications, pass from parent cells to daughter cells (Bernstein et al. 2007). Depending 
on the nature of modifications, epigenetic modifications have different degrees of plasticity. Histone 
modification usually only passes for several cell generations (Rando and Verstrepen 2007), but 
histone modifications can guide DNA methylation, leading to stable alterations in gene expression 
(Vire et al. 2006). DNA methylation passes on for more than 100 cell generations; considering that 
only 44 cell generations are needed to form a human body, epigenetic modification through DNA 
methylation is very stable (Reik 2007).

Polycomb group proteins (PcG) and trithorax group proteins (trxG) regulate histone methylation, 
which leads to other epigenetic modifications during cell differentiation (Reik 2007). PcG and trxG 
regulate the methylation of histone H3 through binding to PcG and trxG response elements in the 
genome. PcG group proteins possess H3K27-specific trimethylase activity, which mediates gene 
expression repression, whereas trxG complexes have H3K4 trimethylase activity, which mediates 
activation of genes (Schuettengruber et al. 2007). The crucial development is the demonstration that 
PcG-mediated gene repression leads to DNA methylation of the targeted genes (Vire et al. 2006). 
The PcG protein EZH2 (Enhancer of Zeste homolog 2) interacts with DNA methyltransferases 
and serves as a recruitment platform for DNA methyltransferases, thus converting plastic histone 
modifications to stable DNA methylation (Vire et al. 2006). DNA methylation leads to the silence of 
genes through several mechanisms: (1) recruitment of histone deacetylases, which removes histone 
acetylation (because acetylation of the lysine residues at the histone neutralizes its positive charges, 
de-acetylation increases the affinity between histones and DNA, thereby inhibiting gene expres-
sion); (2) DNA methylation can directly interfere with the binding of transcription factors; and (3) 
DNA methylation leads to the formation of inactive chromatin structure.
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Currently, no studies are available linking maternal nutrition to epigenetic modifications in fetal 
muscle. However, indirect evidences support epigenetic modification in key genes controlling fetal 
muscle development. Maternal under-nutrition permanently changed the insulin/insulin-like growth 
factor-1 signaling in fetal muscle (Ozanne et al. 1996), very likely through epigenetic modifications. 
Maternal diet alters the expression of PPARs in fetal muscle through DNA methylation (Rees et al. 
2008). In another study, maternal cocaine administration caused epigenetic modification of a key 
protein kinase gene in rat heart (Zhang et al. 2007).

4.4  under-nutrItIon durIng gestatIon WIdely exIsts In tHe 
beeF Industry and Has ImPlICatIon on beeF QualIty

4.4.1  Cows in roCKy Mountain area Frequently exPerienCe 
Malnutrition during gestation due to drought

Animal production is the main component of agriculture in the Rocky Mountain states, with cattle 
as the dominant livestock. Drought is a recurring meteorological phenomenon in these states and 
surrounding areas, which results in arid and semi-arid conditions that cause a significant reduction 
in forage production (NWS 1988–1989; USGS 2004). A persistent drought has been observed since 
2000 in Wyoming, Colorado, Utah, New Mexico, Nevada, Arizona, and part of California (USGS 
2004). The limited availability of forage and its low protein content affect the overall production 
of ruminant animals (Hess et al. 1994; Smith 2003). Due to the seasonal nature of cow reproduc-
tion, cows in the Rocky Mountains area frequently experience nutrient restriction during early to 
mid-gestation, especially protein deficiency, which occurs due to the limited forage available on 
small farms and ranches, poor forage quality, and also the lack of nutritional supplements, which 
are rarely employed on small farms and ranches during this gestation stage (Enk et al. 2001; Jensen 
et al. 2002; Thomas and Kott 1995), although such supplementation to cows is often applied at late-
stage gestation (last 60 to 90 days before calves) (Hall 1997). As discussed previously, such nutrient 
deficiency during gestation programs fetal skeletal muscle development, likely including a reduction 
in muscle fiber numbers and an increase in fatness.

4.4.2  grass-Feeding and Fetal PrograMMing oF sKeletal MusCle develoPMent

With the increase in grain prices, grass feeding is becoming more and more attractive (Roosevelt 
2006). Most grass (forage)-fed beef producers are also cow/calf operators, where they grow calves to 
market weight and send them to slaughter directly. Cows/calves commonly graze on rangelands and 
are fed a forage-based diet. Grass-fed beef contains higher ratios of unsaturated fatty acids, especially 
n-3 fatty acids, which are good for health (Mann et al. 2003; Ponnampalam et al. 2006). In addi-
tion, grass-fed beef is produced naturally and has minimal environmental impacts. As a result, both 
consumer and producer’s interest in grass-fed beef is increasing nationwide. Furthermore, grass-fed 
beef production is likely to become increasingly attractive to ranchers if grain prices are continu-
ously high in the future. However, the poor flavor of grass-fed beef is the major problem hampering 
its wide acceptance (Mandell et al. 1998; Sitz et al. 2005). The flavor of beef steak mainly comes 
from intramuscular fat (marbling), and grass-fed beef lacks marbling, which weakens its flavor and 
reduces its juiciness. Therefore, if we can effectively enhance marbling in grass-fed beef, we can 
significantly improve its eating quality, further expanding this segment of the beef industry.

Grass-fed cattle can only be fed grass, and thus we cannot use dietary supplementation of calves 
and steers to enhance marbling. However, marbling is correlated with the number of adipocytes in 
skeletal muscle. Increased adipogenesis in fetal muscle leads to an increase in intramuscular adipo-
cytes. These intramuscular adipocytes accumulate fat during postnatal growth, forming marbling. 
In grain-fed beef, cattle are fed a high-energy, grain-based diet that fattens the animal and increases 
the size of intramuscular adipocytes, thus enhancing marbling. Because grass-fed beef cattle are 
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not fed a grain-based diet, it is less likely that adipocyte size will increase during the growing and 
“finishing” phase. Therefore, maternal nutritional management to increase adipogenesis in fetal 
muscle is an alternative, maybe the only choice to enhance marbling. Our preliminary studies have 
demonstrated that fetal stage is crucial for the formation of intramuscular adipocytes, and their 
formation (adipogenesis) can be effectively enhanced through maternal nutritional supplementa-
tion (Tong et al. 2008). Because grass-fed beef producers are also cow/calf operators, they are in a 
unique position to manage maternal nutrition in an effort to enhance intramuscular fat in calves.

Another approach to enhance adipogenesis in fetal muscle is to improve pasture conditions. In 
our previous study, cows were grazed on either improved pasture (IP, n = 8) or native range pasture 
(NP, n = 7) from 120 to 150 through 180 to 210 days of gestation. The chemical ether extract of the 
longissimus dorsi muscle at the 12th rib tended (p = 0.06) to be higher in the IP when compared 
with the steers born to mothers gestated on NP (unpublished data). Adipose tissue cell number per 
field tended (p = 0.09) to be greater for IP steers than for NR steers (unpublished data). Although 
the number of cows used in this preliminary study was very small, these data nevertheless suggest 
that intramuscular adipogenesis and marbling can be increased through improving the gestational 
plane of nutrition — in this case, improving pasture condition.

4.5  summary

Available studies clearly show that maternal nutrition affects fetal muscle development, which has 
long-term effects on the properties of offspring skeletal muscle and meat quality. Maternal under-
nutrition during fetal stage reduces skeletal muscle fiber number, alters muscle fiber composition, 
increases fatness, and reduces the growth performance of progeny. On the other hand, maternal 
over-nutrition promotes adipogenesis in fetal muscle, which might enhance marbling in offspring 
meat. Future studies should focus on the identification of underlying mechanisms associated with 
fetal developmental programming of skeletal muscle development, such as analyzing epigenetic 
modifications in crucial genes regulating myogenesis, adipogenesis, and fibrogenesis, and the result-
ing skeletal muscle growth and development and meat quality.
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5 Muscle Fiber Characteristics 
and Their Relation 
to Meat Quality

Jennifer L. Aalhus, W.M. Robertson, and Jin Ye

5.1  IntroduCtIon

From the time that muscles were first recognized as being composed of individual fibers, research to 
understand fiber characteristics and roles in meat quality has been undertaken. Early work focused 
on the development of techniques to discern the histological, metabolic, and subcellular composi-
tion of the different types of fibers. This work was followed by a rapid expansion in the literature 
attempting to relate muscle fiber characteristics to meat quality traits. However, the existence of 
genetic defects such as porcine stress syndrome, the difficulty in obtaining representative sampling 
in large muscles combined with tedious histochemical techniques, and uncontrolled variations in 
rigor shortening in the predominantly used longissimus muscle have added significant complexity.

In broad terms, selection for increased lean muscle mass has resulted in an increase in the pro-
portion of fast, glycolytic fibers, whereas improved fresh meat quality traits are associated with 
higher proportions of slow, oxidative fibers. In contrast, better processed meat characteristics are 
associated with higher proportions of fast, glycolytic fibers. Improved techniques for representative 
sampling combined with phenomic and genomic biomarker selection should lead to advances in 
selection that can meet these seemingly diverse goals. However, animals are made of muscles, not 
meat, and our continued understanding of the inherent characteristics of individual muscles and 
their direction toward appropriate end use will be necessary.

The present overview thus focuses on muscle fiber types and the difference in their morphology, 
subcellular composition, physiological functions, and biochemical activity. Their variation within 
and among muscles is discussed in relation to locomotion, in addition to species differences in 
fiber type composition and morphology among historically domesticated and newly domesticated 
livestock. Finally, these fiber type differences are discussed in the context of their effects on meat-
quality attributes.
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5.2  musCle FIber tyPes

Histochemical muscle fiber typing is used to identify characteristic functional and metabolic prop-
erties of individual muscle cells, and was originally based on the scientific premise that fiber types 
in mature animals constituted distinct species of fibers (Swatland 1994). Classification of muscle 
fiber types initially began with the recognition that visually red or white muscles had distinct dif-
ferences in their physiological function, with dark red muscles having a postural role with slower 
contraction speed and a greater resistance to fatigue. While this color difference was due to higher 
myoglobin content in the sarcoplasm and greater aerobic potential of the fibers in red muscles, a 
later observation of a weak myofibrillar ATPase activity associated with slow contraction speeds 
(Engel and Irwin 1967) formed the basis for distinguishing fiber types histochemically. Thus, on the 
basis of contraction speed (Padykula and Herman 1955; Guth and Samaha 1970), fibers were catego-
rized as slow or fast twitch fibers. The premise of the myosin ATPase stain is that the speed at which 
a fiber contracts is directly related to the rate at which myosin splits ATP, which is proportional to 
the myosin ATPase activity (Swatland 1994). This relationship between contraction speed and his-
tochemical myofibrillar ATPase activity has since been confirmed by Zeman and Wood (1980). In 
slow twitch fibers, the myosin ATPase is acid stable and alkalilabile, whereas in fast twitch fibers, 
the myosin ATPase is alkali stable and acid labile (Guth and Samaha 1970). Thus, using acid pre-
incubation conditions, slow twitch fibers stain darkly and fast twitch fibers do not stain. The reverse 
is true under alkali pre-incubation conditions.

The association of slow twitch fibers with higher myoglobin and aerobic capacity led to the 
early designation of these fibers as “slow red fibers.” Similarly, the pale colored, fast twitch fibers 
had limited aerobic capacity and were designated as “fast white fibers.” Histological techniques 
to identify the metabolic capacity of individual fibers soon followed and were based on the local-
ization of enzymes involved in oxidative phosphorylation, which were associated with the inner 
membrane of the mitochondria (Lehninger 1989). Hence, stains designed to localize the activity of 
these enzymes, also localized the mitochondria within a cell, giving an indication of the oxidative 
capacity of the cell, and included NADH dehydrogenase (Bancroft 1977) and succinate dehydroge-
nase (SDH) (Humason 1972).

As the use of these stains on serial muscle sections proliferated, it soon became obvious that two 
categories of fibers (red and white) did not fully describe the range of fiber types observed, and an 
intermediate fiber type — having a fast contraction speed, high glycolytic capacity, and intermediate 
or high oxidative capacity — was described (Cassens et al. 1968). Since then, many researchers have 
described other types of fibers based on their histochemical staining patterns, and it is now clear that the 
metabolic capacity of fibers should be viewed as a continuous variable (Schmalbruch and Kamieniecka 
1975; Suzuki et al. 1985). While the characterization into functional types (slow twitch and fast twitch) 
has been thought of as a discontinuous variable, Swatland (1994) provides a convincing argument that 
the physiological differentiation of muscle fibers is dynamic and that a certain “fiber type” merely 
reflects the functional and metabolic characteristics of a muscle fiber at any given time (Guth and Yellin 
1971). The fact that fiber types can be influenced through environmental or genetic means has implica-
tions concerning the quantity of muscle and quality of meat in agriculturally important meat species.

Many taxonomic systems have been developed to describe the various fiber types, with the pri-
mary break generally done on the basis of functional characteristics of the myosin heavy chain 
(slow and fast isoforms) and the secondary break on metabolic characteristics. Hence, in human 
medicine the dominant nomenclature in use classifies slow twitch fibers as Type I and fast twitch 
fibers as Type II (Brooke and Kaiser 1970). Alphabetic subtypes are utilized to account for meta-
bolic capacity, with Type IIb fibers representing fast twitch fibers with limited oxidative capacity 
and Type IIa and IIx fibers representing fast twitch fibers with intermediate oxidative and high 
glycolytic capacity (Klont et al. 1998).

A second major classification system often used in agricultural literature designates fast twitch 
fibers as alpha (α) fibers and slow twitch fibers as beta (β) fibers, with the aerobic metabolic activity 
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designated as strong (R) or weak (W) (Ashmore and Doerr 1971). Under this system, fast white 
fibers are designated αW, slow red fibers as βR, and intermediate fibers as αR. For the purposes of 
the present chapter, this classification system will be primarily used.

In addition, in the field of physical education and athletics, descriptive terminology is often 
used, with slow red fibers designated as slow, oxidative (SO); fast white fibers designated as fast, 
glycolytic (FG); and intermediate fibers designated as fast, oxidative, glycolytic (FOG) (Peter et al. 
1972). Early nomenclature in animal science fields relied on the descriptors red, white, and interme-
diate, based on their relation to myoglobin content and meat color. Although the different methods 
of histochemical classification do not always totally agree with each another in practice (Klont 
et al. 1998), a simplistic approximation of their functional and metabolic similarities is included in 
Table 5.1.

5.3  subCellular and bIoCHemICal CHaraCterIstICs 
oF musCle FIber tyPes

Although there is a continuum of fiber types within muscle, an understanding of the different subcel-
lular functional characteristics associated with the major fiber types is of value in understanding their 
role in meat science. βR fibers typically have small diameters, a high capillary density, a high myo-
globin content, a high mitochondrial density, larger mitochondria, a small volume of sarcoplasmic 
reticulum, a high triglyceride store, and a high activity of oxidative enzymes (Ogata and Yamasaki 
1985; Essén-Gustavsson et al. 1992); all are adaptations to enhance oxidative metabolism in these 
cells. βR fibers also have limited capacity for anaerobic metabolism, having low phosphocreatinine 
stores, low glycolytic enzyme activity (Fox and Mathews 1981), and lower buffering capacity (Rao 
and Gault 1989). Interestingly, relatively high levels of glycogen are found in both βR and αW fibers, 
although the size, distribution, and utilization of the glycogen granules may vary among fiber types 
(Marchand et al. 2002). Indeed, studies of recruitment patterns of the different fiber types shows 
glycogen content decreasing sooner and to a greater extent in βR fibers during endurance activities. 
A similar recruitment pattern of αW fibers is seen during short, high-intensity activities (Gollnick 
et al. 1973a; Gollnick et al. 1973b). Finally, βR fibers have thicker Z-lines (Marchand et al. 2002) 
and are associated with a lower density of connective tissue (Swatland 1994).

In comparison, αW fibers are adapted for anaerobic metabolism, having high levels of phospho-
creatine, glycogen, and glycolytic enzyme activity (Fox and Mathews 1981). αW fibers also have 
extensive sarcoplasmic reticulum, membranous vesicles that provide binding sites for the glycolytic 
enzymes and efficiently sequester calcium ions (Wanson and Drochmans 1972; Goldstein et al. 

table 5.1
Functional and metabolic Characteristics of muscle Fibers 
and their Corresponding systems of nomenclature

Fiber Characteristics

Contraction Speed Slow Fast Fast

Metabolic Oxidative Capacity High High or intermediate Low

Metabolic Anaerobic Capacity Low High High

Corresponding nomenclature
Red Intermediate White

Type I Type IIa Type IIb

Type I red Type II red Type II white

β R α R α W

SO FOG FG
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1985; Xu and Becker 1998). When released from the sarcoplasmic reticulum, calcium ions acti-
vate anaerobic energy production through phosphorylase b kinase and act as the trigger for muscle 
contraction (Swatland 1994). Because a source of oxygen is not crucial to their energy production, 
αW fibers have low levels of myoglobin, fewer capillaries, and larger fiber diameters. In addition, 
αW fibers have limited amounts of triglyceride energy stores, and the mitochondria and associated 
oxidative enzymes required for aerobic metabolism (Fox and Mathews 1981; Ogata and Yamasaki 
1985; Essén-Gustavsson et al. 1992). αW fibers have less dense Z-lines and are associated with a 
greater density of connective tissue (Swatland 1994; Marchand et al. 2002).

Intermediate αR fibers resemble αW fibers as they have the fast twitch myosin isoform and simi-
lar adaptations for glycolytic metabolism. However, they also are capable of aerobic metabolism 
and, as a result, generally have an intermediate fiber diameter and the myoglobin, mitochondria, and 
oxidative enzyme activities to support aerobic metabolism. Under certain conditions, such as during 
growth or a change in physical activity, the physiological functions of fibers can change, suggesting 
a degree of developmental or genetic plasticity (Swatland 1994).

5.4  FIber tyPe dIFFerenCes among musCles

Individual muscles within the body have unique functions in posture and locomotion, and these 
functions dictate the muscle architecture, attachment, size, contractile speed, and fatigability 
(Davies 1981). Hence, there are fiber type adaptations for locomotion that may have subsequent 
influences on meat quality.

Postural muscles, such as those that act over the joints in limbs to resist flexion, tend to have 
higher proportions of slow twitch, oxidative fibers (Ogata and Yamasaki 1985). In contrast, muscles 
used for rapid acceleration or propulsion have a higher proportion of fast twitch, glycolytic fibers. 
However, in meat-producing animals, with the exception of the masseter muscle, which has been 
shown to have exclusively slow twitch, oxidative fibers (Johnson et al. 1986), muscles typically have 
both a propulsive and postural role. In these cases, the arrangement of muscle fibers within the mus-
cle varies, such that the density of slow twitch, oxidative fibers lies deeper in the muscle nearest the 
joint over which the muscle acts. A greater proportion of fast twitch, glycolytic fibers can be found 
near the periphery and are recruited during more explosive activity. Interestingly, this arrangement 
also locates slow twitch, oxidative fibers nearer to the blood supply and fast twitch, glycolytic fibers 
in a position to generate more torque. A similar pattern has been observed in whole muscles, with 
the deepest muscles of the limbs having a higher proportion of slow twitch, oxidative fibers and 
the superficial muscles having a higher proportion of fast twitch, glycolytic fibers (Armstrong et al. 
1987). Typically, as animal size increases, the density of slow twitch, oxidative fibers in the deep 
part of the muscle increases, as well as the extent of these fibers throughout the muscle, resulting in 
a higher proportion of slow twitch fibers in large animals than in smaller species (Davies 1981).

Of relevance to meat production is the fact that the architecture of the connective tissue and fiber 
orientation is also adapted for locomotory efficiency (Davies 1981). The proximal attachment of the 
forelimb of animals, in contrast to the hindlimb, has no bony attachment to the vertebral column, 
and posture is maintained through muscular attachment, particularly the serratus ventralis. Not 
surprisingly then, meat scientists report that the collagen content of muscles of the beef forequarter 
is significantly greater than that of the hindquarter (Casey et al. 1985). Adaptations to muscle shape 
allow sarcomeres to be arranged in series or in parallel, dictating the range of motion and the total 
force produced, respectively. Fusiform muscles, similar to the semitendinosus, have sarcomeres 
arranged in series, allowing a maximal range of motion and minimal strength. Pennate muscles, 
such as the longissimus thoracis et lumborum, have fibers arranged at an angle, limiting the range 
of contraction while increasing the force of contraction. Subsequently, pennate muscles require an 
additional collagenous framework to link the sarcomeres in parallel during force generation. In 
the case of the longissimus thoracis et lumborum, the tendinous sheet on the surface of the muscle 
(i.e., the fascia thoracolumbalis) fulfills this role. In other pennate muscles (e.g., the gastrocnemius 
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muscle), the tendons are central to the muscle. Adapting this knowledge to meat, central deposits 
of connective tissue can be avoided during fabrication to improve value, such as in the fabrication 
of flat iron steaks from the infraspinatus (Von Seggern et al. 2005). A unique feature of the semi-
tendinosus is an unusually high elastin content (Bendall 1967), contributing to its locomotory role 
in hip extension by providing elasticity to rapidly return to its starting configuration and thought to 
contribute to increased toughness (Janz et al. 2006).

Although the majority of meat research has been conducted on the longissimus thoracis et lum-
borum muscle, several researchers have profiled the histochemical differences among different 
muscles in domestic meat animals, including cattle (Hunt and Hedrick 1977; Johnston et al. 1981; 
Manabe et al. 1988; Rao and Gault 1989; Kirchofer et al. 2002), pigs (Beecher et al. 1965; Ruusunen 
and Puolanne 1997; Karlsson et al. 1999; Gil et al. 2001), and sheep (Quali et al. 1988; Suzuki 1995; 
Sazili et al. 2005). Further studies have characterized differences among muscles in other species 
that have a less traditional role as a meat animal, including horses (Raub et al. 1985; Van den Hoven, 
et al. 1985), buffalo (Veletto et al. 2002), and ostrich (Veletto and Crasto 2004). Still others have 
used biochemical attributes as indicators of fiber type differences within muscles of cattle (Talmant 
et al. 1986), pigs (Laborde et al. 1985; Monin et al. 1987), and sheep (Briand et al. 1981a; Briand 
et al. 1981b). Regardless of the method used, there exists an abundance of information regarding 
fiber type differences among and within muscles.

In cattle, the most extensive work comparing fiber types among muscles was conducted by 
Kirchofer and co-workers (2002), classifying 12 muscles of the beef round and 26 muscles of the beef 
chuck. They used a simultaneous staining method (Solomon and Dunn 1988) and classified muscles 
into red (more than 40% βR fibers), white (more than 40% αW fibers), and muscles not meeting these 
criteria as intermediate. Using these criteria, nine of twelve muscles from the round were classified 
as white, including the adductor, biceps femoris, gluteus medius, gracilis, pectineus, rectus femoris, 
semimembranosus, semitendinosis, and vastus intermedius muscles. The remaining three muscles 
(the vastus medialis, vastus lateralis, and sartorius) were classified as intermediate. The predomi-
nance of white fibers in the large propulsive muscles of the hindlimb is not an unexpected adaptation 
for locomotion, although domestication and genetic selection for muscle mass is likely to also play a 
role. The muscles of the forelimb, playing a larger role in posture than propulsion, had significantly 
fewer αW fibers overall. In the chuck, only seven muscles were categorized as white, nine as inter-
mediate, and ten as red, including many of the muscles having a large postural role in stabilization of 
the forelimb (e.g., trapezius, biceps brachii, brachialis). The portion of the longissmus thoracis et lum-
borum assessed, in the thoracic region, was classified as a white muscle, agreeing with the findings 
of other researchers (Hunt and Hedrick 1977; Johnston et al. 1981) although the results ranged from 
43% to 54% αW. At least some of this range may be attributable to sampling from different locations, 
as not only does a gradient of fiber type occur from deep to superficial regions of the muscle, but 
can also vary along the length of the muscle. The reported range in the proportion of αW fibers at 
different locations along the loin was from 46% to 59% in Japanese steers (Morita et al. 2000), with 
the more anterior location having a lower proportion (i.e., 46%), similar to the proportion reported for 
the anterior location of the longissimus dorsi (i.e., 43%; Kirchofer et al. 2002). When assessing fiber 
type composition of the bovine semimembranosus and semitendinosus muscles, Hunt and Hedrick 
(1977) sampled from both inner and outer portions of the muscle. Despite distinct visual differences 
in color, the variation in fiber type between the inner and outer regions of the semimembranosus 
muscle was much less than the difference between the inner and outer regions of the semitendinosus 
muscle where no visual difference in color was perceptible in beef. In the semitendinosus muscle, 
the inner portion of the muscle had 36% βR and 39% αW fibers, compared to 12% βR and 67% αW 
fibers in the outer portion. Thus, the importance of standardizing sampling locations or determining 
the number of muscle samples required to obtain reliable estimations (Cerisuelo et al. 2007) when 
histochemically evaluating muscle tissue becomes abundantly obvious.

Unlike the detailed large studies on histological classification of different muscles from cattle, 
studies in pigs have been more limited with regard to the number of muscles assessed. The early 
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study by Beecher et al. (1965) determined the fiber type of seven muscles; however, this early work 
classified the muscle fibers on the basis of a Sudan Black stain and did not histologically classify 
both on the basis of myosin isoforms and oxidative capacity. They reported that both forelimb 
muscles (i.e., the serratus ventralis and trapezius) were red muscles, having greater than 40% red 
fibers. From the hindlimb, the rectus femoris was classified as red, and the gluteus medius was 
classified as white, containing less than 30% red fibers. Using this classification, the longissimus 
dorsi was also classified as a white muscle. In both the semitendinosus and the biceps femoris, the 
visually distinct red and white areas of the muscle were stained separately. Hence, the light portion 
of the semitendinosus and the biceps femoris (outside portion) were classified as white muscle, and 
the dark portion of the semitendinosus and the biceps femoris (inside portion) were classified as red 
muscle. In a more recent summary of the literature (Karlsson et al. 1999), a high proportion of αW 
have been reported in the longissimus dorsi, gluteus medius, rectus femoris, biceps femoris, vastus 
lateralis, and semimembranosus, all hindlimb muscles with the exception of the longissimus dorsi. 
Muscles containing a high proportion of βR and αR fibers (slow twitch, oxidative, and intermedi-
ate) included the trapezius, vastus intermedius, triceps brachii, infrasinatus, and supraspinatus, all 
muscles of the forelimb with the exception of the vastus intermedius. Of notable difference was the 
classification of the vastus intermedius as a red muscle in pork and as a white muscle in cattle, which 
may result from a true species difference or from differences in sampling location or histological 
methods.

In sheep, Sazil et al. (2005) studied the histologically determined myosin isoforms in the longis-
simus dorsi, tensor faciae latae, semitendinosus, supraspinatus, and trapezius muscles. However, 
they did not include histological measures of metabolic type, which would have allowed further 
classification into αR and αW fibers. The highest proportion of βR (slow myosin isoform) fibers 
were found in the trapezius with 45.3%, classifying this muscle as a “red” muscle, similar to findings 
in cattle and pigs. The supraspinatus had 35.8% βR fibers, similar to the 35.7% reported in cattle 
(Kirchofer et al. 2002). In contrast, the longissimus dorsi, tensor fasciae latae, and the semitendi-
nosus all had very high proportions of αR and αW fibers (fast myosin isoform), with low propor-
tions of βR (<15%). A separate metabolic characterization of ovine muscles (Briand et al. 1981a) 
suggests the tensor fascia latae and semitendinosus muscles would be classified as white muscles 
having a high glycolytic enzyme activity and a high myosin ATPase activity. The longissimus dorsi 
would be classified as an intermediate muscle having a high myosin ATPase activity and both 
high oxidative and high glycolytic activity. Both the supraspinatus and infraspinatus in sheep were 
extensively investigated (Suzuki 1995) and would be broadly classified as red muscles due to their 
high proportion of slow, oxidative fibers; however, there were marked variations in fiber type at 
different locations within the muscles, with more slow oxidative fibers in the deep, caudal region 
of the supraspinatus and in the medial location of the infraspinatus. In one further study (Ouali 
et al. 1988), the diaphragm, supraspinatus, triceps brachii caput longum, longissimus dorsi, and 
tensor fascia latae were characterized into four fiber types on the basis of myosin ATPase activity, 
SDH and α-glycerophosphate dehydrogenase activity in lambs of unknown maturity, and weight 
endpoint. Their results agree with the characterization of the tensor fascia latae as a white muscle 
and the longissimus dorsi as an intermediate muscle. However, both the supraspinatus and triceps 
brachii caput longum would be classified as intermediate muscles in their study, which likely reflects 
a location effect. The diaphragm, expectedly, was classified as a red muscle.

Fiber type variation among muscles of the horse have been reported for the longissimus dorsi, 
gluteus medius, triceps brachii, biceps femoris, semitendinosus, and soleus muscles on a single 
Dutch Saddle Horse mare (Van den Hoven et al. 1985) and a single female Welsh pony (Raub et al. 
1985). Both studies reported significant variation in fiber type within a muscle, with a tendency 
for a higher proportion of Type-I aerobic fibers toward the deeper and cranial parts of the muscles, 
agreeing with the postural and propulsive functions within a muscle. Because single-muscle biop-
sies from the musculature of horses was being used to evaluate performance and training pro-
grams, these results led to the conclusion that the characterization of an entire muscle cannot be 
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done on the basis of a single needle biopsy. Unfortunately, this observation has equal application 
in meat science. 

The longissimus dorsi, semimembranosus, and triceps brachii caput longum from nine Italian buf-
falo cows were studied and related to motor function in the animal (Veletto et al. 2002). The highest 
proportion of βR fibers were found in the longissimus (44%) and the lowest proportion in the triceps 
brachii (35%). Conversely, the highest proportion of αW fibers were found in the triceps brachii 
(31%) and the lowest proportion in the longissimus (27%). Of the four muscles examined from the 
leg of an ostrich (Veletto and Crasto 2004), only the gastrocnemius had all three muscle fiber types, 
while in the other three muscles (tibialis cranialis caput tibiale, tibialis cranialis caput femorale, and 
fibularis longus tendo caudalis), αW fibers were absent. The complete absence of a class of fiber type 
is unusual in comparison to the mixed fiber type generally seen in muscles from quadripedal meat 
species. However, even in the most detailed studies (Kirchofer et al. 2002), muscles of the lower limb 
of quadripeds are considered low value trim meat and are generally not assessed in detail. The gas-
trocnemius in the ostrich had a higher proportion of αW fibers than βR and αR fibers.

5.5  FIber tyPe dIFFerenCes among sPeCIes

As noted previously, muscle fiber type results can be influenced by the muscle examined, the location 
within that muscle and the histological methods applied, as well as the stage of maturity, individual 
or breed genetics, the level and type of hormones, and the level of activity (Swatland 1994; Karlsson 
et al. 1999). Nevertheless, there are interesting species differences to note, which will be constrained 
in this section to the longissimus thoracis et lumborum (longissimus dorsi). The majority of litera-
ture in meat science focuses on this muscle because it is a high value cut, is easily accessible in the 
carcass and is used in the assessment of carcass grades for many species in many countries, and is a 
large muscle allowing the opportunity to perform many analyses on the same muscle.

Although a great deal of data exist in the literature, we have been fortunate to have had the 
opportunity to assess the fiber type of a number of species processed through the same research 
abattoir, utilizing similar sampling and histological techniques. Samples for fiber typing were 
collected from the superficial portion of the longissimus lumborum, approximately 4 inches pos-
terior to the last rib. Muscle sections (11-µm thickness) were stained using a combined ATPase/
SDH stain according to Solomon and Dunn (1988). Pre-incubation pH, dependent on species, was 
adjusted to optimize the staining results with cattle (Bos taurus), bison (Bison bison bison), and 
musk oxen (Ovibos moschatus) pre-incubated at pH 4.15, wapiti (Cervus elaphus) at pH 4.25, and 
swine (Sus scrofa domesticus) at pH 4.30. Images for fiber count and area determinations were 
captured and measurement analyses performed on an axioscope (Zeiss, West Germany) equipped 
with a Sony DXC 930 color video camera (Sony Corporation, Japan) and Image Pro-Plus soft-
ware V4.0 (Media Cybernetics, Silver Spring, MD). The results of these analyses are presented 
in Table 5.2 with the corresponding photomicrographs in Figure 5.1. Literature values for other 
species not fiber typed in our laboratory include: sheep (Ovis aries; βR 12–14%, αR 37–67%, αW 
21–49%) (Ouali et al. 1988; Solomon and Lynch 1988; Carpenter and Cockett 2000); horse (Equus 
caballus; βR 5–15%, combined αR and αW 85–95%) (Raub et al. 1985; Van den Hoven et al. 
1985); buffalo (Bubalus bubalis L.; βR 44%, αR 29%, αW 27%) (Veletto et al. 2002); and reindeer 
(Rangifer tarandus; βR 15%, αR 39%, αW 46%) (Essén-Gustavsson and Rehbinder 1985).

Most meat animals show a mixed pattern of fiber type distribution within the longissimus lum-
borum; however, porcine muscle is unique in that the concentric arrangement of aerobic and anaero-
bic fibers arising from prenatal development of primary and secondary fetal fibers is preserved 
after birth (Swatland 1994). As a result of domestication and selection (Ashmore and Doerr 1971; 
Ashmore et al. 1972), cattle and pigs have a much higher proportion of αW fibers than the less 
domesticated bison. Both the wapiti and musk oxen populations studied have similar, low propor-
tions of αW fibers and both were from nondomesticated herds. In pigs, continued selection for lean 
growth potential has resulted in significant myofiber hypertrophy to the point that abnormally large, 
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swollen, degenerative fibers, so-called “giant” fibers (Bader 1987; Aalhus et al. 1997) are sometimes 
observed in postmortem muscle of domestic pigs, but not in wild-type pigs (Rehfeldt et al. 2008). 
Ashmore et al. (1972) suggested that the capacity for diffusion and cellular exchange of metabolites 
and waste products relative to energy expenditure must limit the ultimate size that a fiber can nor-
mally attain, and giant fibers probably represent this extreme in domestic pigs.

Cattle Bison

Wapiti Musk Oxen

Swine

A B

C

E

D

FIgure 5.1 (see color insert following page 148.) Combined ATPase and SDH stain used to differenti-
ate β R (brown), α R (blue), and α W (light) fibers in the longissimus lumborum muscle (80X magnification) 
of five different species.
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Of note was the comparable fiber size of wapiti to swine, which was not expected because 
myofiber size is generally positively correlated with liveweight when domesticated species are not 
included (hence bison > wapiti > musk oxen) (Stickland 1979). However, the wapiti were male ani-
mals, harvested in the fall, and the unexpectedly large fiber size may result from hypertrophy as a 
result of hormonal influences during the breeding season. As a proportion of the αW fiber size, the 
cross-sectional area of the βR fibers ranged from 48% in cattle to 58% in bison, similar to the range 
reported in the longissimus muscle of diverse East African game animals, including giraffe, harte-
beest, wildebeest, oryx, gerenuk, and dik-dik (i.e., 54% to 62%) (Cerisuelo et al. 2007). Although 
the size of these fibers remains relatively proportional throughout a wide range of species, it is 
unknown if this holds true for muscles other than the longissimus thoracis et lumborum.

Not only did the nondomesticated species studied have low populations of αW fibers, but they 
also had low populations of βR fibers, with a high proportion of intermediate, αR fibers. In a com-
parison between the horse and cattle, Karlström et al. (1994) suggested that the larger proportion of 
αR fibers in the horse were an adaptation to a higher level of activity compared to cattle. Thus, the 
higher proportion of αR fibers is likely a result of the higher activity in the nondomesticated wapiti 
and musk oxen. In addition, the higher proportion of intermediate αR fibers is likely advantageous 
to a wild species because these fibers can be transformed to meet changing functional demands 
(Swatland 1994) that might occur with environmental or habitat changes. The intermediate propor-
tion of αR fibers in the bison (higher than in cattle and swine but lower than in wapiti and musk 
oxen) likely reflects their more recent domestication and the prevalence of an extensive management 
system for this species.

5.6  relatIonsHIP oF FIber tyPes to meat QualIty

One of the first goals of domestication is to use selection as a means to increase the muscle mass in 
order to increase lean meat yield. In theory, this increase in muscle mass would best be accomplished 
through proportional increases in both muscle cell hyperplasia pre- or perinatally and hypertrophy 
(Mascarello et al. 1992; Lefaucheur et al. 1995; Rehfeldt et al. 2000). However, growth in muscle 
mass has been shown to be mainly through an increase in fiber size, not number (Rehfeldt et al. 
2008) and through fiber-type shifts from αR to αW fibers (Essén-Gustavsson and Lindholm 1984; 
Weiler et al. 1995). Understandably then, the effects of selection for lean growth are muscle specific, 
with muscles having a higher proportion of βR fibers being less affected than muscles with a higher 
proportion of αR and αW fibers, hence more effects in the propulsive than postural muscles. This 
can lead to consequences in accurately predicting lean yields based on measurements of a single 

table 5.2
the Proportion and areas of different Fiber types in the in the 
Longissimus lumborum muscle from Five different species

species

Cattle bison Wapiti musk oxen swine

Proportion of different fibers (%)

β R 28.0 28.0 17.6 12.4 12.6

α R 25.3 36.4 51.6 57.4 17.0

α W 46.8 35.6 30.8 30.2 70.5

mean fiber area (μm2)

β R 2843 3255 3919 2044 3834

α R 3593 3311 4492 2468 4234

α W 5939 5561 7476 3812 7358
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muscle, without continuously adjusting lean yield prediction equations to reflect ongoing selection 
and management practices (Aalhus et al. 1990). Early work suggested that the effects of selection 
and domestication on lean meat yield may simultaneously promote qualitative alterations to meat 
quality (Ashmore et al. 1972) based on the inherent characteristics associated with different fiber 
types. Since then, an extensive body of literature has been generated examining the effects of fiber 
type on meat quality characteristics.

Coming back to the original historical reason for developing an interest in the characteristics 
of muscle fibers, meat color is the first quality characteristic assessed by consumers and can influ-
ence purchase decisions, and is significantly related to fiber type composition (Henckel et al. 1997). 
Species differences in fiber composition result in differences in myoglobin content, with the content 
in the αW fiber dominant longissimus of pigs being lowest, followed by sheep and cattle (Lawrie 
1998). In addition, the rates of myoglobin oxygenation are fastest in pork, intermediate in lamb, 
and slowest in beef (Haas and Bratzler 1965). Not only are these species differences in fiber type 
responsible for the species difference in muscle color, particularly in swine the variation in fiber 
type within a muscle can result in distinct visual demarcations referred to as “two-toning.” Lawrie 
(1998) reported that the concentration of myoglobin may be several hundred-fold different over dis-
tances of 1 cm within the same muscle, reflecting an abrupt change in fiber type. This is particularly 
obvious in the muscles of the hindlimb in pigs, such as the semitendinosus and biceps femoris, and 
can present problems in visual acceptability in both fresh and cured products. Furthermore, fiber 
type differences among different muscles can affect the tendency of their pigments to oxidize to 
metmyoglobin under postmortem conditions. Muscles with higher amounts of βR and αR fibers 
have greater intrinsic cytochrome oxidase and succinate dehydrogenase enzyme activities at their 
surface, which results in a greater oxygen uptake and a faster rate of metmyoglobin formation. Both 
bovine and porcine psoas major muscles tend to form metmyoglobin faster than the longissimus 
dorsi when exposed to air (Lawrie 1998). Bison longissimus muscle in oxygen-permeable retail 
packaging has been observed to undergo a very rapid browning, unrelated to microbial spoilage 
(Janz and Aalhus 2006; Pietrasik et al. 2006), which may result from the much higher proportion of 
intermediate fibers in this species.

A more serious condition related to fiber type composition that has effects on multiple quality 
characteristics but that also affects color is the deleterious pale, soft, and exudative (PSE) condi-
tion of meat that has garnished extensive research efforts. PSE develops when muscle pH falls 
rapidly postmortem, and the combination of acidic conditions while muscle temperature remains 
high results in protein denaturation and precipitation of sarcoplasmic proteins onto myofibrillar 
proteins, thereby altering the biophysical properties of the meat (Wismer-Pedersen 1959; Bendall 
and Wismer-Pedersen 1962; Offer 1991; Klont et al. 1998; Karlsson et al. 1999). In addition to pale 
color, this meat has a poor water holding capacity and soft, doughy texture. While this condition 
most often occurs in pork, it does occur occasionally in beef in the deep muscles of the hip, but in 
beef it is usually due to insufficient cooling rates rather than overly fast glycolysis (Aalhus et al. 
1998). Research has led to the discovery of genetic conditions, the porcine stress syndrome ryano-
dine receptor defect, and the Rendement Napole effect, which had inadvertently been selected for in 
the pursuit of lean muscle mass and which were found to play a significant role in the development 
of PSE. Despite the ability now to control these conditions through genetic testing and selection 
(Fujii et al. 1991; Otsu et al. 1991; Milan, et al. 1995; Milan et al. 1996), PSE is still a prevalent meat 
quality defect.

Understandably, now that genetic defects can be isolated (Klont et al. 1998), the role of muscle 
fiber types in postmortem metabolism and in the development of PSE is of active research interest 
(Henckel et al. 1997; Chang et al. 2003; Fiedler et al. 2003; Ryu and Kim 2005; Choi et al. 2006; 
Choi et al. 2007; Franck et al. 2007; Scheffler and Gerrard 2007; Choe et al. 2008; Rehfeldt et al. 
2008). Clearly, based on our knowledge of the metabolic characteristics of fiber types, αW fibers 
would be expected to be more actively recruited in the anaerobic postmortem environment, result-
ing in a more rapid utilization of glycogen, accumulation of lactate, acceleration of pH decline, and a 
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higher extent of protein denaturation (lower protein solubility) with subsequent effects on meat color 
and drip loss, and water holding capacity. These effects have been demonstrated in practice (Ryu 
and Kim 2005; Choi et al. 2006; Choi et al. 2007; Choe et al. 2008). Conversely, muscle with a high 
proportion of βR fibers and low proportions of αW fibers have been shown to be associated with low 
levels of lactate accumulation at 45 min postmortem, a higher protein solubility and correspond-
ing darker muscle with lower drip losses (Choe et al. 2008). Further, Franck et al. (2007) suggest 
that not only is the high glycolytic metabolism of the αW fibers to blame for the onset of the PSE 
condition, but the low capillary density associated with these fibers may lead to lactic acid trapping 
during stressful pre-slaughter events. Consequently, they have proposed a PSE index that combines 
both the numerical density of αW fibers and the numerical density of capillaries as a means of deter-
mining the susceptibility of various muscles and different genotypes to developing the PSE condi-
tion. Although a dichotomy seems to exist between selection for lean meat yield and meat quality, 
Karlsson et al. (1999) have suggested it should be possible to include muscle fiber characteristics for 
improved meat quality in selection schemes while preserving optimal production traits.

Muscle fiber type relationships to the development to the dark, firm, and dry (DFD) meat quality 
defect have also been reported. DFD meat occurs when low glycogen stores at slaughter result in 
reduced postmortem glycolysis, a lack of lactate accumulation, and a high ultimate pH (generally 
over 5.9 compared to the normal range of 5.4 to 5.6). The resulting meat is dark in color due to 
both retention of water associated with proteins above their isoelectric point and the resulting tight 
packing density of the fibers, which presents a barrier to light diffusion (Lawrie 1998). In addition 
to being visually unappealing, high-pH dark cutting meat is susceptible to a more rapid conversion 
to metmyoglobin due to the surviving activity of the cytochrome enzymes and to early bacterial 
spoilage due to the utilization of amino acids as a substrate in the absence of glucose in glycogen 
depleted tissues (Lawrie 1998). While DFD meat results from pre-slaughter stress, the observation 
that it is most severe in the longissimus, semitendinosus, semimembranosus, adductor, and gluteus 
medius while sparing other muscles (Tarrant and Sherington 1980) has led to the exploration of the 
role muscle fiber types play. In both pigs (Maltin et al. 1997) and cattle (Zerouala and Strickland 
1991), elevated muscle pH has been associated with the total oxidative capacity and the area of slow 
oxidative βR fibers. Swatland (1994) noted that glycogen depletion from slow-twitch fibers is less 
labile and takes longer to recover than glycogen stores in fast-twitch fibers and this may be related 
to differences in pro- and macroglycogen levels (Alonso et al. 1995; Rosenvold et al. 2003) in the 
different fibers. Macroglycogen is primarily metabolized during aerobic exercise and proglycogen 
mainly under anaerobic conditions, and the difference between the two glycogen pools has been 
reported to be related to the rate of anaerobic metabolism (Rosenvold et al. 2003). In the longis-
simus muscle of pigs, where there is a considerably higher proportion of αW fibers than in cattle, a 
tendency toward DFD meat was seen when 30% or more of the αW fibers were glycogen depleted 
(Karlsson et al. 1994). Because 83% of the fibers were αW fibers in the longissimus of the pigs from 
this study, it is reasonable that these fibers would play a contributing role in meat quality in these 
animals. While fasting-induced glycogen depletion has been shown to be both muscle-type and 
fiber-type dependent (Wittmann et al. 1994), aggressive behavior has been shown to have the great-
est effects in fast-twitch muscles (Fernandez et al. 1994; Swatland 1994). Clearly, fiber types play a 
role in the development of DFD but their role must be interpreted within the context of the type of 
pre-slaughter stress, the species of animal, the muscles recruited to respond to the stress, and the 
individual fiber type composition of the muscles.

A prevalent problem in beef, but less so in pork, has been a lack of tenderness; this has garnished 
significant research efforts (see Ouali 1990 and Koohmaraie 1996 for reviews). In pork, Maltin 
et al. (1997) found that the fiber diameter of intermediate αR fibers significantly contributed to the 
variation in objective measures of meat tenderness in the longissimus muscle. Similarly, Karlsson 
et al. (1994) reported a negative relationship between the proportion of fast-twitch fibers and shear 
force value in the longissimus. In beef cattle, the relationship between fiber type and tenderness 
was historically limited (Melton et al. 1974; Melton et al. 1975; Calkins et al. 1981) to the point that 
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even extensive studies to examine the causative factors influencing palatability ignore fiber type 
completely (Rhee et al. 2004). However, the fact that instruments are being developed to predict 
longissimus tenderness on the basis of color (Wulf et al. 1997), and color is related to the proportion 
of fiber types, suggests there is a relationship between muscle fiber composition and tenderness.

However, just as early work to relate fiber type differences to meat quality in pork was con-
founded by the presence of unknown genetic factors at the time, the fact that there has been less 
success in relating fiber type to tenderness in beef cattle is likely due to the propensity to use the 
longissimus muscle, which is unrestrained during the postmortem period and can undergo variable 
shortening, which can have significant effects on tenderness (Thompson et al. 2006). In swine, the 
high proportion of αW fibers in the longissimus which are highly adapted to anaerobic metabolism, 
undergoes a more rapid onset of rigor avoiding the temperature-induced loss of membrane integrity 
that can cause cold shortening (toughening) in other species. The higher proportion of βR fibers in 
longissimus muscles of cattle are more susceptible to shortening when unrestrained in the postmor-
tem period. Because the extent of shortening can vary from carcass to carcass (Koohmaraie et al. 
2002) based on rates of temperature decline, glycolytic rate, carcass weight, and conformation in the 
hanging carcass, attempts to make associations between fiber type and tenderness can become quite 
complicated in beef carcasses. Added to this is the fact that the longissimus is a very large muscle 
and, as previously indicated, fiber type can change along the length and from superficial to deep 
locations; hence, small samples removed for fiber typing may be poorly related to quality traits that 
are evaluated over a greater area of the muscle. This, of course, is a problem of representative sam-
pling in the longissimus, which applies equally to the variation in quality measurements throughout 
a muscle (Reuter et al. 2002; Belew et al. 2003; Janz et al. 2006) as it does to readily available his-
tological and biochemical techniques. This difficulty was also identified by Karlsson et al. (1994), 
who recommend the need to define predictor muscles, optimal sampling locations, and more rapid 
and less expensive methods of muscle fiber type determination. Some interesting techniques have 
been developed (Choi et al. 2006; Choi et al. 2007) by collecting multiple cryostat sections and 
using these as the sample to determine myosin isoforms using electrophoretic separation. This com-
bination of techniques allows a much broader sampling of the fiber type populations across a muscle 
without having to go through tedious and time-consuming histological examinations. Clearly, these 
issues have broad relevance and need to be considered in the current flurry of research to develop 
genomic and proteomic predictors of meat quality.

Although the direct relationships of muscle fiber type with quality characteristics have been 
inconsistent, muscle fiber type has been shown to be related to intramuscular fat and thereby other 
palatability characteristics. While it is expected that a greater amount of intramuscular fat would 
be found in red fibers than in white due to their role in aerobic metabolism, Essén-Gustavsson et al. 
(1992) confirmed in longissimus samples from pigs that all Type I (βR) fibers contained triglycerides, 
whereas only 26% of Type IIa (αR) and 1% of Type IIb (αW) fibers contained triglycerides. Further, 
they found a negative correlation between intramuscular lipid and the area of αW fibers. In beef 
carcasses of different maturity, increases in oxidative fibers (βR and αR) were correlated with 
increases in marbling, which in turn was associated with improved tenderness in aged beef loins 
(Calkins et al. 1981). Significant negative correlations (r > −.30) were also reported by Ozawa et al. 
(2000) between fat content and both the proportion and relative area of αR fibers in Japanese black 
cattle. These authors also confirmed that when intermediate αR fibers had positive correlations, 
αW fibers showed the converse, and vice versa. Similarly, in pigs, positive correlations were found 
between the marbling score and the frequency of oxidative fibers (Fiedler et al. 2003), and further 
detailed fatty acid analyses indicated low omega-6 to omega-3 fatty acid ratios were also related to 
a higher percentage of oxidative fibers. Summarizing the effects of numerous studies, Taylor (2004) 
indicated that the percentage of βR fibers was very important in the perception of flavor and juici-
ness due to the higher lipid content in these fibers.

Clear association of the effects of fiber size on meat tenderness, while seeming to be a logical 
relationship, has also been elusive. In practice, systems to evaluate fresh meat texture are actually 
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evaluating the size and density of muscle fiber bundles, because individual fibers are not discern-
able by the human eye. Early attempts to relate the texture of muscle bundles to palatability traits 
were variable, with some reporting large bundles of small fibers were more tender (Sartorious 
and Child 1938), others reporting that small bundles were associated with tender meat (Brady 
1937; Hammond 1940), and yet others reporting no difference (Melton et al. 1974). Similarly, 
correlations of individual muscle fiber diameter or cross-sectional areas with quality traits were 
not recently reported for either cattle (Ozawa et al. 2000) or pigs (Ryu and Kim 2005). However, 
certain models have been presented (Koohmaraie et al. 2002; Taylor 2004) to demonstrate the 
relationship of fiber size to tenderness/toughness, including double muscled cattle, callipyge sheep, 
and dietary administration of various β-adrenergic agonists. In addition, Taylor (2004) includes 
the examples of fiber size differences within and between muscles correlating with texture and the 
lower tenderness in muscles with a higher proportion of αW fibers. The complicating contribution 
of sarcomere length, postmortem proteolysis, and collagen concentration to these examples make a 
direct relationship between tenderness and fiber size difficult to ascertain. Taylor (2004) concluded 
that the relationship between fiber diameter and tenderness is not strong, explaining only 12% of 
the variation in a study between muscle types in cattle and 7% of the texture differences in porcine 
longissimus muscle.

While much of the research in the literature has concentrated on the effects of fiber type on fresh 
meat quality characteristics, an extensive review by Xiong (1994) focused entirely on the functional 
properties of muscle fiber types in meat processing. Protein functionality includes the hydration, 
surface properties, binding, and rheological behavior, including more specific functional proper-
ties such as myofibril swelling, protein solubility, and gelation. Overall, myofibrillar proteins from 
white or fast-twitch fibers usually exhibit superior functionalities in comparison with those from red 
or slow-twitch fibers under identical conditions of pH, temperature, heating, and ionic strength. In 
contrast, the opposite finding seems true for fresh meat quality characteristics, where red or slow-
twitch fibers are generally associated with superior characteristics. In quadruped meat animals, 
where there is generally a wide range of muscles with different inherent characteristics, the move 
toward more extensive knowledge of individual muscle characteristics and a more targeted endpoint 
use seems a reasonable approach (Molina et al. 2005; Von Seggern et al. 2005).

5.7  summary

The fiber type composition of meat animals is generally mixed and varies within a muscle, among 
individual muscles, among breeds, and among species. Composition can also be affected by stage 
of maturity, level of activity, and hormone status. The overwhelming consequence of domestica-
tion and selection for lean muscle mass has been muscle cell hypertrophy rather than hyperplasia, 
and a metabolic shift toward fast-twitch, glycolytic (αW) fibers. Research efforts to determine the 
effect of fiber type on meat quality characteristics have been confounded by overriding effects 
of genetic defects, representative sampling, and uncontrolled variations in rigor shortening in the 
predominantly used longissimus muscle. Nevertheless, broadly concluded, a higher proportion of 
slow, oxidative (βR) fibers is associated with an improvement in fresh meat quality characteristics. 
In contrast, improved functional properties for processing applications are associated with a higher 
proportion of fast-twitch fibers.

Given the solid and growing meat science database on the importance of muscle fiber types in 
meat quality, the rapid advancements in biomarker techniques (Rothschild 2004; Bendixen 2005) 
will undoubtedly contribute to genetic selection that includes meat quality traits in addition to the 
more traditional selection for lean yield and other production traits. However, it is important to 
keep in mind the fact that animals are composed of numerous muscles, all having specific func-
tions in the living animal. While we can seek to improve the characteristics overall, it will be 
necessary to target the fiber type diversity inherent in different muscles to the most appropriate 
end use.
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abbrevIatIons

ATP: Adenosine triphosphatase
NADH: Nicotinamide adenine dinucleotide
SDH: Succinate dehydrogenase
PSE: Pale, soft, and exudative
DFD: Dark, firm, and dry
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6 Muscle Protein Turnover

Margrethe Therkildsen and Niels Oksbjerg

6.1  IntroduCtIon

Muscle protein accretion is the difference between the rates of muscle protein synthesis and deg-
radation. The growth rate of meat-producing animals is related to the muscle protein accretion 
— that is, the higher the protein accretion, the higher the growth rate of the animal — one of the 
most economically important traits in meat production. In addition, optimization of muscle protein 
accretion on minimal feed intake will minimize the environmental load, and thus be in favor of a 
sustainable production. Finally, there seems to be a link between muscle protein accretion in vivo 
and tenderness development postmortem, as the enzymes involved in the degradation of muscle 
protein in vivo also affect the proteolysis postmortem, which is essential for the tenderization (Goll 
et al. 1998; Koohmaraie et al. 2002). Consequently, focus on muscle protein turnover and how it can 
be manipulated is very important to optimize meat production both from a producer and consumer 
point of view.

The muscle protein pool is not static, but dynamic with continuous turnover of proteins, which 
proceed throughout life even when growth has ceased. The rate of muscle protein turnover is regu-
lated through protein synthesis and protein degradation, and the rate of these processes in general 
exceeds the actually protein accretion rate. Thus, for example, in a 273-kg bull calf, muscle protein 
synthesis was measured to be 361 g/d (grams per day) and the muscle protein degradation to be 
269 g/d, resulting in a net muscle protein accretion of 72 g/d (Morgan et al. 1993a). The reason 
for this energy-consuming process is to allow the muscle fibers to adapt acutely and rapidly to 
environmental changes such as exercise and nutrition, and to prevent the accumulation of proteins 
containing errors and proteins not in use (Goldberg and Dice 1974; Asgar and Bhatti 1987; Reeds 
1989). Because muscle protein turnover is relatively large compared with the actual muscle protein 
accretion in growing animals, minor adaptations in either protein synthesis or degradation can have 
a profound influence on the net muscle protein accretion (Goll et al. 1989). Individual proteins have 
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different turnover rates, so estimated values of protein synthesis and degradation are generally 
average turnover rates of the combination of individual proteins in the pool studied (e.g., skeletal 
muscles) (Sugden and Fuller, 1991). In agreement we found in porcine satellite myotube cultures 
that the protein turnover was two-fold higher in sarcoplasmic proteins compared to myofibrillar 
proteins (see Figure 6.1).

Lobley et al. (1980), McCarthy et al. (1983), Gopinath and Kitts (1984), Reecy et al. (1996), and 
Lobley et al. (2000) have measured muscle protein fractional synthesis (FSR, g protein synthe-
sized/100 g protein/day × 100) and breakdown (FBR, g protein degraded/100 g protein/day × 100) 
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FIgure 6.1 The influence of IGF-I addition on protein synthesis and degradation of various proteins in 
porcine satellite cell derived myotube cultures. (A) Protein synthesis. Myogenic satellite cells were seeded in 
24-well plates and grown to 80% confluence in 20% serum (10% Fetal Calf Serum [FCS] and 10% horse serum). 
Thereafter, the cells differentiated in 10% FCS for 24 hours and in 4% FCS for another 48 hours. Then, 
increasing amounts of IGF-I were added to the medium, together with 1 µCi of [3,5 3H]tyrosine for 5 hours. 
Subsequently, cells were harvested by trypsination and the pellet was separated into sarcoplasmic and myo-
fibrillar proteins. The concentration of proteins were measured by the bicinchoninic acid (BCA) procedure 
and counted in a β-counter. The rate of protein synthesis was calculated as d.p.m.(disintegrations per min)/µg 
protein. IGF-I increased synthesis of both myofibrillar and sarcoplasmic protein in a dose-dependent manner 
up to 5 ng/ml. Furthermore, the rate of synthesis was approximately 60% higher in sarcoplasmic proteins 
compared to myofibrillar proteins. (B) Degradation. The cells were grown and treated in the same way as in 
(A) except that they were loaded previously with 2 µCi/well for 48 hours prior to the addition of increasing lev-
els of IGF for another 24-hour period. Then, cultures were harvested by trypsination, separated in myofibrillar 
and sarcoplasmic proteins, and counted in a β-counter and expressed as d.p.m./µg protein. The more activity 
remaining in the protein pools, the lower the protein degradation. IGF-I had no significant influence on protein 
degradation. However, protein degradation of sarcoplasmic proteins was higher than in myofibrillar proteins.
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rates in growing cattle in the range from 0.6% to 4%. From these results Gopinath and Kitts (1984) 
calculated a half-life of 29 days for the myofibril proteins actin and myosin. The protein turnover rates 
are generally higher in other tissues; thus, Lobley et al. (1980) measured turnover rates in growing 
heifers of 53%, 32%, and 6% in the gastrointestinal tract, in the liver, and in the hide, respectively.

6.2  musCle ProteIn turnover

6.2.1  MusCle Protein synthesis

Muscle protein synthesis is the result of the transcription of DNA to mRNA and the translation 
of mRNA to protein. In these processes, a range of enzymes are involved, and thus the activity of 
these enzymes together with the amount of DNA and the availability of amino acids determine the 
synthesis capacity.

Regulation of protein synthesis in the muscle fiber can be at the transcriptional stage (long-term) 
and/or at the translational stage (short-term), in the synthesis and/or breakdown of RNA and in the 
activity of existing ribosomes (Millward et al. 1973; Garlick et al. 1983; Reeds 1989). Millward 
and Waterlow (1978) suggested that the regulation of protein synthesis at the transcriptional stage 
occurs through the rate of RNA synthesis and not through increased degradation of RNA. Protein 
synthesis and degradation at the muscle fiber level depend on the availability of substrates (amino 
acids) and on the availability of energy (ATP), as protein synthesis is an energy-consuming pro-
cess. Furthermore, protein turnover is under endocrine control mainly by insulin, growth hormone/
insulin-like growth factor I (IGF-I)/IGF-binding proteins (GH/IGF-I/IGFBPs), the glucocorticoids, 
thyroid hormones, and the sex hormones. The different hormones seem to act on different sites of 
the transcription–translation pathway (Reeds 1989; Reeds and Davis 1992).

Hormones may act either directly on the synthesis and degradation, or influence protein turnover 
indirectly by affecting satellite cell proliferation. Thus, during growth, the amount of muscle DNA 
increases, although myonuclei are mitotically inactive. However, the satellite cell, situated between 
the basement membrane and the sarcolemma can divide and one or both daughter cells may fuse 
with existing fibers and thereby add DNA to the fiber. This is important as the DNA provides the 
machinery for protein synthesis not only of structural proteins, but also of regulatory proteins like 
proteolytic enzymes. Thus, changes in satellite cell behavior may affect muscle protein turnover. At 
slaughter, between 60 and 80% of muscle DNA originates from satellite cell division, thus empha-
sizing the importance of the satellite cell in postnatal growth.

6.2.2  MusCle Protein degradation

Proteolytic enzymes are responsible for protein degradation in the muscle fibers (Goldberg and Dice 
1974; Pontremoli and Melloni 1986), and the rate of degradation varies largely in response to the 
physiological demands of the fibers (Goldberg 1969a, b). Three proteolytic enzyme systems have 
been suggested to play a major role in the proteolysis of muscle protein: the calpains, the protea-
some, and the cathepsins (Goll et al. 1989). There is now significant evidence to suggest that muscle 
protein degradation occurs in a sequential way (Calkins and Seideman 1988; Taylor et al. 1995; 
Price and Stevens 1999; Robert et al. 1999; Houbak et al. 2008), the calpain system acting on disas-
sembling the myofibrillar matrix followed by the action of the proteasome and the cathepsins on the 
constituent myofibrillar proteins and the sarcoplasmic proteins.

6.3  regulatIon oF musCle ProteIn turnover

The hormonal regulation of muscle protein turnover has been reviewed by Reeds (1989), Sugden 
and Fuller (1991), Reeds and Davis (1992), and Lobley, (1998); therefore, only a short presentation 
of the role of the hormones is given below.
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Insulin, an anabolic hormone, stimulates protein synthesis (Goldberg et al. 1980; Oddy, 1993). 
Thus, the increase in insulin in response to feed intake may explain the increased protein synthesis 
observed in the same period (Preedy and Garlick 1986). The response to insulin is rapid, which sug-
gests that insulin stimulates the synthesis-activity of existing RNA (increased efficiency of transla-
tion) (Brown et al. 1981; Garlick et al. 1983), and that the role of insulin is to maintain a “normal” 
translational efficiency (Reeds and Davis 1992). However, infusion of insulin to post absorptive rats 
was not able to restore the same protein synthesis or the same protein synthesis activity per RNA 
as in fed rats, although the insulin level exceeded physiological values (Garlick et al. 1983). This 
fact was later explained via results produced by Preedy and Garlick (1986) and Garlick and Grant 
(1988), showing that insulin and amino acids seem to act together in stimulating muscle protein syn-
thesis, and that amino acids change the insulin threshold concentration necessary for muscle pro-
tein synthesis. Insulin infusion has also been shown to have a depressing effect on muscle protein 
degradation in lambs (Douglas et al. 1991; Oddy 1993), which is also supported by major reduction 
in protein degradation (both myofibrillar and total) in L6 myotubes, human skeletal muscle cells, 
and porcine satellite cell culture upon insulin administration (Fernandez and Sainz 1997; Crown 
et al. 2000; Oksbjerg, unpublished data) (Figure 6.2). However, in cultured mammalian cells, it was 
shown that the major anabolic response to insulin is on protein synthesis (Ballard 1982), but the 
effect of insulin might differ between ruminant and non-ruminant tissues (Lobley 1992).

Growth hormone and IGF-I are also anabolic hormones that stimulate muscle protein synthe-
sis in rats (Goldberg 1969a), pigs (Séve et al. 1993), lambs (Douglas et al. 1991), steers (Eisemann 
et al. 1989), and porcine satellite cell culture (Oksbjerg, unpublished data; Figure 6.1). In addition, 
Douglas et al. (1991) saw a decreased loss of protein from the whole body upon IGF-I administra-
tion to lambs, and Oddy (1993) saw a decreased rate of muscle protein degradation in response 
to IGF-I infusion in lambs, supported by similar results obtained in L6 myotubes and human 
skeletal myotubes upon IGF-I administration (Fernandez and Sainz 1997; Crown et al. 2000,), 
whereas we found very little response of IGF-I administration on degradation in porcine satellite 
cell culture (Oksbjerg, unpublished data, see Figure 6.1). Treatment with GH in vivo increases the 
DNA content of muscle tissue (Beermann et al, 1990; Maltin et al. 1990). This suggests increased 
satellite cell proliferation after GH treatment. Treatment of pigs with GH also increases the FBR 
(Sevé et al. 1993).

70

80

90

100

110

120

0 300 600 900
(Insulin), nM

Ch
an

ge
s i

n 
Pr

ot
ei

n 
Sy

nt
he

sis
an

d 
D

eg
ra

da
tio

n,
 %

 

Synthesis

Degradation

FIgure 6.2 The influence of insulin on protein synthesis and degradation in porcine satellite cell derived 
myotube cultures. Porcine satellite cells were grown and differentiated as described in Figure 6.1. The rate of 
synthesis was calculated based on total proteins and expressed as d.p.m./µg protein. Results are presented rela-
tive to control. The rate of protein degradation was calculated as [TCA soluble d.p.m. released to the medium 
(F)/F+TCA insoluble d.p.m. to the medium + d.p.m. TCA precipitated in the monolayer] × 100 (Pedersen et al. 
2001), and expressed relative to control. Results show that the rate of protein synthesis increased and the rate 
of protein degradation decreased with addition of porcine insulin to the cultures.
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Regarding protein accretion, glucocorticoids are generally catabolic hormones (Goldberg et al. 
1980; Spencer 1985) and thus suppress protein synthesis and increase protein degradation (Goldberg 
1969b; Reeds 1989; Reeds and Davis 1992). The site of action is suggested to be both at the tran-
scriptional and the translational level (Reeds and Davis 1992).

The thyroid hormones are generally known to increase whole body protein turnover; however, 
at thyroid levels above normal, the protein degradation is stimulated without an additional increase 
in synthesis (Goldberg et al. 1980; Spencer 1985; Jepson et al. 1988; Skjaerlund et al. 1988). Zeman 
et al. (1986) have shown that the proteolytic effect of triiodothyronine (T3) might be linked to the 
proteolytic calpains, as the stimulating effect of T3 on muscle protein degradation was depressed if 
an inhibitor against calpain (leupeptin) was added. Thyroid hormones also seem to have a regula-
tory effect on the activity of the cathepsins (Goldberg et al. 1980). The thyroid hormones are sug-
gested to act at both the transcriptional and translational level but they are probably not involved in 
the acute regulation of translation, as is insulin (Brown et al. 1981).

The sex-hormones testosterone and estradiol stimulate muscle growth, and especially high levels 
of testosterone may explain the larger muscle mass in male animals. Testosterone stimulates protein 
synthesis (rats) (Martinez et al. 1984) and suppresses protein degradation (lambs) (Lobley et al. 
1987). In addition, the effect of testosterone seems to depend on animal maturity, as no effect was 
found on protein synthesis and degradation in intact and castrated pigs from birth to 4 weeks of age 
(Skjaerlund et al. 1994). The anabolic effect of the sex hormones has been suggested to be indirect 
via the GH-IGF-axis because the IGF-I concentration increased when steers were implanted with 
estradiol or a mixture of trenbolone acetate and estradiol (Breier et al. 1988; Johnson et al. 1998). 
Lack of effect on the protein turnover when a skeletal muscle cell line was treated with either tes-
tosterone or estradiol (Desler et al. 1996) supports this idea.

6.4  dePendenCy oF age

Total daily protein synthesis and degradation usually increase with increasing live weight as found 
in pigs (Reeds et al. 1980), bulls (Morgan et al. 1993a; Van Eenaeme et al. 1994, 1998), and heifers 
(Harris and Milne 1981). However, both FSR and FBR decrease with age in rats (Millward et al. 
1975; Garlick et al. 1989), lambs (Oddy and Lindsay 1985), and in cattle (Harris and Milne 1981; 
McCarthy et al. 1983; Lobley et al. 2000). A linear relationship between the fractional growth rate 
(growth rate in percentage of total weight) and the FBR has been found in well-fed rats (Millward 
et al. 1975). Similarly, Gopinath and Kitts (1984) observed that fluctuations in FBR corresponded to 
changes in growth rate of steers. Accordingly, a high growth rate was accompanied by high rates of 
muscle protein breakdown. Consequently, in these situations, the FSR may be elevated as well.

The changes in the protein turnover with age can be related to changes in the activity of enzymes 
involved. Thus, Ou et al. (1991), Northcutt et al. (1998), and Veiset et al. (2004) found a decreased 
activity of the calpain system with increased age. Ou et al. (1991) observed decreased activity of 
both µ- and m-calpain and calpastatin in lambs from 1 day of age to 3 months, where after there 
were no further changes up until 6 months of age. In contrast, Veiset et al. (2004) observed changes 
in calpastatin activity from 2 to 10 months of age in lambs, no change in µ-calpain, and a decreased 
activity in m-calpain from 6 to 10 months of age. In turkeys, Northcutt et al. (1998) found decreased 
activity of µ- and m-calpain and calpastatin from 5 to 9 weeks of age, where after there were no 
changes through to 17 weeks of age.

6.5  dePendenCy on FIber tyPes

The fiber type seems to influence the protein turnover rate. El Haj et al. (1986) and Garlick et al. 
(1989) have found higher protein synthesis and protein degradation rates in rat muscles rich in 
slow-twitch fibers (Type I) compared with muscles rich in fast-twitch fibers (Type II). Garlick et al. 
(1989) found a general positive relationship between fractional synthesis rate and percent area of 
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slow oxidative fibers. As there was no relationship between the ratio of fast glycolytic:fast oxidative 
and glycolytic (Type IIB:Type IIA) and protein synthesis, they suggested that the speed of con-
traction is the most important factor determining protein turnover rates. Cattle possessing double 
muscling, as known from the Belgian white-blue breed, have a larger frequency of Type IIB fibers 
and less Type IIA fibers compared with normal cattle (Batjoens et al. 1989) and, in addition, a lower 
protein synthesis. This could suggest a difference in the protein synthesis capacity between Type 
IIA and Type IIB fibers, which differ in their oxidative capacity. In studies on heifers (Therkildsen 
et al. 2002b) and pigs (Therkildsen et al. 2004), the RNA concentration was higher in muscles rich 
in Type I fibers — that is, M. supraspinatus (SS, heifers) and M. semitendinosus, red part (STr, 
pigs) — compared with M. longissimus dorsi (LD) rich in Type IIB fibers; this supports a larger 
synthesis capacity in Type I fibers, and is also coincident with a higher concentration of elongation 
factor 2 (eEF-2) in muscles rich in Type I fibers compared with muscles rich in Type IIB fibers. 
eEF-2 works distally to both transcription and translation, and may be an even better indicator 
of muscle protein synthesis (Therkildsen et al. 2004). In the study on heifers (Therkildsen et al. 
2002b), LD responded more to an increased energy intake than SS with respect to percentage of 
weight change, increased protein synthesis capacity, and muscle fiber hypertrophy, which suggests 
that different muscle types and thus fiber types react differently to changes in the general protein 
turnover, whereas this difference in response between muscle types did not occur between pig LD 
and ST (Therkildsen et al. 2004).

Muscles containing mainly slow-twitch fibers show higher activities of µ-calpain than muscles 
containing mainly fast-twitch fibers (Ouali and Talmant 1990; Whipple and Koohmararie 1992; 
Therkildsen et al. 2002b) but at the same time there might also be increased calpastatin activity 
(Ouali and Talmant 1990; Therkildsen et al. 2002b); thus, the internal relationship between calpain 
and the inhibitor calpastatin will have a major influence if these differences lead to the differences 
seen in protein degradation between fiber types.

6.6  genotyPes

Various genotypes are often characterized by their different growth potentials, which often can be 
explained by differences in muscle protein turnover — either protein synthesis, protein degradation, 
or both.

Sheep selected over ten generations for high or low weaning weight differed with respect to 
protein synthesis and degradation. Thus, the lambs selected for high weaning weight had a higher 
protein synthesis and degradation in M. vastus lateralis (Speck et al. 1993). Likewise, Harbison 
et al. (1976) measured differences in the RNA concentration and the RNA:DNA ratio in pigs from 
a muscular line compared with an obese line, indicating that the muscular line had a higher protein 
synthesis capacity. These results were supported by Kretchmar et al. (1994), who observed higher 
activity of calpastatin in an obese pig strain compared with a lean pig strain, suggesting a general 
depression of protein turnover in the obese pig strain.

The callipyge gene in sheep causes extreme muscling in some muscles (Koohmaraie et al. 1995); 
and compared with muscles from normal lambs, the total content of protein, RNA, and DNA and the 
RNA:DNA-ratio are increased in callipyge lambs (Koohmaraie et al. 1995; Lorenzen et al. 2000). 
On the other hand, both the fractional synthesis rate and the fractional degradation rate are reduced 
in the callipyge lambs, suggesting that the callipyge-gene-induced hypertrophy is a result of a reduc-
tion in the rate of protein degradation rather than an increase in the rate of protein synthesis. This 
is supported by an increased calpastatin activity in the hypertrophied muscles (Koohmaraie et al. 
1995; Lorenzen et al. 2000), indicating that proteolysis is decreased in these callipyge muscles.

Double muscling (DM) in cattle, especially known from Belgian White-blue cattle, is another 
inherited characteristic related to the myostatin gene and expressed as high daily gain and extreme 
muscling (Fiems et al. 1995; Georges et al. 1998). When protein turnover from DM-cattle is com-
pared with normal (N) cattle, the DM-cattle have a lower whole body muscle protein turnover, 
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and — measured in vitro on a muscle biopsy — a lower protein synthesis (Van Eenaeme et al. 1991). 
Moreover, Uytterhaegen et al. (1994b) have shown that µ-calpain and the µ-calpain:calpastatin-ratio 
at 1 hour postmortem are lower in the DM-cattle than in N-cattle, which indicates a lower prote-
olysis in the DM-cattle. If the levels of the enzymes at 1 hour postmortem resemble the level in the 
living muscles, this indicates lower protein degradation in vivo in DM-cattle, which thus contributes 
in combination with an increased number of Type IIB fibers to the higher muscle yield in these 
cattle. That this lower protein degradation does not result in a decreased tenderness postmortem 
(Wheeler et al. 2001; Ngapo et al. 2002) might be explained by a lower amount of connective tissue 
in the meat (Ngapo et al. 2002), caused by a larger number of Type IIB fibers, and characterized 
with a larger area.

The above-mentioned examples of the genetic effect on muscle growth clearly demonstrate that 
muscle growth can be regulated in different ways by changes in protein synthesis and degradation, 
although the final result is an increased growth of the muscle.

6.7  InFluenCe oF exerCIse on musCle ProteIn turnover

The effect of exercise on protein turnover in muscles is ambiguous, as it depends on the kind of exer-
cise and the type of muscle studied (reviewed by Goldspink 1991). High-intensity resistance exercise 
training induces hypertrophy of the muscles involved in exercise by accumulation of myofibrillar 
proteins in the muscle fibers. Depending on the muscle, this accumulation has been associated with 
increased synthesis and either simultaneously increased or decreased degradation (Goldspink 1991). 
With endurance training, which more resembles the exercise production animals get when they are 
loose-housed or grazed compared with tie-stall housed, the main change in the muscles is enhance-
ment of the fatigue resistance of the skeletal muscles, and only minor changes are seen in the muscle 
size. However, the muscle protein synthesis is decreased during the exercise but is increased at 
the completion of the exercise (Goldspink 1991). Lambs exercised up to 35 min a day, five times 
per week on a treadmill for 30 days had higher concentration of fast-twitch isoform myosin light 
chain-1 (MLC1f) mRNA in M. biceps femoris compared with control lambs. The MLC1f mRNA 
concentration was used as an index for myofibrillar protein synthesis. After 60 days of exercise, the 
difference had disappeared (Garrett et al. 1999). Thus, the synthesis rate was increased with exer-
cise but adapted to the exercise with time. This adaptation is supported by results on rats trained 
for 4 weeks, where no difference was found in either protein synthesis or degradation (Davis and 
Karl 1986). The pattern for skeletal muscle protein degradation during endurance training and in 
the recovery period are less well understood (Goldspink 1991). However, Kasperek et al. (1995) saw 
an increased degradation of total muscle protein but no change in the degradation of myofibrillar 
protein immediately after treadmill exercise or during the recovery period of rats. This agrees with 
Garrett et al. (1999), who used the activity of µ-calpain and calpastatin as an index for myofibril-
lar protein degradation, and found no effect from treadmill exercise of lambs on the activity of the 
enzyme system in M. biceps femoris. In a study with slaughter pigs, Ertbjerg et al. (1999) found an 
increased activity of µ-calpain and no change in calpastatin upon epinephrine injection and exercise 
on treadmill right before slaughter, suggesting an increased muscle protein degradation; however, 
the extreme energy depletion caused by the epinephrine injection would seldom be seen in a tradi-
tional production system.

6.8  InFluenCe oF FeedIng level on musCle ProteIn turnover

The nutritional level has a marked influence on muscle protein turnover. Thus, when the energy level 
is restricted below maintenance for a period of time (in the short term), the protein synthesis decreases 
as expected but the protein degradation increases in order to supply the animal with sufficient nutrients 
(i.e., glucose and amino acids) (Millward and Waterlow 1978; McDonagh et al. 1999). In contrast, when 
both cattle and pigs are on a restricted diet (in the long term), both protein synthesis and degradation 
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decreased, compared with cattle and pigs with free access to feed (Jones et al. 1990; Van Eenaeme 
et al. 1994, 1998; Therkildsen et al. 2004). In newborn lambs, a higher energy supply increased muscle 
protein synthesis as expected but had no effect on the protein degradation (Speck et al. 1993), so the 
developmental stage of the animal (maturity) seems to influence the effect of energy level on protein 
degradation.

Protein supply also has an effect on protein turnover rates. Thus, Reecy et al. (1996) showed that 
steers offered a protein-restricted diet had a decreased FSR and FBR compared with steers offered 
a diet containing 150% of the dietary nitrogen found in the protein-restricted diet. Likewise, Gerrits 
et al. (1998) observed increased fractional degradation rates upon increased protein intake in calves, 
and protein synthesis was highly correlated with protein intake in pigs (Reeds et al. 1980). In a study 
with pigs fed only 61.4% of the lysine requirement, the effect on protein turnover differed between 
muscles, thus in M. longissimus dorsi only protein synthesis was depressed, whereas in M. masseter, 
M. adducter, and M. biceps femoris, both protein synthesis and degradation were depressed upon 
lysine restriction (Chang and Wei 2005). Thus, although all muscles responded with a decreased 
fractional accretion rate, this is a result of various changes in protein synthesis and degradation, 
depending on muscle. In the same study, the depression in protein synthesis could be explained by a 
depression in RNA activity, and not in the RNA capacity; thus, regulation of the synthesis is in the 
translational step. In agreement with the effect of feeding sub-maintenance levels of energy, Fuller 
et al. (1987) and Van den Hemel-Grooten et al. (1995) found that protein restriction below main-
tenance or protein-free rations increased protein degradation in pigs. However, Van den Hemel-
Grooten et al. (1995) did not see any change in activity of the calpain system, the cathepsins, or of 
the proteasome on the protein-free ration compared with controls; thus, these enzymes seemed not 
to be responsible for the increased protein degradation in the fasted state. Furthermore, the protein-
free ration decreased the protein synthesis capacity at the transcription and the translation level 
(Van den Hemel-Grooten et al. 1995).

A model summarizing the expected relationship between muscle protein turnover — that is, 
muscle protein synthesis and degradation — and the level of feed intake is presented in Figure 6.3.

The conclusion is that by increasing the amount of a well-balanced diet to animals in growth, 
both protein synthesis and degradation can be expected to increase, although with different rates, 
and give rise to increased muscle protein accretion.

Maintenance Feed intake

Protein degradation

Protein synthesis

FIgure 6.3 Model of the expected relationship between muscle protein synthesis and degradation, depend-
ing on level of feed intake in growing animals. (Source: Modified from Lobley 1998.)
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6.9  ComPensatory groWtH

Muscle protein turnover is not only dependent on the current energy intake for the time being, but 
also on the previous energy intake. Jones et al. (1990) and Therkildsen (2005) found that when 
previously restricted cattle were given free access to feed, both protein synthesis and degradation 
increased, and this to a significantly higher FSR and FBR than seen in cattle of the same age but on 
a continuously high feeding level. This pattern in protein turnover in response to energy level was 
also found in rats (Millward et al. 1975) and in lambs (Harris et al. 1992). The increase in protein 
turnover after re-alimentation seems to reach a maximum, which has been found to be between 42 
and 70 days in slaughter pigs (Therkildsen et al. 2002c), after 66 days of re-alimentation in steer 
(Jones et al. 1990), and after 35 to 56 days in bull calves (Therkildsen 2005). The time of maxi-
mal protein turnover probably depends on the degree of previous restriction, length of restriction 
period, sex, and genotype. This increase in muscle protein turnover after re-alimentation has been 
suggested to explain the phenomenon of compensatory growth (Therkildsen et al. 2002c), which is 
observed in animals exposed to a period with restrictive access to feed, followed by a period with 
ad libitum access to feed, in which their growth rate will exceed the growth rate of animals offered 
feed ad libitum continuously (McMeekan 1940; Abdalla et al. 1988; Critser et al. 1995; Rossi et al. 
2001; Oksbjerg and Therkildsen 2007).

6.10  lInk betWeen In VIVo musCle ProteIn 
turnover and meat tenderness

Tenderness development in meat postmortem is, to a large degree, an effect of proteolysis of the 
structural proteins in the muscle fiber, and the calpain system has been shown to be the rate-lim-
iting enzyme system involved in this degradation. Likewise, the calpain system seems to be the 
rate-limiting enzyme system in vivo in muscle protein degradation. Thus, several studies have 
shown that manipulation with muscle protein turnover in vivo (e.g., through feeding level) (Aberle 
et al. 1981, McDonagh et al. 1999; Kristensen et al. 2002, 2004; Therkildsen et al. 2002a), growth 
path (Allingham et al. 1998; Kristensen et al. 2002, 2004; Therkildsen et al. 2008) and castration 
(Morgan et al. 1993b) have a marked influence on meat tenderness. However, recently it was also 
shown that different sexes and muscles may respond differently to these treatments (Kristensen 
et al. 2004; Therkildsen et al. 2008).

6.11  summary

In summary, muscle growth is a function of the difference between the rates of muscle protein syn-
thesis and muscle protein degradation. Both the rate of muscle protein synthesis and degradation 
are higher than the rate of muscle growth. Consequently, small changes in either the rate of protein 
synthesis or degradation, or both, may cause profound changes in muscle growth. By age, both the 
fractional rates of protein synthesis and degradation decrease; and in mature animals, these rates 
are equal. Muscle protein turnover is regulated by hormones, of which insulin, GH/IGF/IGFBPs, 
and sex hormones are anabolic and glucocorticoids, which are catabolic. Feeding intensity (protein, 
energy, or global) is related with increasing rates of both protein synthesis and degradation, and the 
protein turnover is higher in slow-twitch muscles compared with fast-twitch muscles. Variations in 
growth by genotypes are also related to protein turnover, and also to the number of muscle fibers. 
Muscle protein turnover in vivo is linked to postmortem tenderness development, through the prote-
olytic enzymes responsible for protein degradation, as they are active both in vivo and postmortem. 
Thus, high protein degradation at slaughter will continue postmortem and affect meat tenderness 
in a positive way.
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7 Collagen

Richard J. McCormick

7.1 IntroduCtIon

Collagens form the scaffold that is responsible for maintaining the structural integrity of skeletal 
muscle; they play a vital role in muscle growth and development and contribute to muscle diversity, 
functionality, as well as the quality characteristics of meat. From a quantity/volume standpoint, col-
lagens are by far the largest component of what is generally referred to as the extracellular matrix 
(ECM).

However, if not as abundant as collagen, other ECM components such as proteoglycans, glyco-
proteins, receptors, growth factors, and proteases are recognized as contributing essential structural 
and functional properties to the ECM and to the muscle as a whole.

Traditionally, a distinction has been made between the collagen or ECM “compartment” of mus-
cle and the cell itself. One thesis of this chapter is that the concept of compartmentalization of intra-
cellular and ECM requires modification. This is particularly true if the role of ECM components 
in muscle growth and development is considered. A second theme of this chapter is the remarkable 
plasticity of the skeletal ECM; clearly, if an animal is to grow, muscle tissue including the ECM 
requires the ability to change and adapt. This is obvious in the fetal, neonate, and immature animal, 
but is an equally valid concept for mature and senescent animals.
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This chapter focuses mainly on the collagen and proteoglycan components of muscle, with 
emphasis on the most current data and their relevance to skeletal muscle growth and development, 
and meat palatability characteristics.

7.2 eCm: ComPosItIon and organIzatIon

The ECM is comprised of several components, including collagens (by far the most abundant), 
elastin, proteoglycans, glycoproteins, and transmembrane complexes that anchor the ECM to the 
cytoskelelton of the myofiber as well as providing receptors for matrix- and cell-associated signaling 
(Sanes 2003; Jenniskens et al. 2006).

The ECM is arranged hierarchically into several domains (Figure 7.1). The basement membrane 
is composed of two layers: the basal lamina that directly overlays the sarcolemma and an outer layer, 
the fibrillar reticular lamina.

The basement membrane is composed of collagenous and non-collagenous proteins, proteogly-
cans, and glycoproteins. The basal lamina (50 to 100 nm thick) lies close and completely surrounds 
the muscle cell membrane (sarcolemma). It is composed of, in addition to predominantly Type IV 
collagen, various protein, proteoglycan, and glycoprotein domains, some of which connect the ECM 
with muscle cell structures, others with cell surface receptors, and others that respond to multiple 
growth factors. Jenniskens et al. (2006) list more than 40 components and their isoforms of the basal 
lamina and the cell surface of muscle cells. Overlying the basement membrane and surrounding each 
muscle fiber is a relatively thin collagenous layer called the endomysium; it provides a direct physi-
cal connection between adjacent myofiber, both head-to-tail and laterally. A considerably thicker 
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collagenous layer, the perimysium, forms bundles or fasciculi of endomysium-ensheathed myofibers. 
The whole muscle may be surrounded by a thick collagenous sheath, the epimysium, which may be 
contiguous with tendon, as in a muscle-to-bone connection or form aponeuroses in the case of mus-
cle-to-muscle junctions. By convention, ICMT usually refers specifically to the endo- and-perimysial 
connective tissues and excludes basement membrane and epimysial levels of the ECM.

7.3 tHe Collagen suPerFamIly

Barely four decades ago, collagen was thought to be a single molecule; currently, at least 29 distinct 
collagen types, the products of more than 30 genes, have been identified (Myllyharju and Kivirikko 
2004; Veit et al. 2006; Soderhall et al. 2007). The superfamily includes structurally diverse molecules 
with wide-ranging functions and tissue distributions. By way of standardization, all collagen types 
are identified by a Roman numeral, (e.g., I to XXIX). Collagen genes are named after the collagen 
type and the α-chain that is encoded (e.g., COL3A1 for the α-chain for Type III collagen). Collagens 
are divided into groups: (a) the fibrillar collagens, (b) the network collagens, (c) the filamentous col-
lagens, and (d) the fibril-associated collagens or FACITs and several subgroups including membrane 
collagens (Hulmes 1992; Boot-Handford et al. 2003; Ricard-Blum et al. 2005). To date in IMCT, 
collagen Types I, III, V (fibrillar), IV (network), VI (filamentous), XII and XIV (FACITs), and XIII 
(membrane) and XVIII (multiplexin) have been identified (Bailey and Sims 1977; Listrat et al. 1999; 
Listrat and Hocquette 2004; Jenniskens et al. 2006). In mammalian IMCT, the most abundant col-
lagens are Types I and III. Across a wide range of mature bovine muscles, in the perimysium Type I 
collagen predominates with Type III collagen comprising about 24% (L. dorsi) to 43% (P. major) of the 
combined Type I and Type III total. In contrast, in the endomysium, the proportion of Type III exceeds 
Type I collagen (53% to 58%, depending on muscle type) (Light et al. 1985). Type IV collagen is the 
major connective tissue element of the basal lamina and is also found in the endomysium although 
it occurs in small amounts compared to the fibrillar collagens (Mayne and Sanderson 1985). In the 
fish myocommata, collagen Types I, III, IV, V, and VI have been identified, with considerably more 
Type V and much less Type III present than in mammalian muscle (Sato et al. 1998; Bruggemann and 
Lawson 2005). With regard to both skeletal muscle growth and functionality, in mammals produced 
for food, research has focused almost exclusively on the most abundant collagens of the IMCT, Types 
I and III and in fish meat on Types I and V collagens (Sato et al. 1994; Sato et al. 1997). Unlike other 
tissues, notably cartilage and bone (Eyre and Wu 2005), the functions of the network, filamentous and 
fibril-associated collagens of skeletal muscle remain largely uninvestigated (Figure 7.2).

7.4 Collagen bIosyntHesIs and assembly

Many comprehensive reviews of biosynthesis of collagen exist. The current reviews focus on the 
more recently described collagens, while somewhat older works provide exhaustive detail on the 
biosynthesis of the fibrillar collagen Types I, II, III, and V (Nimni and Harkness 1988; Ricard-Blum 
et al. 2005; Hulmes 2008) (Figure 7.3).

By way of nomenclature, the collagenous domain of each collagen molecule consists of three 
α-chains with a [Gly-X-Y] repeating motif. The α-chains may be identical (homotrimer) or differ-
ent (heterotrimer). Type III collagen is a homotrimer; it consists of three identical α-chains. Type I 
is a heterotrimer with two α-chains alike and one different. The convention for describing different 
collagens involves assigning an Arabic number and a Roman numeral to each α-chain to differen-
tiate them. For example, [α III]3 is the designation for Type III collagen (three identical α-chains 
constituting Type III collagen). The designation for Type I collagen is α1(I)2 α2(II).

In skeletal muscle tissue, collagen is produced primarily by fibroblasts and myocytes. Collagen 
is synthesized intracellularly in the lumen of the endoplasmic reticulum and extensively modified 
after translation, both intracellularly and extracellularly.
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Collagen synthesis begins with the mRNAs specific for each individual α-chain, followed by 
message translation on the rough endoplasmic reticulum (ER). At this point, posttranslational mod-
ifications occur beginning with the hydroxylation of specific prolines by 3-proline or 4-proline 
hydroxylase (the predominant form in most tissues is 4-hydroxyproline). Specific lysine residues are 
then hydroxylated by lysyl hydroxylase and some hydroxylysines are glycosylated by a galactosyl-
transferase; some galactosyl residues are then modified by the addition of a glucose via glycosyl 
transferase. As cofactors, both prolyl and lysyl hydroxylase have requirements for oxygen, ferrous 
iron, a-ketoglutarate, and ascorbic acid (Nimni and Harkness 1988). Both hydroxylases exist in 
multiple isoforms. The prolyl 4-hydroxylases exist in several forms, three of which hydroxylate ver-
tebrate collagens. One may be involved in the synthesis of collagen in embryos (Myllyharju 2003). 
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Lysyl hydroxylases exist as three isoforms, and the expression of different isoforms in vertebrate 
tissue can have profound effects on collagen crosslinking, as discussed below (Mercer et al. 2003; 
Van der Slot et al. 2005; Takaluoma et al. 2007a; Takaluoma et al. 2007b).

The procollagen α-chains are synthesized with large globular domains, telopeptides, at the N- 
and C-termini. As the α-chains are released from the ER they assemble themselves in a triple 
helix. Recognition and trimerization of the individual α-chains followed by triple helix formation 
is a complex process involving the C-terminal propeptide. Triple helix formation begins at the 
C-terminal end of the molecules and proceeds toward the N-terminus (Snellman et al. 2007). Triple 
helix formation is assisted by a number of proteins that act as chaperones (Morimoto et al. 2008). 
The newly formed collagen propeptides are transported by the Golgi apparatus and secreted from 
the cell. As they exit the extracellular space, portions of the N- and C-telopeptides are excised by 
procollagen peptidases N and C.

Once in the extracellular space, the collagen molecules align themselves into microfibrils. The 
lateral displacement of each molecule relative to the other is about a quarter of its length. Thus, 
the degree of displacement is measured in D-periods (0–4). Microfibrils undergo lateral and end-
to-end aggregation to form fibrils. This pattern of displacement and aggregation gives rise to the 
striated appearance of collagen fibrils. Crosslinking begins once the microfibril is formed (Nimni 
and Harkness 1988).

7.4.1 CrossslinK ForMation

Collagen fibrils owe much of their stability (including thermal stability) to the process of intermo-
lecular crosslinking. Detailed reviews of the crosslinking process have been published (Eyre et al. 
1987; Reiser et al. 1992; Eyre and Wu 2005).

Crosslinking sites on collagen molecules are highly conserved; there are only four per molecule: 
two at the N-terminus (9N, 87) and two at the C-terminus (6C, 930). The crosslinking site on one 
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molecule is close to the crosslinking site of another when molecules align head-to-tail and adjacent 
molecules are staggered by 4 D-periods as in the microfibril.

Crosslinking is initiated by the oxidative deamination via the enzyme lysyl oxidase of specific 
lysines or hydroxylysines, which produces peptidyl aldehydes, termed allysine or hydroxyallysine, 
respectively. The head-to-tail lateral alignment of collagen molecules in a quarter-stagger array 
allows the aldehyde functions to react with other peptidyl aldehydes or unmodified lysine or hydrox-
ylysine residues on adjacent α-chains. The initial condensation products form reducible crosslinks 
that are divalent. Reducible crosslinks contain Schiff base double bonds that can be reductively 
labeled and can join only two collagen molecules. There are two major pathways by which cross-
links form: the first, the allysine pathway is based on lysine aldehydes and produces aldimine cross-
links; the second, the hydroxylallysine pathway, produces crosslinks rising from hydroxylysine 
aldehydes. Amadori rearrangement of the initial aldimine crosslinks formed between lysine and 
hydroxylysine aldehydes can produce ketoamine derivatives. In muscle tissue, crosslinking follows 
the hydroxyallysine pathway. The reducible crosslinks vary in their stability, with ketoamine cross-
links being heat stable and aldimine crosslinks heat labile. Crosslinking of collagen is a progressive 
process, and the reducible crosslinks undergo further condensation reactions and are replaced with 
mature nonreducible crosslinks. In the hydroxyallysine pathway, there are two mature, nonreduc-
ible, trivalent crosslinks: hydroxylsylpyridinium (HP) and a pyrrole-derived crosslink, sometimes 
called Ehrlich chromogen (EC) (Kuypers et al. 1992; Kuypers et al. 1994). Both HP and EC are 
mature end products in the hydroxyallysine pathway. Two dehydroxylated forms of these crosslinks, 
lysyl pyridinium (LP) and lysyl pyrrole, occur; LP is found in negligible amounts in muscle tissue 
(McCormick 1994a; Bosselmann et al. 1995). Both HP and LP are heat stable and their occur-
rence in muscle is also highly correlated with the thermal stability of collagen (Horgan, 1991). The 
pyridinium crosslinks have been the subject of substantially more investigation than the pyrrolic 
crosslinks (Eyre et al. 1984) (Figure 7.4).

Crosslinking patterns are regulated by the action of the lysyl hydroxylases (LH), with hydroxy-
lation of specific lysines determining the crosslink formed (Eyre and Wu 2005). Three LH iso-
forms have been shown to hydroxylate collagen sequences: LH1, LH2, and LH3. LH2 has been 
identified as a specific telopeptide hydroxylase. As more telopeptide lysines are hydroxylated, the 
degree of pyridininum crosslinking increases (Van der Slot et al. 2005). LH isoforms have been 
demonstrated in skeletal muscle (Mercer et al. 2003), although patterns of expression have not 
been investigated.

7.4.2 turnover and degradation

Collagen is usually considered a protein with a long half-life; once deposited, it remains in situ 
indefinitely. Collagen turnover studies, however, suggest otherwise, with extremely high and more 
modest turnover rates reported (McAnulty and Laurent 1987; Rucklidge et al. 1992). In normal 
growing animals, serum hydroxylproline levels attest to the degradation of collagen, which is abso-
lutely necessary for growth (Miller et al. 1989).

Collagen and other EMC components are degraded by the action of matrix metalloproteinases 
(MMPs). The activity of MMPs is regulated at several levels, transcriptionally by zymogen activa-
tion and by tissue inhibitors (TIMPs) (Visse and Nagase 2003; Carmeli et al. 2004). Measurement 
of proteinases and their inhibitors in bovine skeletal muscle revealed the presence of two collage-
nases (MMP-1, MMP-2), one gelatinase (MMP-2 or MMP-9), elements of an MMP activation sys-
tem, and TIMPs-1, -2, -3 (Balcerzak et al. 2001). In lambs, MMP-2 activity was detected at slaughter 
and at 21 days postmortem; animals with high MMP-2 activity had increased amounts of soluble 
collagen and increased hydroxyproline, indicating that collagen could be degraded to free amino 
acids (Sylvestre et al. 2002). There is ample evidence that the ECM, including the collagen network, 
is degraded postmortem (see below).
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7.5 elastIn

Elastin is a rubber-like, highly insoluble component of skeletal muscle. Its properties arise largely 
from its tetravalent crosslinks desmosine and isodesmosine (Reiser et al. 1992). Elastin comprises 
only a small fraction of the total collagenous tissue in muscle. Bendall (1967) conducted the most 
comprehensive study of the content of elastin in a variety of bovine muscles. Elastin as percent of 
dry weight ranged from a high of 2.0 in latissimus dorsi to a low of .07 in longissimus dorsi and 
psoas major. A muscle of some commercial importance, semitendinosus contains 1.82% elastin. 
Elastin as a percent of the collagen in muscle is generally quite low, 2% to 3%, the exceptions being 
latissimus dorsi and semitendinosus, 33% and 37% respectively.

Histochemical studies have identified the locations of elastin, which is generally observed 
throughout the epimysium and perimysium of the semitendinosus muscle. In contrast, in longissi-
mus dorsi, elastin is virtually absent within the perimysium (Bailey and Light 1989). While elastin 
may make substantial contributions to the mechanical behavior of muscles high in elastin content 
(e.g., semitendinosus), it is of less importance in other muscles.

7.6 ProteoglyCans

Proteoglycans represent some of the most diverse, complex, and multifunctional molecules in the 
biological world. Their contributions to muscle development are extremely significant and complex. 
The rapidly expanding biological world of collagens is exceeded in some measure by developments 
in the realm of proteoglycans. Comprehensive reviews on the role that proteoglycans play in skeletal 
muscle structure and development include Buckingham et al. (1994), Brandan and Larrain (1998), 
Carrino et al. (1999), Velleman (2002), Jenniskens et al. (2006), and Brandan et al. (2008).

Proteoglycans are macromolecules with a protein core to which at least one and as many as 100 
glycosylaminoglycan (GAG) chains are covalently bonded (Wight et al. 1991; Carrino et al. 1999). 
The highly variable core proteins range in size from about 40 to 400 kDa (Iozzo and Murdoch 1996; 
Velleman 2003). GAGs are repeating dissaccharide units of highly variable length (see Carrino et al. 
1999 for a description of their composition). GAGs are distributed among several major classes, 
including hyaluronic acid (HA) chondroitin sulfate, dermatan sulfate (DS), keratan sulfate (KS), 
heparan sulfate (HS), and heparin (Iozzo and Murdoch 1996; Carrino et al. 1999; Velleman 2002). 
All GAGs are highly sulfated and bear a strong negative charge, the exception being HA, which 
is neither sulfated nor attached to a core protein (Iozzo and Murdoch 1996; Carrino et al. 1999); it 
exists as a free GAG in the ECM and as such is not a proteoglycan.

Proteoglycans, being extremely complex, seem to defy a single means of classification. Iozzo 
and Murdoch (1996) suggested a binary system based on the nature of the core proteins: short 
leucine-rich proteoglycans (SLRPs) and modular proteoglycans. Alternatively, proteoglycans are 
often classified by the nature of their GAGs. Proteoglycans identified in skeletal muscle thus far 
are the SLRPs decorin (Iozzo and Murdoch 1996), biglycan (Bowe et al. 2000; Casar et al. 2004; 
Brandan et al. 2008), and fibromodulin (Pedersen et al. 2001). Other proteoglycans, generally bear-
ing HS GAGS, in muscle, include dematan sulfate proteoglycan (Eggen et al. 1994), syndecans 
1–4 (Stringer and Gallagher 1997; Velleman 2002; Zhang et al. 2007), perlecan, versican , and 
HS-containing collagen Type XVIII (Halfter et al. 1998). Closely associated with proteoglycans, 
particularly those of the basement membrane, are several glycoproteins. In muscle, these molecules 
include primarily the integrins, laminins, tenascins, nidogen, and the dystrophin-glycoprotein com-
plex (Bosman and Stamenkovic 2003).

7.7 morPHology oF tHe ImCt sCaFFold

Recent developments in IMCT preparation techniques, the use of scanning electron microscopy and 
X-angle diffraction, as well as the ability to make sensitive mechanical measurements on stretched, 



Collagen 137

passive, and contracted muscle tissue have allowed a heightened understanding of the structure and 
function of IMCT. The significance of morphological and mechanical observations of IMCT on 
muscle function in vivo is not to be discussed here. There are several comprehensive reviews on the 
subject available (Purslow 2002; Huijing and Jaspers 2005; Purslow et al. 2008).

Earlier microscopic studies (Rowe 1974; Borg and Caulfield 1980; Rowe 1981) describe the 
endomysium as a dense, felt-like network of collagen fibers overlaid by a less dense, thicker connec-
tive tissue layer, the perimysium. Rowe (1974, 1981) characterized the perimysium as composed of 
three distinct regions: (1) coarse, crimped fibers with a well-ordered cross-ply pattern; (2) a looser 
felt-like network; and (3) fine, randomly organized fibers. Rowe (1974) had previously reported that 
the cross-ply array of coarse, well-ordered, crimped fibers lay at an angle to the muscle fiber direc-
tion. Rowe (1974) further observed that the angle of the perimysial collagen fiber relative to the axis 
of the muscle fiber varied in the range of 45° to 60°. Purslow (1989) refined these measurements by 
plotting collagen fiber angle relative to sarcomere length. Over the sarcomere range (1.1 to 3.9 μm), 
the collagen fiber range angle varied from 20° (longest sarcomere length) to 80° (shortest). An at-
rest sarcomere length (2.0 μm) produced a collagen fiber angle of about 55° (Figure 7.5).

Recent studies have expanded our understanding of the structural organization of the perimysium 
(Passerieux et al. 2006; Passerieux et al. 2007). They describe collagenous attachments between the 
perimysium and the myofiber, called perimysial junction plates (PJP), and a network of tubular 
structures uniting two tendons. It was noted that at the PJP there was a distinct concentration of 
myonuclei and mitochondria beneath the sarcolemma. These findings suggest that the perimysium 
is involved in the transmission of contraction forces and that these forces are relayed to the muscle 
cell at the PJP, perhaps acting as a mechanosensing mechanism (Figure 7.6).

7.8 eCm: role In groWtH and develoPment

Collagens, proteoglycans, and glycoproteins play a critical role in muscle growth and development 
from myogenesis to fibrillogenesis. A detailed discussion of the complex interplay between non-col-
lagenous ECM components, including proteoglycans and glycoproteins, and transmembrane struc-
tures, growth factors, and cells is beyond the scope of this chapter; however, some recent reports 
concerning meat animals will be reviewed.

It has been accepted for decades that collagen is part of the signaling process in myogenesis 
(Hauschka and Konigsberg 1966). Myoblast adhesion to collagen is necessary for fusion and fur-
ther differentiation (Ruoslahti and Pierschbacher 1987), and collagen synthesis by myoblasts is a 
requirement for myogenesis. It was observed that addition or absence of non-collagenous molecules 
could inhibit collagen synthesis (Cates et al. 1984; Mayne and Sanderson 1985).

FIgure 7.5 Collagen fibers in epimysium of bovine sternomandibularis muscle. The edges of individual 
muscle fibers are visible as horizontal lines; the overlying cross-ply of collagen fibers is approximately ±54° 
to the direction of muscle fiber. (Source: From Purslow 2005.)
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As a class of molecules that regulate myogenesis and further growth and development, proteo-
glycans have been intensively studied. With regard to muscle development, the SLRP decorin, so 
named because it “decorates” collagen fibrils, has probably received the most attention. Decorin 
is a multifunctional molecule; it binds to collagen fibrils and also at the basal lamina. It is a regu-
lator of fibrillogenesis and arrangement of collagen fibrils in the ICMT (Nishimura et al. 2002; 
Nishimura et al. 2003; Ferdous et al. 2007). It also binds transforming growth factor β, a potent 
regulator of muscle cell proliferation (Brandan et al. 2008). It has a role in determining collagen 
architecture as well as modulating muscle cell growth by interacting, with growth factors (Li et al. 
2006).

The heparan sulfate proteoglycans, including syndecans and glypicans, and their influence on 
myogenic satellite cell proliferation and differentiation during different stages of muscle develop-
ment have been rather intensively studied (Velleman et al. 2007; Zhang et al. 2007; Zhang et al. 
2008). The developmental expression of selected proteoglycans has been the subject of numerous 
studies (Velleman et al. 1999; Carrino et al. 1999; Nishimura et al. 2002; Nishimura et al. 2003; Li 
et al. 2006; Liu et al. 2006).

Alterations in collagen composition and architecture during the course of muscle development 
from the fetal stage through the postnatal period into maturity have also been reported. In the 
bovine there was a shift in location (between perimysium and endomysium) of collagen Types I, III, 
V, and VI with increasing fetal age and Type XII and XIV collagens colocated in the perimysium. 
Type XII diminished after birth while Type XIV increased. As the fetus aged, collagen content 
decreased (Listrat et al. 1999; Listrat et al. 2000).

Similar studies have been undertaken with the goat (Shiba et al. 2007). Likewise in the fowl, 
developmental changes in the collagen characteristics of several muscle have been documented 
(Lawson and Purslow 2001; Nakamura et al. 2004).
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FIgure 7.6 (A) Tubular arrangement (tu) of perimysium; and (B) perimysial collagen fiber bundles (p) con-
necting the perimysium to myofiber (mf). (Source: From Passerieux et al. 2007.)
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7.9 Collagen and meat QualIty

Meat is a complex, composite substance. It consists of myofibers, connective tissue, and lipid. It 
is not surprising that coming to definitive conclusions about the causes of toughening in meat has 
been difficult. A good deal of work and ink has been expended in an attempt to understand the basis 
of tenderness and toughness in meat. The role that ECM plays in meat tenderness was recently 
reviewed by Purslow (2005), with emphasis placed on structural and morphological aspects of con-
nective tissue and their relationship to meat tenderness. The focus here is on biochemical qualities 
of EMC that influence tenderness.

7.9.1 the roles that Collagen CrosslinKing and tyPe Play in Meat texture

Generally, greater fractions of both Type III collagen and heat-soluble collagen are indicative of 
more youthful, labile, less crosslinked collagen. Indeed, Type III collagen is considered the embry-
onic form of fibrillar collagen, with greatest amounts occurring in the fetus and neonate. Type III 
collagen also tends to form smaller fibers than Type I collagen (Light et al. 1985). With maturation, 
Type III collagen is replaced by both Type I collagen and a greater complement of mature crosslinks 
(Kovanen and Suominen 1989). Efforts to correlate changes in proportions of Type I to III collagen 
to differences in texture have proved inconclusive. A positive correlation was reported (Burson and 
Hunt 1986), but other studies found no relationship between type and tenderness (Light et al. 1985).

Before the widespread quantitation of specific crosslinks, indeed before crosslinks were identi-
fied, an estimation of their presence was made using the heat solubility/insolubility procedure of 
Hill (1966). However, the correlation of collagen solubility with either meat tenderness or crosslink-
ing is often not good (McCormick 1994a; Lepetit 2008). Powell et al. (2000) describe an enzymatic 
assay using pronase digestion to assess collagen solubility that may be more discriminating than the 
heat solubility technique.

Some of the very earliest reports of crosslinking in muscle linked it to mechanical properties, 
notably toughening (Shimokomaki et al. 1972). The earliest researchers were first able to measure 
the reducible crosslinks but were handicapped by their lack of knowledge of the mature end-prod-
ucts, although they were predicted (Bailey and Light 1989). With the recognition that pyridinium 
crosslinks and later Ehrlich chromogen (EC) were mature, heat-stable, endpoint crosslinks on the 
crosslink pathway, which predominates in muscle, two good candidates for assessing collagen prop-
erties in meat were available. Most interest and effort have focused on the pyridinoline crosslink 
(HP), perhaps because it is relatively easily to measure.

Lepetit (2007) recently analyzed ten studies in which collagen crosslinks in muscle tissue 
were measured (Maiorano et al. 1993; Bosselmann et al. 1995; Field et al. 1996; Berge et al. 1997; 
McCormick 1999; Boutten et al. 2000; Shiba et al. 2000; Ngapo et al. 2002a; Ngapo et al. 2002b; 
Coro et al. 2002). He concluded that measurement of crosslinks, particularly pyridinoline, is a rea-
sonable predictor of tenderness. A few studies found little or no correlation between HP levels and 
tenderness (Young et al. 1994; Avery et al. 1996); whether this is due to a lack of proportionality 
between HP and EC or other factors is not clear.

The caveat is that meat often varies in parameters other than connective tissue such as muscle 
fiber resistance, sarcomere length, pH, and collagen morphology (Lepetit 2007). An example is 
the comparison between normal and callipyge lambs (Field et al. 1996). Callipyge lambs produce 
higher shear force values yet have fewer HP crosslinks per molecule of collagen. The lack of myo-
fibrillar protein proteolysis postmortem in the callipyge genotype provides an explanation for the 
failure of collagen crosslinking to correlate with shear force.

The collagen characteristics of fish muscle present a different issue than that of red meat animals. 
The soft texture of fish is deemed undesirable and texture is improved as crosslinking increases. 
Increased reducible and HP crosslinks contribute to a firmer, more desirable texture in Atlantic 
salmon (Li et al. 2005; Johnston et al. 2006).
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7.9.2 age and CrosslinKing Patterns

It is well known that with chronological age crosslinks progress from immature to more mature 
forms. Furthermore, the concentration of mature crosslink increases with age (McCormick 1994a). 
Immature reducible crosslinks occur transiently and in many tissues can be considered as inter-
mediate products. In skeletal muscle, reducible crosslinks are rapidly replaced with more mature 
forms. Shiba et al. (2007) noted that in goats, HP crosslink was present in muscle from fetuses 2 
weeks prior to parturition. In steers at 1 year of age , the concentration of HP in IMCT was more 
than twofold greater than its reducible precursor, the ketoamine crosslink, dihydroxylysinonorleu-
cine (McCormick 1994a). With regard to HP, a steady increase in this crosslink over time has been 
reported in both poultry (Coro et al. 2002) and cattle (Bosselmann et al. 1995). Interestingly, the 
progression of crosslinking occurs significantly faster in avian skeletal muscle than in the mammals 
examined. For example, in fowl (Leghorn chicken) pectoral muscle, HP values were in excess of 1.0 
mol HP/mol collagen by 1 year of age, although this high level of crosslinking occurred concomi-
tant with an overexpression of decorin (Velleman et al. 1996).

7.9.3 MusCle tyPe

The concentration of lysine aldehyde-derived crosslinks varies with muscle type and with a host of 
conditions related to time, growth, and adaptation. Data on muscle HP concentrations from various 
species, including cattle, sheep, pigs, and rats, suggest a relatively wide range of values for different 
muscles. This variability reflects muscle function and the extreme range of perimysial collagen 
amounts in different muscles (Light et al. 1985). When collagen concentration and crosslinking in 
five different bovine muscles that span a wide range of texture variation were compared, less tender 
muscles, such as biceps femoris (BF) and semimembranosus (SM), collagen concentrations were 
high, approaching 3%. Levels of HP were also high, at nearly 0.5 mol HP/mol collagen. Conversely, 
a muscle such as LD, the tenderness of which was much more acceptable than that of either BF or 
SM, possessed significantly less collagen (1.86%) and less crosslinked collagen (0.36 mol HP/mol 
collagen). Gluteus medius (GM) and psoas major (PM) muscles present an interesting contrast. The 
GM possessed a relatively high concentration of collagen (2.77%) but low concentrations of the HP 
crosslink (0.35 mol HP/mol collagen). The PM had little collagen (1.41%) but elevated crosslink lev-
els (0.45 mol PM/mol collagen). Nevertheless, both muscles possessed excellent textural character-
istics, with PM acknowledged as the most tender muscle (McCormick 1999). In young bulls, flexor 
digitorum and infraspinatus muscles had high collagen contents while PM had the lowest content. 
The insoluble collagen contents were the highest in triceps brachii and infraspinatus (Torrescano 
et al. 2003). In another study, three porcine muscles (LD, semimembranosus, and infraspinatus) 
were compared for collagen content and solubility and shrinkage during cooking; collagen solubil-
ity was highest in infraspinatus and lowest in semimembranosus (Voutila et al. 2007).

7.9.4 aniMal sex

Animal sex affects collagen crosslinking in cattle muscle (Huff and Parrish 1993; Bosselmann 
et al. 1995). Using testosterone-mediated growth of lambs as the model, we examined collagen 
concentration, collagen heat solubility, collagen phenotype, crosslinking, and shear force of the LD 
of both rams and wethers (Maiorano et al. 1993). Meat from intact males is tougher than that from 
similar-age castrates. The IMCT from rams clearly possessed greater mature crosslinking (about 
40%) than IMCT from wethers, but at the same time had proportionately more Type III collagen and 
heat-labile collagen. Because rams under the influence of testosterone synthesized more collagen 
than wethers (Miller et al. 1989), the youthful nature of their IMCT as typified by phenotype and 
solubility is understandable. These data suggest that textural differences are due largely to increased 
mature crosslinking, the effect of which may be exacerbated by elevated amounts of collagen in the 
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muscle of rams compared to wethers. Previous studies have documented significantly increased 
metabolic activity of collagen (synthesis and turnover) in the presence of testosterone, which prob-
ably accounts for the somewhat elevated muscle collagen concentration in rams. Harder to explain 
is the association of these attributes with rapid and extensive crosslinking of the IMCT. Certainly 
our inability to relate some physical and biochemical properties of muscle tissue to crosslinking 
patterns stems from a lack of knowledge of the mechanisms that regulate crosslinking in muscle. 
Reports that show that the expression of lysyl oxidase is affected by sex may shed light on the gen-
der effort on collagen crosslinking (Werman et al. 1995).

7.9.5 growth

Treatment or conditions that result in connective tissue turnover, and usually muscle growth, also 
markedly influence collagen characteristics. Although variations in collagen characteristics between 
muscle types is reasonably predictable, a more complex issue is the change that occurs in connec-
tive tissue of a muscle with the multiple factors that affect muscle growth and adaptation over time. 
Within a muscle type, numerous treatments that apparently result in remodeling of the muscle con-
nective tissue matrix will influence crosslinking patterns. Examples include compensatory growth, 
somatotropin-mediated growth (McCormick 1994a), nutrition-enhanced growth rate (Maiorano 
et al. 2007), and exercise (Zimmerman et al. 1993).

7.9.6 Meat tenderness: raw or CooKed?

With regard to shear and fracture of samples of meat, raw meat behaves differently than cooked 
meat. There is often a very good correlation between shear force values and collagen concentra-
tion in a wide range of muscles across species (Liu et al. 1996; Dransfield et al. 2003; Torrescano 
et al. 2003). In cooked meat, however, the correlations between collagen content and shear force 
are generally lower (Dransfield et al. 2003; Serra et al. 2008). It has been noted that proteoglycans 
can also influence the mechanical properties of raw meat (Nishimura et al. 1995, 1996) but they are 
solubilized with heat (Bailey and Light 1989).

7.9.7 shortening and tension develoPMent

Collagen is a unique molecule because, when assembled into a fibril, thermal denaturation results 
in shrinkage of the fibril accompanied by force or tension development. The unraveling of the col-
lagen helix when the thermal shrinkage temperature (Ts) is reached produces a spring-like effect 
in the unfolded collagen molecules. The degree of tension or shrinkage developed is a function of 
how heavily the collagen is crosslinked with mature, heat-stable crosslinks (Bailey and Light 1985). 
As the temperature increases from 80 to 90°C and above, the temperature of denaturation (Td) is 
achieved and the collagen will gelatinize.

Step-wise, temperature-dependent increases in tension development and shrinkage occurring 
in both single muscle fibers (endomysium) and in muscle fiber bundles were demonstrated using 
mechanical and histochemical techniques (Bendall and Restall 1983). The initial shrinkage, which 
is minimal and occurs around 58°C, probably corresponds to shrinkage of Type IV basement 
membrane collagen surrounding the myofibers. However, when temperature exceeds about 64°C, 
the critical shrink temperature of the perimysial collagen (Types I and III), tension development, 
shrinkage, and fluid expression rapidly increase (Bouton et al. 1976) (Figure 7.7).

As the temperature is raised incrementally past the critical temperature (>64°C), tension also 
increases stepwise. The tension development corresponds to the unraveling and contraction of the 
collagen triple helix. When the temperature decreases to 38°C, the collagen molecules assume their 
native, rigid rod-like conformation and tension is relieved. In the case of beef sternomandibularis 
muscle, tension development continues to increase up to 94°C. Significantly, when PM is subjected 
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to a similar heating regimen, it can develop only about a third of the force of the sternomandibularis 
muscle. The difference in tension development between the two muscles is a function of collagen 
content and how heavily crosslinked the collagen is (Bailey and Light 1985; Lepetit 2007).

7.9.8 CooKing and toughening

As meat is cooked, the shear force (toughening) increases in a biphasic manner. The first phase 
of toughening from 20 to 50°C has been attributed to the perimysial fraction of the meat (Bouton 
et al. 1976; Bouton et al. 1981; Lewis and Purslow 1989; Christensen et al. 2000). Above 50°C, 
the breaking strength of the perimysium declines steadily (Christensen et al. 2000); there is a 
second phase of toughening beginning at 60 to 65°C. The toughening of meat above this point is 
attributed to the denaturation of the myofibrillar component, which hardens and perhaps dehy-
drates. One explanation for the increase in perimysial breaking strength at 20 to 50°C is the loss 
of crimp in the perimysial collagen fibers. Straightening of the crimp would effectively increase 
the concentration of collagen fibers in a given area and increase breaking strength (Christensen 
et al. 2000).

As the IMCT reaches and exceeds Ts, the shrinkage of collagen and tension development 
expresses fluid from the myofibers. The contribution of fluid expression and other factors such 
as denaturation of the cytoskeletal proteins to toughening has not been adequately investigated 
(Purslow 2005).

7.9.9 Ph oF PostMorteM MusCle

The temperature required for collagen gelatinization is highest in the pH range 5 to 6, the isoelectric 
point of collagen. Further decreases in pH lead to the hydration of collagen fibers, which decreases 
the temperature needed for thermal transition, that is, Ts and Td (Miles et al. 2005). The decrease in 
thermal transition temperature is also associated with the breakage of acid-labile crosslinks (Offer 
et al. 1989; Lewis et al. 1991; Usha and Ramasami 2000). Due to enhanced gelatinization, the ten-
sion developed by collagen shrinking is reduced and the meat retains more water on cooking (Gault 
1985; Lewis et al. 1991). However, the low pH of PSE pork (ultimate pH 5.43) did not affect the 
thermal characteristics of connective tissue when compared with normal pork (ultimate pH 5.64) 
(Voutila et al. 2008). A larger decrease in pH may be needed to affect transition temperature.

Time (min)

63°

??

68°Tem
pera

ture

Tensio
n

94° 94°

38° 38°

Te
m

p 
(°C

)

0 10

100

200

300

400

500
Te

ns
io

n 
D

ev
el

op
ed

 (T
g/

cm
2 ) 600

20 30 40 50 60
30

40

50

60

70

80

90

FIgure 7.7 Plot of tension developed in muscle strips over time as temperature increases from 30 to 94°C. 
Note the relaxation of tension when strips are cooled. (Source: From Bendall and Restall 1983.)



Collagen 143

7.9.10 PostMorteM Conditioning

Postmortem aging of carcasses is a very effective method of increasing meat tenderness. Such tender-
ization is mainly due to the hydrolysis of myofibrillar proteins. Numerous studies indicate a degrada-
tion of the collagen network with increasing time postmortem (Nishimura et al. 1995). Aging also 
decreases the breaking strength of the perimysial connective tissue in raw meat (Lewis et al. 1991). 
In addition, connective tissue resistance to shear force is reduced for meat cooked to 50°C but not for 
meat cooked to 60°C or above, the usual temperature for meat (Lewis et al. 1991). During postmor-
tem aging, proteoglycans are likewise degraded, resulting in the weakening of perimyisum and the 
separation of collagen fibrils and fibers from endomysium and perimysium (Nishimura et al., 1996). 
The data clearly indicate substantial degradation of connective tissue during postmortem ageing, 
although its contribution to the reduction in toughness of cooked meat is minor (Lewis et al. 1991).

7.10 summary

The ECM is critical to the growth, development, and maintenance of skeletal muscle. There is an 
elaborate set of signaling mechanisms that permit communication between the ECM and the myofi-
ber. Exactly how these signals might affect cellular metabolism under various conditions is not fully 
elucidated. A fuller understanding of the relationship between the myofiber and the surrounding 
ECM has the potential to allow manipulation of skeletal muscle growth and characteristics.

Much progress has been made toward understanding the chemical nature of collagen cross-
links and the pathways that result in their formation. Furthermore, an increasing body of evidence 
indicates that crosslinking is important to meat texture and is influenced by a myriad of practices 
and circumstances that accompany animal production. Future research should focus on elucidating 
mechanisms governing crosslinking formation in skeletal muscle.
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8 Protein Degradation 
Postmortem and Tenderization

D.L. Hopkins and G.H. Geesink

8.1  IntroduCtIon

Multiple factors — including palatability, water-holding capacity, color, nutritional value, and 
food safety — determine meat quality. The importance of these factors varies, depending on 
both the product and the end user of the product. Flavor, juiciness, and tenderness influence the 
palatability of meat. Among these traits, tenderness is ranked as most important for beef meat 
(Thompson 2002), but has lesser influence in sheep meat (Thompson et al. 2005). The three fac-
tors that determine meat tenderness are “background toughness,” the toughening phase, and the 
tenderization phase. While the toughening and tenderization phases take place during the post-
mortem storage, or ageing period, background toughness exists at the time of slaughter and does 
not change during the storage period. The effect of postmortem storage on tenderness is illustrated 
in Figure 8.1.

Variation in the background toughness is due to the connective tissue component of muscle. In 
particular, the organization of the perimysium appears to affect the background toughness, because 
a general correlation between characteristics of the perimysium and tenderness of muscles has been 
found for both beef and chicken (Strandine et al. 1949). The toughening phase is caused by muscle 
shortening during rigor development (Wheeler and Koohmaraie 1994; Koohmaraie et al. 1996). 
The known effect of the interaction of the rate of postmortem glycolysis and temperature decline on 
shortening have led to industry recommendations on optimal processing conditions and procedures 
aimed at minimizing shortening for beef (Thompson 2002) and sheep (Thompson et al. 2005).

While the toughening phase is similar for carcasses under similar processing conditions, there 
is a large variation in both the rate and extent of tenderization. It has been known for a long time 
that meat tenderness improves during refrigerated storage, and it was suggested almost a century 

Contents

8.1 Introduction .......................................................................................................................... 149
8.2 Mechanisms of Tenderization ............................................................................................... 151
8.3 Degradation of Myofibrillar Proteins ................................................................................... 152
8.4 Cathepsins ............................................................................................................................. 153
8.5 Calpains ................................................................................................................................ 155

8.5.1 The Role of Calcium ................................................................................................. 155
8.5.2 Optimal Conditions for Calpain Activity ................................................................. 157
8.5.3 Protein Degradation due to Calpain Activity ........................................................... 158
8.5.4 The Contribution of the Calpains to Tenderization .................................................. 160

8.6 Inhibition of Cathepsins and Calpains ................................................................................. 163
8.7 Serine Proteases and Proteasomes ....................................................................................... 164
8.8 Caspases ................................................................................................................................ 165
8.9 Summary .............................................................................................................................. 165
References ...................................................................................................................................... 166



150 Applied Muscle Biology and Meat Science

ago that this is due to enzymatic activity (Hoagland et al. 1917). It is now well-established that post-
mortem proteolysis of myofibrillar and associated proteins is responsible for this process, but it is a 
matter of debate about which proteases are responsible for tenderization and which muscle proteins 
are degraded (Hopkins and Thompson 2002b; Koohmaraie and Geesink 2006; Ouali et al. 2006).

The protease systems that have been studied in relation to postmortem tenderization include the 
calpain system, cathepsins, the multicatalytic proteinase complex, and, to a lesser extent, caspases. 
The purpose of this chapter is to discuss the involvement of these protease systems in meat ten-
derization and to refer the reader to key publications concerning this issue. However, for a proper 
understanding of factors determining meat tenderness, some basic knowledge of the organization 
of muscle tissue is a prerequisite. A brief overview of muscle structure will be presented in the fol-
lowing text.

Skeletal muscle is a highly organized tissue, built up of individual cells known as fibers, that 
are held together by connective tissue. The order of component breakdown is (1) muscle (2) muscle 
fasciculus (3) muscle fiber/muscle cell, and (4) myofibril. Each muscle fiber consists of a large num-
ber of single strands called myofibrils, and these are comprised of myofilaments that are based on 
thin and thick filaments, predominantly made up of actin and myosin, respectively (Rawn 1989). 
Myosin is a large protein consisting of 2 heavy chains, each with a molecular weight of 220 kDa 
and 2 pairs of small subunits referred to as light chains (Bandman 1999). Two regulatory proteins 
(tropomyosin and troponin) are associated with actin. Troponin is a complex of 3 subunits (Wong 
1991). Myofibrils are laterally linked to the sarcolemma and to other myofibrils in the Z-disk region 
via transverse intermediate filaments, termed costameres, which include such proteins as desmin, 
filamin, talin, and vinculin. Desmin also connects the Z-disk proteins between myofibrils (Taylor 
et al. 1995a) and contributes to the maintenance of sarcomere structure. Integrins are cell adhesion 
proteins that link the extracellular matrix to the cytoskeleton, which is also important for signaling 
pathways. Titin (or connectin) is a large protein (up to 3700 kDa; Labeit and Kolmerer 1995) that is 
crucial to the orderly organization of the sarcomere. The sarcomere and cytoskeletal structure have 
been reviewed by Greaser (1991) and Small et al. (1992). This protein provides, along its length, 
binding sites for other sarcomere proteins, and the carboxyl-terminal region of titin is reported to 
bind to myosin (Maruyama 1997). Taylor et al. (1995a) provides a schematic diagram of how titin 
interacts with actin and myosin, and also illustrates where other proteins such as desmin and vincu-
lin are located in the sarcomere and in Figure 8.2 a proposed arrangement for proteins in the Z-disk 
is provided.

After death, muscle filaments are in a continuous state of contraction and relaxation, and as 
glycolysis proceeds, glycogen levels drop, ATP is depleted and the filaments enter rigor and a con-
tracted state, although this process does not occur uniformly throughout a sarcomere (Hwang et al. 
2003). Myosin molecules devoid of ATP become permanently bound to actin filaments to form the 
actomyosin complex (Rawn 1989), causing muscles to become inextensible. Protein degradation 
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FIgure 8.1 Proposed time course changes in shear force of ovine longissimus during postmortem storage. 
Maximum contraction occurs somewhere between the arrows as the muscle enters rigor. (Source: Adapted 
from Wheeler and Koohmaraie. With permission of the American Society of Animal Science.)
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(proteolysis) of the myofibrillar proteins can precede (i.e., before rigor) tenderization (Hopkins and 
Thompson 2001c), and the degree of disruption of the proteins (such as titin and nebulin) will influ-
ence the final tenderness of meat.

8.2  meCHanIsms oF tenderIzatIon

Although there is good evidence that specific myofibrillar muscle proteins are degraded during the 
immediate postmortem period (Bandman and Zdanis 1988), the total proportion of protein degraded 
is considered very small (Davey and Gilbert 1966), while there are also substantial reductions in 
toughness. There is also debate as to whether the cysteine proteases, in particular the calpains 
(Dransfield 1993; Uytterhaegen et al. 1994; Koohmaraie 1996; Koohmaraie and Geesink 2006), are 
largely responsible for this degradation, or whether the cathepsins and other enzyme systems (Goll 
et al. 1992; Ouali 1992; Zeece et al. 1992; O’Halloran et al. 1997; Roncales et al. 1995; Quali et al. 
2006) have a role. These issues will be discussed in this chapter in relation to general principles 
drawn from studies on bovine and ovine muscle. The mechanism that drives tenderization post-rigor 
has demanded significant attention, and several explanations for this process have been proposed; 
but given the requirement for remodeling of protein in living muscle (Goll et al. 1998), it is apparent 
that such enzymatic pathways must also be central to postmortem proteolysis. There are a growing 
number of reviews that summarize the biochemical changes occurring in meat during the postmor-
tem period (Ouali 1992; Koohmaraie 1996; Geesink et al. 2000; Hopkins and Thompson 2002b, 
Sentandreu et al. 2002; Hopkins and Taylor 2004; Ouali et al. 2006), and we will draw on the 
overview provided by Hopkins and Taylor (2004). Quantification of the contribution of individual 
proteins to tenderization remains a challenge and, although the rate of disappearance of individual 
proteins may not always match changes in toughness (Dransfield 1997), this does not diminish the 
strategic and cumulative contribution that such degradation may have.

Most of the reduction in toughness is attributed to changes in the myofibrillar proteins as dis-
cussed below. In general, connective tissue is stable postmortem (as reviewed: McCormick 1994; 
Purslow 1994) although after extended periods of storage, intramuscular connective tissue (IMCT) 
does show signs of structural changes (Nishimura et al. 1995). In fact, Nishimura et al. (1998) have 
described a method to examine the mechanical strength of IMCT and have shown that after 10 days 
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of ageing there was a decrease in strength of this tissue in beef meat. A curve illustrating the reduc-
tion during storage of toughness post-rigor (i.e., tenderization) is shown in Figure 8.1. There are two 
important features of this curve: the post-rigor slope and the maximum toughness (measured as 
shear force) obtained at rigor. It is accepted that individual curves for the same muscle from differ-
ent animals will show considerable variation (Koohmaraie et al. 2002), but the generalized curve 
serves as a useful model for discussing mechanisms. The absolute values obtained at maximum 
contraction (Figure 8.2) are of great importance, for these will influence the rate of ageing post-rigor 
(Herring et al. 1967) and also because it will reflect the degree of ageing required to reach accept-
able tenderness levels. Temperature during pre-rigor storage has been found to have a large impact 
on the extent of shortening (Locker and Hagyard 1963), and this varies considerably between dif-
ferent muscles in the carcass (Cena et al. 1992). As such, there is opportunity to alter the maximum 
toughness achieved (measured as shear force) by managing chilling conditions pre-rigor within the 
restraints imposed by food safety regulations or by the use of pre-rigor stretching.

The degradation of myofibrillar muscle proteins during the postmortem period has also been 
studied using a number of techniques, including the determination of free amino acids, fragmen-
tation of myofibrils, measurement of protein solubility, measurement of non-protein nitrogen, gel 
electrophoresis, and Western blotting. Recent developments in the proteomics field have provided 
more detailed information on the degradation of proteins postmortem (Bendixen 2005). In their 
review, Hopkins and Thompson (2002a) provided a detailed overview of the degradation of various 
myofibrillar proteins as assessed by conventional electrophoresis and some relevant facts will be 
reiterated here.

8.3  degradatIon oF myoFIbrIllar ProteIns

In discussing the patterns of degradation of individual skeletal proteins, it is unrealistic to expect 
that the disappearance of a single myofibrillar protein could be used to explain tenderization. The 
evidence indicates that a number of proteins associated with the thin and thick filaments and oth-
ers found at the periphery of the Z-disk are degraded under normal postmortem chiller conditions. 
Contrary to earlier suggestions that Z-disk degradation was significant during postmortem storage 
of muscle (Davey and Gilbert 1968), the evidence from the work of Taylor et al. (1995a) shows that 
degradation of proteins near the Z-disk is what actually occurs. This conclusion can now extend at 
least for titin to other regions of the sarcomere (Greaser et al. 2000). In fact, several ultrastructural 
studies from the 1970s clearly show that the myofiber breaks in the I-band region and that the Z-disk 
is stable (Davey and Graafhuis 1976; Abbot et al. 1977; Gann and Merkel 1978).

The large protein titin (up to 3700 kDa; Labeit and Kolmerer 1995), crucial to the orderly orga-
nization of the sarcomere, has been clearly shown to degrade into fragments during the postmortem 
period (Robson et al. 1991), as has another large protein nebulin (Huff-Lonergan et al. 1996a) that 
is associated with actin. Degradation of both titin and nebulin were the suggested reasons for the 
increased fragility of myofibrils in the I-band region (Taylor et al. 1995a) and were linked to the 
major decrease in toughness that occurs between 24 to 72 hours postmortem (Dransfield et al. 1992a; 
Wheeler and Koohmaraie 1994), but the extent of changes will be mediated by muscle types (Taylor 
et al. 1995a). Proteins associated with muscle contraction, such as myosin, actin, and α-actinin, have 
been reported to be resistant to degradation under “normal” chiller conditions, and purified calpain 
does not degrade actin or α-actinin (Goll et al. 1991). The apparent resistance of these proteins to 
degradation is used to discount the role of cathepsins in tenderization (Koohmaraie 1996; Roncales 
et al. 1995) as these proteins are degraded in the presence of cathepsins at elevated temperatures 
and pH. However, the recent report of Hwang et al. (2005), using 2-dimensional electrophoresis 
and mass spectrometry (proteomics), did show some degradation of these proteins under “normal” 
chiller conditions. Hwang et al. (2005) did contend, however, that the extent of the degradation was 
unlikely to contribute to tenderization, but proteomics will continue to shed light on protein changes 
that previously could not be detected.
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Troponin-T is associated with the contractile proteins myosin and actin and has been clearly shown 
to degrade postmortem (Penny and Dransfield 1979), giving rise to a 30-kDa protein fragment (Ho 
et al. 1994). This fragment has been associated with a decrease in toughness (Huff-Lonergan et al. 
1995; Huff-Lonergan et al. 1996a; Steen et al. 1997). However, given that Troponin-T does not have a 
structural role in myofibrils, its degradation likely contributes little to tenderization. Its degradation 
can be interpreted as an indicator of postmortem proteolysis, but not as causative of tenderization.

Other proteins that are important in maintaining the functional capability of muscle are those 
of the costameres and the cytoskeleton. Costameres connect Z-disks to the sarcolemma and are 
made up of proteins such as vinculin, talin, desmin, dystrophin, and β-spectrin. A summary of 
the characteristics of these proteins was given by Robson et al. (1997). Work with human skeletal 
muscle using confocal microscopy and immunofluorescence (Mondello et al. 1996) suggests that 
vinculin, desmin, and talin are located at both the Z-disk and the M-line. If this is also true for 
bovine/ovine muscle, then their degradation will be of more significance for detachment of myofi-
brils from the sarcolemma and thus tenderization. Vinculin was shown by Taylor et al. (1995a) to 
be readily degraded under normal postmortem chiller conditions, and a decrease in shear force and 
an increase in myofibrillar fragmentation index (MFI) in ovine muscle paralleled its disappearance. 
This degradation, in part, explains the detachment of the sarcolemma from the myofibrils, which 
was observed in electron micrographs of aged versus fresh muscle (Taylor et al. 1995a). Related 
to this, the degradation of vinculin and filamin has been implicated in the detachment of adjacent 
myofibrils (Taylor et al. 1995a; Taylor and Koohmaraie 1998). Wheeler and Koohmaraie (1999) 
showed that desmin, an intermediate filament protein, was degraded at the same rate in shortened as 
in control muscle over 10 days of ageing, and that the reduction in shear force was similar between 
shortened and control muscle. They also reported that the disappearance rate of desmin was highly 
correlated with the disappearance of troponin-T. Huff-Lonergan et al. (1996a) found that the disap-
pearance of desmin and filamin was faster in meat that had a faster rate of tenderization. There has 
been extensive work to discover which enzyme groups are responsible for protein degradation in 
postmortem muscle, and the main contenders are discussed in subsequent sections.

8.4  CatHePsIns

The calpains and a number of the cathepsins contain a cysteine residue that binds covalently to a 
substrate (Ertbjerg 1996). Goll et al. (1989) provided a classification of the cathepsins with indica-
tive pH levels for optimal activity, which are all in the acidic range; and Zeece et al. (1992) have 
reviewed their potential role in meat ageing. Much of the focus on cathepsins and their role in meat 
tenderization has been directed toward B (EC 3.4.22.1), L (EC 3.4.22.15) and D (EC 3.4.23.5), which 
are endopeptidases. Cathepsins B and L (cysteine proteases; EC 3.4.22) have also been shown to 
exhibit exopeptidase activity. The endogenous family of cystatins located in the sarcoplasm inhibits 
their activity, and a review of these inhibitors was provided by Turk and Bode (1991). A short sum-
mary of their characteristics was provided by Ouali et al. (2006).

Cathepsins are located in the lysosomes (Goll et al. 1983) and thus to play a part in myofibril deg-
radation, they must be released from the lysosomes, which is feasible given the failure of ion pumps 
in membranes during the development of rigor. Pommier et al. (1987) showed that the amount of 
free cathepsin D (an aspartic protease) increased during ageing, which they attributed to a fall in 
pH and lysosomal rupture, but concluded this did not have an impact on tenderization; whereas in 
ostrich meat, Thomas et al. (2004) reported that this enzyme remained active over 12 days of ageing 
after extraction from meat, but there was no relationship with tenderness. Others have suggested 
that there is no lysosomal rupture during ageing (Whipple et al. 1990). Attempts to study the struc-
tural integrity of lysosomes during ageing have used the electron microscope (Chambers et al. 1994) 
and, more recently in a preliminarily report, histochemistry was used (Mobark et al. 1999). Both 
studies suggested that leakage from the lysosomes does occur during ageing, although the activity 
of cathepsins D and B was minimal in the latter study. The low activity was attributed to either a 
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lack of sensitivity of the technique or the action of cystatins. In addition, lysosomal enzyme activity 
is often associated with lipid droplets in muscle and is also detected in endoplasmic reticulum after 
14 days of postmortem storage (Taylor et al. 1995b). It is perhaps the reticulum staining, which was 
reported by Dutson and Lawrie (1974) as diffuse staining near the Z-line within 5 days of postmor-
tem storage. It is noteworthy that Chambers et al. (1994), Dutson and Lawrie (1974), and Taylor 
et al. (1995b) all found intact lysosomes during postmortem storage for up to 14 days, indicating 
that lysosomes are stable structures. However, O’Halloran et al. (1997) did find a shift in cathepsin 
B activity from the lysosomal to the soluble fraction during ageing. Interestingly, they also found 
a reduction in the level of activity of cathepsin B in the soluble fraction between 24 hr and 6 days 
postmortem in fast glycolysing muscle and an increase in the lysosomal fraction, although when 
considered together this did not occur for cathepsins B and L. Adding further support for the stabil-
ity of lysosomes postmortem, Jung et al. (2000) showed that beef muscle lysosomes are stable in 
beef aged for 2 days and subjected to pressures up to 600 MPa.

Careful scrutiny of the studies on cathepsins show little support for the conclusion that these 
enzymes have a role in postmortem proteolysis and thus tenderization, as invariably they were con-
ducted under conditions atypical for the myofibrillar environment during the postmortem period. 
Matsukura et al. (1981) and Mikami et al. (1987) demonstrated that of the cathepsins, type L 
degraded the largest number of different myofibrillar proteins. In both studies, degradation was 
studied under high-temperature, low-pH conditions and was evidenced throughout the sarcomere. 
Robbins and Cohen (1976) also reported that incubation of bovine muscle with cathepsins caused 
loss of Z-lines, a structural change that is not normally observed postmortem. In some cases, 
Z-disk structure was lost in addition to changes in the I-band. The fact that actin and myosin are 
not generally observed to degrade during normal chilled storage of meat is a major hurdle for those 
who propose a role for cathepsins in tenderization, because as evidenced in a number of studies 
(Schwartz and Bird 1977; Matsukura et al. 1981; Okitani et al. 1981), these proteins are commonly 
degraded when myofibrils are incubated in the presence of cathepsins. Having said this, it should 
be noted, however, that proteomics may reveal subtle changes that previously could not be detected 
(Hwang et al. 2005).

In a study by Koohmaraie et al. (1991), it was shown that although lamb and beef had similar 
cathepsin B and B + L activity measured at death, the rates of tenderization were very different. 
Whipple et al. (1990), working in the same laboratory, found that the activity of cathepsins B and B 
+ L did not explain the differences in tenderness of muscle from Bos indicus and Bos taurus cattle. 
Ertbjerg et al. (1999) made very similar conclusions, finding that cathepsin B and L activity in beef 
is closely related to actin and myosin degradation but not to the appearance of degradation products 
normally found in meat, such as the 30-kDa protein. O’Halloran et al. (1997) suggested that the 
higher activity of cathepsins B and B + L in the soluble fraction from fast glycolysing muscle was, in 
part, responsible for a lower shear force measured at 2 and 6 days postmortem, compared with slow 
glycolysing muscle. By contrast, the report of Thomas et al. (2004) demonstrated that the activity 
of extracted cathepsins (B, L, H, and D) was still detectable 12 days after death but there was no 
reduction in shear force, and thus no tenderization. Such conflicting conclusions may well reflect 
variations in extraction techniques, methods of assaying enzyme activity, and, in general, a lack of 
rigorous statistical techniques to quantitatively link variation in cathepsin activity with measures of 
toughness such as shear force.

In a review of the mechanisms controlling tenderization, Ouali (1992) suggested that cathepsins 
do contribute to degradation, citing results from experiments in which both rabbit and beef muscles 
were studied; but in a more recent review, Ouali et al. (2006) provided no new substantive evidence 
to support the earlier claim. The accumulated evidence makes it difficult to conclude that cathepsins 
are a major contributor to tenderization, particularly in the early postmortem period, given the fol-
lowing points: (1) the requirement for these enzymes to leak from lysosomes and into the cytosol; 
(2) the acidic conditions that these enzymes require for optimum activity; (3) the fact that under 
normal chilling conditions, proteins such as myosin and actin are not degraded, yet these are readily 
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degraded when myofibrils are incubated with cathepsins; and (4) the lack of significant studies that 
have demonstrated a link between tenderization and the activity of these enzymes. This conclusion 
is reinforced by the results of studies in which inhibitors to these enzymes have been used as recog-
nized in the review of Sentandreu et al. (2002).

8.5  CalPaIns

Busch et al. (1972) showed that an endogenous protease activated by calcium could degrade myo-
fibrillar proteins, resulting in a significant decrease in isometric tension. Optimal activity of the 
unidentified enzyme was at pH 7.0 and required levels above 0.1 mM Ca2+ in vitro. Subsequent data 
showed that the action of the Ca2+ ions was toward the enzyme itself and not on the myofibril sub-
strates (Dayton et al. 1976). Additionally, it was suggested that cysteine side chains on the enzyme 
were important for its proteolytic activity, but that at 37°C, the enzyme underwent autolysis in the 
presence of Ca2+ ions. The first report of calpain activity related to meat tenderness was by Olson 
et al. (1977) and is discussed further below.

Murachi et al. (1981) described the enzyme (EC 3.4.22.17) as having two forms, which were 
given the names calpain I and calpain II, the latter form requiring much higher levels of Ca2+ ions 
for activation. These authors indicated that the enzymes had been found in a range of tissues, with 
the earliest report in brain tissue (Guroff 1964). An endogenous inhibitor of the enzymes was named 
calpastatin (Murachi et al. 1981). It was reported that less of this inhibitor was required to reduce 
calpain II activity and that inhibition occurred by the binding of Ca2+ ions to the calpains (I and II), 
resulting in a conformational change, thereby allowing interaction with calpastatin and inhibition. 
A detailed review by Wendt et al. (2004) described the inhibitory mode of calpastatin and discussed 
the importance of Ca2+ for calpastatin effectiveness.

More recently, another member of the calpain family has been identified, usually referred to as 
p94 or calpain 3. Calpain 3 was originally reported to be specific to muscle tissue (Sorimachi et al. 
1989), but this has now expanded to other tissues (Goll et al. 2003). This calpain has been reported 
to bind to 2 distinct sites on titin (Labeit et al. 1997). Other ubiquitous forms in skeletal muscle have 
also been characterized. These include isoforms such as calpain 10, which has been reported to be 
associated with the sarcolemma and does not possess domain IV, which binds calcium (Ma et al. 
2001). The review by Goll et al. (2003) provided an exhaustive overview of the presence of the dif-
ferent forms of calpains across a range of species.

8.5.1  the role oF CalCiuM

Etherington (1984) suggested that calpain II required a Ca2+ ion concentration of 1 to 2 mM and 
calpain I, 50 to 100 µM Ca2+ for maximal activity. Subsequent studies suggested that calpain II, now 
commonly called m-calpain, required somewhere between 300 and 800 µM Ca2+ for half-maximal 
activity (Boehm et al. 1998), a level well above that found in living muscle cells (Etherington 1984); 
and more recent studies on Ca2+ binding have supported these higher requirements of m-calpain 
(Goll et al. 2003).

In terms of postmortem tenderization, the calcium requirement of the calpains presents some 
important constraints. Jeacocke (1993) stated that the intracellular concentration of free Ca2+ must 
rise to more than 100 µM at rigor, although the maximum level was not specified and the use of 
the dye arsenazo may have inflated the estimate as this dye can cleave Ca2+ bound to proteins and 
anions. Hopkins and Thompson (2001c) showed that the free calcium concentration in ovine muscle 
reached a plateau post-rigor of approximately 110 µM when measured with a Ca2+-sensitive elec-
trode, a level too low to activate m-calpain, in support of the conclusion of Geesink and Koohmaraie 
(1999a). Similar results were reported by Geesink et al. (2001), who found a free calcium level of 
106 µM in ovine longissimus muscle at 24 hr postmortem when determined by atomic absorption 
(AA) and 60 µM when determined using the dye arsenazo III.
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Protein degradation reported in some initial studies was at very high Ca2+ ion concentrations 
(Busch et al. 1972; Dayton et al. 1976), beyond the levels expected under intracellular conditions, 
even those after rigor. Further to this, Ducastaing et al. (1985) showed that the activity of calpain I 
(µ-calpain) decreased significantly during the onset of rigor mortis. By comparison, the activity of 
m-calpain was largely unaltered for up to 3 days postmortem and in some cases this has extended 
to 56 days postmortem (Geesink and Koohmaraie 1999a). Insufficient free calcium to activate the 
enzyme is the suggested reason for m-calpain stability (Veiseth et al. 2001).

It is notable that several studies by Ducastaing et al. (1985), Koohmaraie et al. (1987), and Boehm 
et al. (1998) have considered the activity of extractable µ-calpain, m-calpain, and calpastatin maxi-
mal “at death” with a subsequent decline postmortem under in vitro conditions (at very different 
rates). By contrast, Dransfield (1993,) using modeling, predicted minimal activity of these enzymes 
“at death” under in situ conditions. According to his model, µ-calpain reached a maximum activity 
approximately 10 hr after death (Figure 8.3) and he proposed that this enzyme was not active at death, 
probably because the Ca2+ ion concentration is too low (Dransfield 1992). There is reason to question 
this conclusion, given new knowledge about “free” Ca2+ ion concentrations after death (Hopkins and 
Thompson 2001c; Geesink et al. 2001) and the fact that calpains have been implicated in protein turn-
over in living muscle (Goll et al. 2003) under presumably much lower “free” Ca2+ ion concentrations.

The autolysis (self-proteolysis) of the calpains has been shown to lower the Ca2+ ion concentration 
required for activation of both µ and m autolyzed types (Edmunds et al. 1991), but the requirement 
is still beyond the level that is reported to exist in living skeletal muscle cells (Etherington 1984). 
However, in kidney tissue taken from rats, Yoshimura et al. (1983) reported that µ-calpain only 
required a Ca2+ ion concentration of 10 µM for full activity, and it is apparent that electrical stimula-
tion of living cells will cause an elevation in Ca2+ ion levels intracellularly. Kerr et al. (2000), using 
optical imaging techniques and proteins that fluoresce in the presence of calcium, have recently ver-
ified this in “real time.” An electrostatic switch mechanism, whereby m-calpain may be activated at 
physiological calcium concentrations in vivo, was proposed by Strobl et al. (2000) and it may be that 
under postmortem conditions, this mechanism is ineffective, explaining the significantly increased 
calcium requirement. Related to this, Lawson and Schäfer (2002) in a preliminary paper reported 
that m-calpain co-localizes with the protein integrin on muscle cell membranes and exhibits activ-
ity; but the mechanism of activation was not discussed. This question was reviewed by Goll et al. 
(2003), who cited studies in a range of tissues where proteins that activate calpains were identified 
(e.g., in rat skeletal muscle, Michetti et al. 1991) that lower the Ca2+ requirement for activity, but the 
role and significance of such proteins remains to be clarified.

It should be acknowledged that a number of reports (Hattori and Takahashi 1979; Takahashi et al. 
1992; Takahashi et al. 1995) endorse the notion that Ca2+ ions result in a non-enzymatic weakening 
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of the myofibrillar structure. It is of note that maximum degradation of titin (Takahashi et al. 1992) 
and nebulin (Tatsumi and Takahashi 1992) occurred at a pH of 7.0 with decreasing fragmentation 
as the pH declined, which is consistent with a reduction in the activity of the calpains. The fact 
that Triton X-100 (which causes a release of Ca2+ ions) does not reduce toughness when combined 
with a calpain inhibitor (Uytterhaegen et al. 1994) provides no support for the calcium theory of 
tenderization (Takahashi 1996). It has been shown, using autoradiography, that Ca2+ ions bind to 
titin (Takahashi et al. 1992) and, more specifically, using fluorescence detection, to the major sub-
fragment of this degraded protein where the 1200-kDa fragment is cleaved (Tatsumi et al. 1999). 
These results are consistent with the report of Ouali et al. (1991). However, because calpains bind 
Ca2+ ions for activation, and titin has been shown to be a good substrate for these enzymes (Robson 
et al. 1997), these results are not inconsistent with the proposed role of the calpains. Christensen 
et al. (2003), studying muscle fibers, concluded that Ca2+ ions can lead to conformational changes 
in some proteins but this does not result in decreasing the breaking strength of fibers, which was 
attributed to calpain activity with a 70% decrease in the forces needed to fracture fibers when they 
were incubated in µ-calpain.

8.5.2  oPtiMal Conditions For CalPain aCtivity

Early research showed that the optimal conditions for in vitro calpain activity were pH 7.5 at 25°C, 
and this has been confirmed repeatedly. However, this is a combination that does not generally occur 
in postmortem muscle, but which nevertheless indicates a temperature/pH dependency for the activ-
ity of the calpains in vitro. Minimal activity has been reported at 5°C with a pH of 5.5, conditions 
that exist approximately 24 hours postmortem; and Boehm et al. (1998) suggested that the level of 
activity after 24 hours would be less than 10%, a conclusion supported by Camou et al. (2007a). In 
contrast, Koohmaraie et al. (1986) suggested that µ-calpain retained 24% to 28% of its maximum 
activity at pH 5.5 to 5.8 and 5°C (as measured against pH 7.5 and 25°C) when myofibrils were used 
as the substrate. However, this was challenged by Kanawa et al. (2002), who reported no activity 
under these conditions when using myofibrils. Activity was reduced to less than 15% when casein 
was used as the substrate (Koohmaraie et al. 1986), which the authors suggested could have been 
due to reduced solubility of casein at the low pH and temperature. It should be stressed that the type 
of assay used will determine the ability to detect µ-calpain activity; and when 14C-labeled casein 
was used by Geesink and Koohmaraie (1999a), activity could still be detected at 56 days postmor-
tem in ovine muscle. Another aspect that may have impacted on previous estimates of calpain activ-
ity was the pH of the extraction buffer used during homogenization (Veiseth and Koohmaraie 2001). 
It was shown that unless the homogenate pH was kept above 6.5, there was a significant reduction of 
calpain activity due, it was suggested, to precipitation of these enzymes. Published results indicate 
large variability in the loss of calpastatin activity postmortem (Ducastaing et al. 1985; Koohmaraie 
et al. 1987; Boehm et al. 1998); but in all cases, the rate of loss of µ-calpain activity was the greatest, 
as confirmed by Veiseth et al. (2004). There are differing opinions about the influence of declining 
pH on the ability of calpastatin to inhibit the calpains. The model proposed by Dransfield (1993) 
relies to some degree on the claim that the ability of calpastatin to inhibit calpain activity is reduced 
below a pH of 6.5. Goll et al. (1997), in a conference review paper, questioned this conclusion and 
suggested there is evidence, albeit from cardiac muscle, that there was no loss of inhibitory activity 
until the pH drops below 6.2. At this pH, the calpains start to precipitate from aqueous solutions, 
which makes it difficult to assess the inhibitory activity of calpastatin below this level (Otsuka and 
Goll 1987). Geesink and Koohmaraie (1999b) suggested that pH has little effect on the inhibition of 
µ-calpain by calpastatin under in vitro conditions of ideal temperature and Ca2+ levels, a conclusion 
supported by Maddock et al. (2005).

Camou et al. (2007a) measured the change in µ-calpain activity using small sections of dia-
phragm muscle held for up to 120 hours postmortem at a range of pHs (7.5, 7.0, 6.5, or 5.8) under 
conditions designed to lessen the impact of increases in ionic strength on activity. Activity was 
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assessed at 22 to 24°C using zymography, and this showed that there was minimal effect on activ-
ity over the pH range 6.5 to 7.5, but that at pH 5.8 activity was significantly reduced, and was zero 
after 24 hours postmortem. This latter result probably reflects the difficulty of extracting calpains at 
low pHs, however, and this must be taken into account when accounting for these outcomes. More 
recently, Camou et al. (2007b) conducted an investigation of calpain activity in muscle aged for 11 
to 13 days postmortem, and the difficulties of extracting calpains and calpastatin were discussed. 
Using a microplate assay, µ-calpain activity was detected after 11 days of ageing, whereas there was 
no evidence using zymography. Unfortunately, there was no comparison of activity levels with shear 
force measures. These results highlight the impact that methodologies can have on interpretation.

A further consideration with respect to the activity of the calpains is the effect of ionic strength. 
As muscle enters rigor, there is a rapid rise in the ionic strength of the sarcoplasmic fluid, with 
a peak and subsequent plateau (Ouali 1992); this has been challenged recently by Veiseth et al. 
(2004), however, who reported results that showed that osmolality increased over 15 days of post-
mortem storage. It was demonstrated by Geesink and Koohmaraie (1999b) that the activity of partly 
autolyzed µ-calpain in the absence of calcium was reduced by 50% when incubated in a buffer con-
taining 0.3 M NaCl, after 30 min of incubation. This salt concentration was assumed to be similar 
to the ionic strength found in post-rigor muscle (Ouali 1992). Therefore, Geesink and Koohmaraie 
(1999b) indicated that part of the loss of µ-calpain activity in postmortem muscle can be explained 
by the instability of the partially autolyzed enzyme under high ionic conditions. This conclusion 
was used to explain why minimal proteolysis of myofibrillar proteins was observed beyond 7 days 
of incubation in a solution mimicking postmortem conditions, despite the fact that the µ-calpain 
present was only partially autolyzed, and therefore in a seemingly active state. In a report by Goll 
et al. (2000), the authors concluded that the activity of autolyzed µ- and m-calpain was significantly 
reduced when the ionic strength was increased above 0.3 M, and this effect was attributed to a rise 
in ionic strength and not NaCl (Geesink and Koohmaraie 2000). Veiseth et al. (2004) suggested that 
if salt solutions higher than 0.1 M were used for assaying activity, this did not equate to conditions 
representative of postmortem muscle and thus extraction of calpains under higher ionic strengths 
would lead to an artificial reduction in activity, a possible explanation for the results presented by 
Maddock et al. (2005). Related to this, it has been reported by Goll et al. (2000) that autolyzed 
µ-calpain binds irreversibly to the chromatography columns used for separation of the calpains and 
calpastatin, which would explain the reported decrease in activity, due to low recovery. A compari-
son by Veiseth et al. (2004) of elution methods again illustrates the impact that different methods 
can have on conclusions about activity levels. For example, using a gradient elution, µ-calpain and 
m-calpain activity was shown to decrease during the ageing of meat, whereas with a two-step elu-
tion no decrease in m-calpain activity was recorded. It is apparent from the results of these studies 
that methods of determining calpain activity in vitro have real limitations and there is conflict about 
whether the calpains can be separated from calpastatin using elution with differing concentrations 
of NaCl (e.g., McDonagh 1998; Geesink and Koohmaraie 1999c). An alternative approach based on 
determination of mRNA levels may prove useful (Ilian et al. 1998), but this approach also has some 
limitations. Other alternatives that have been used include 14C-labeled casein and casein zymog-
raphy but as already discussed, zymography lacks the sensitivity to detect all activity. There is a 
complication in extrapolating from different assay conditions where variables such as pH, tempera-
ture, or calcium concentration are often held constant compared to the dynamic postmortem muscle 
environment where pH and temperature both decline as muscle passes through rigor and the “free” 
calcium concentration rises.

8.5.3  Protein degradation due to CalPain aCtivity

Early studies found that the action of the calpains led to the release of α-actinin from the Z-disk 
and degradation of troponins-T and -I, and C-protein (Etherington 1984). While a number of the 
structural and cytoskeletal proteins are degraded by the calpains (Goll et al. 1989), actin and myosin 
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are generally not considered to be degraded (Dayton et al. 1976) and this mirrors the resilience of 
these proteins to postmortem degradation as previously discussed. This adds further support to the 
argument for the role of the calpains in postmortem tenderization.

After incubating myofibrils with m-calpain for up to 30 min at temperatures ranging from 5°C to 
25°C and at pHs from 6.5 to 7.5, Zeece et al. (1986b) found that titin and troponin-T were degraded, 
but this was reduced as the temperature and pH decreased. Degradation of titin was still detected 
at 5°C and pH 7.5; but at 5°C and pH < 6.5, there was no significant decrease in the number of 
sarcomeres per myofibril (a measure of myofibril fragmentation) after a 30-min incubation. In gen-
eral, the degradation of troponin-T to the 30-kDa fragment by calpain extracts mimics the pattern 
observed for meat during postmortem ageing. Huff-Lonergan et al. (1996b) followed the degrada-
tion of specific muscle proteins, using Western blotting techniques, after myofibrils were incubated 
with µ-calpain for varying times at 5°C and pH 5.6 with 100-µM Ca2+. This approach revealed rapid 
degradation of titin and nebulin, and a slower degradation of filamin, desmin, and troponin-T, with 
the production of the same proteolytic fragments found in studies of postmortem meat degradation 
(Huff-Lonergan et al. 1995; Taylor et al. 1995a). It has been argued that the degradation of myofi-
brillar proteins such as titin and desmin is minimal during the first 24 hours after death (Boehm 
et al. 1998) and hence a role for µ-calpain in tenderization was questioned. However, Koohmaraie 
et al. (1988) states that “about 50% of the ageing response is completed by 24 hours of postmortem 
aging” in beef, and Wheeler and Koohmaraie (1994) have also demonstrated significant proteolysis 
in lamb within the first 24 hours. Related to this, Hopkins and Thompson (2001b, 2001c) challenged 
the claim of minimal proteolysis in the 24-hour period after death and presented evidence using a 
range of indicators that proteolysis was very rapid during this period. This outcome was consistent 
with activation of µ-calpain and the significant tenderization of muscle post-rigor. Indeed, autolysis 
of µ-calpain as early as 3 hours postmortem in ovine muscle has been shown by Veiseth et al. (2001) 
as indicative of proteolytic activity before the onset of rigor. More recently, Veiseth et al. (2004) 
showed significant degradation of desmin at 9 hours postmortem and a significant increase in MFI 
values at 6 hours postmortem compared to “at death” values; however, measuring MFI in pre-rigor 
muscle is of dubious worth given that the muscle can contract during testing. Using mice in which 
the gene coding for µ-calpain was deleted (knockout), Geesink et al. (2006) demonstrated, using 
Western blotting, that specific proteins such as metavinculin and troponin-T were not degraded 
during postmortem storage. Degradation of other proteins such as dystrophin and desmin was not 
completely inhibited in µ-calpain knockout mice. However, contrary to what is observed for ovine 
and bovine muscle, m-calpain in murine muscle appears to be active in postmortem muscle (Kent 
et al. 2004; Geesink et al. 2006). Thus, the limited postmortem proteolysis in µ-calpain knockout 
muscles could possibly be attributed to the action of m-calpain, and this suggests that the knockout 
mice “model” may not be completely appropriate for extrapolation to ovine or bovine muscle.

As mentioned earlier, the use of proteomics has provided a more complete understanding of 
the degradation of muscle proteins during the postmortem period, and several reports have now 
emerged showing the degradation of proteins such as actin and myosin (Lametsch et al. 2004; 
Hwang et al. 2005). Despite this, desmin was a much better substrate for µ-calpain-mediated degra-
dation (Lametsch et al. 2004), and it should be noted that the methodology would have increased the 
effective concentration of µ-calpain over that present in the isolated myofibrils and this may explain 
the degradation of actin. Related to this, there was no decrease in actin detected by conventional 
two-dimensional electrophoresis, illustrating that only a small amount of the actin was degraded.

It has been shown using autoradiography that Ca2+ ions bind to titin (Takahashi et al. 1992) and 
more specifically using fluorescence detection to the major sub-fragment of this degraded protein 
where the 1200-kDa fragment is cleaved (Tatsumi et al. 1999). Because calpains bind Ca2+ ions for 
activation and titin is a good substrate for calpain (Robson et al. 1997), these results are not inconsis-
tent with the proposed role of the calpains and the suggested degradation sites of titin (Greaser et al. 
2000). Additionally, calpain 3 has been reported to bind to titin (Sorimachi et al. 1995; Robson et al. 
1997). Despite the emphasis on Ca2+ ions, there have been few studies that have measured the levels 
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of these ions in meat throughout the rigor process as outlined earlier. The Ca2+ ion has a central role 
in tenderization, and Hopkins and Thompson (2002c) showed that the increase in postmortem levels 
of the ion was related to indices of proteolysis. Further studies that quantify the rate of accumula-
tion of “free” ions during the postmortem period with a focus on the activation of the calpains are 
considered important.

8.5.4  the ContriBution oF the CalPains to tenderiZation

Considering the circumstantial evidence linking the activity of calpains to proteolysis, there have 
been few attempts to model enzyme activity with the rate of tenderization, or rate of proteolysis. 
Koohmaraie et al. (1987) demonstrated that MFI values increased for 6 days postmortem when 
measured initially at death (plateaued after 6 days); and Taylor et al. (1995a) also showed an increase 
from death through the postmortem period in MFI values, although the rate varied between dif-
ferent muscles. As MFI increased, the activity of extractable µ-calpain decreased in the work of 
Koohmaraie et al. (1987) to almost a plateau by 1 day postmortem, and a similar effect was reported 
by Veiseth et al. (2004), depending on how the activity of µ-calpain was determined. Adopting the 
Ouali (1992) approach of basing comparisons on an index of the enzyme to its inhibitor, the relation-
ship of this index to MFI for the data of Koohmaraie et al. (1987) appeared highly correlated up to 6 
days postmortem. It was debatable, however, whether the at-death measures of MFI are meaningful, 
as pre-rigor muscle will shorten when excised (Parrish et al. 1973) and this likely explained the low 
MFI values reported at death by both Koohmaraie et al. (1987) and Veiseth et al. (2004).

Taking a slightly different approach, Dransfield et al. (1992b) predicted that tenderization (defined 
as a decrease in shear force) commenced at pH 6.1, which even in fast glycolysing muscle would be 
at least 3 hours after death according to their data. Subsequently, it was suggested that µ-calpain was 
not fully activated until this pH (6.1) was reached (Dransfield 1993) and that this coincided with the 
start of tenderization. However, this does not preclude proteolysis occurring before this pH as the 
prediction by Dransfield (1993) sees an increase in µ-calpain activity up to a maximum at 10 hours 
(Figure 9.3). Thus, proteolysis could proceed before tenderization commences, as suggested by the 
results of Hopkins and Thompson (2001c). It could be speculated that because single fibers do not 
enter rigor simultaneously (Jeacocke 1984), then neither would the activation of µ-calpain occur 
uniformly throughout fiber bundles.

The interaction between enzyme activity, pH, and temperature cannot be ignored when model-
ing tenderization. Dransfield et al. (1992a) indicated that µ-calpain activity was unaffected by tem-
perature until the pH dropped to 6.2 and was reduced thereafter at a faster rate as the temperature 
increased. However, it should be noted that this estimate was based on limited data and without 
consideration for the change in activity of calpastatin. This latter point is very important. Dransfield 
(1992) stated that the in vivo activity of µ-calpain below pH 6.1 was likely to be similar to the in 
vitro (extractable by chromatography) activity because the calpastatin activity was largely removed. 
However, this conclusion was questioned by Goll et al. (1997). Clearly, this must have an impact 
on the result of Dransfield (1992), who indicated that 68% of the variation in shear values could be 
accounted for by µ-calpain activity. Hwang and Thompson (2001), using an experimental design 
aimed at unravelling the impact of pH and temperature on calpain activity, reported an interaction 
between temperature and pH at 1.5 hours postmortem. As a result, when the chilling was slow, the 
activity of µ-calpain and calpastatin decreased when pH decline was rapid; whereas when chilling 
was rapid, the activity of µ-calpain was largely unaffected by pH decline. In the former case, this 
led to a reduction in ageing potential due to an exhaustion of µ-calpain.

Another consideration for this modeling of shear force and calpain activity was the well-docu-
mented reduction in ageing rate for meat with an intermediate ultimate pH (Watanabe et al. 1996). 
Additionally, although MFI values were lower for high ultimate pH meat (>6.3) in the data of 
Watanabe et al. (1996) (as would be predicted from the modeling of Dransfield 1992), indicative of 
reduced proteolysis, shear force values were not the highest (as would be expected). The effect on 
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shear force was contrary to the prediction from the modeling but was consistent with other reports 
for high pH meat (Silva et al. 1999). Steen et al. (1997) discuss some of the contrasting results 
reported between ultimate pH and shear force, and it should not be forgotten that changes to the 
water-holding capacity of meat are also likely to have an impact on shear force values. Thus, meat 
with a high pH will have an increased water-holding capacity (Purchas 1990). Also of consideration 
from the data of McDonagh et al. (1999) is the fact that indices of calpain/calpastatin activity are 
likely to be more strongly related to MFI than to shear force.

Regulation of calpain activity postmortem will not only be influenced by the pH decline and tem-
perature interaction, but also by the activity of calpastatin. A correlation between ultimate tough-
ness and calpastatin activity at 24 hours postmortem has been shown (Steen et al. 1997). O’Halloran 
et al. (1997) reported a lower activity of calpastatin at 3 hours postmortem in fast glycolysing muscle 
than in slow glycolysing muscle, but not at subsequent times postmortem. Interestingly, Jones et al. 
(1999) has reported fiber type specific differences in calpain 3 expression; but until this enzyme is 
purified and its activity characterized, we do not know its importance in meat aging (see below). 
In a conference review paper, Geesink et al. (2000) discussed the apparent paradox of the activity 
of µ-calpain in the presence of excess calpastatin. They suggested that it is likely that calpastatin’s 
ability to bind and therefore inhibit calpain is modified as they interact, or that the degradation of 
calpastatin by the calpains enables the enzyme group to maintain activity. Another explanation is 
that calpastatin distribution in cells is altered by rises and falls in intracellular “free” calcium levels 
and this regulates activity of the calpains (Averna et al. 2001).

Zamora et al. (1996), using a measure of the resistance (measured by compression) of raw 
meat, showed a positive correlation (r = 0.65) between calpastatin activity measured at 1 hour 
postmortem and resistance measured at 14 days. Additionally, the rate of ageing was strongly 
correlated (r = 0.90) with the rate of decline of calpastatin activity. The work of Zamora et al. 
(1996) was more informative than most reports because of the repeated measurements of cal-
pain and calpastatin activity throughout the postmortem period. In a follow-up study, Zamora 
et al. (2005) used a modeling approach to ascribe variance to the prediction of toughness of 
the longissimus muscle and concluded that loss of µ-calpain activity explained only 9% of the 
variance, with serine protease inhibitors explaining 40% of the variation in toughness. This 
modeling suggested that when µ-calpain activity loss was fast, the meat was more tender — an 
outcome that was not inconsistent with the findings of Hwang and Thompson (2001). However, 
Zamora et al. (2005) presented data also for the rectus abdominis, which showed that this 
muscle was tougher but had higher residual levels of µ-calpain activity and then concluded that 
“the higher the activity of µ-calpain the tougher the muscle.” In a letter to the editor, Hopkins 
(2006) pointed out the need to be careful when comparing results between muscles as the con-
clusion was potentially flawed. Having said this, most other studies have relied on one or two 
measurements and correlations have been used to examine relationships, whereas Zamora et al. 
(2005) used multiple measures during the postmortem period, thus providing the opportunity 
to model relationships.

Given the slow decrease in m-calpain activity (Ducastaing et al. 1985; Koohmaraie et al. 1987; 
Boehm et al. 1998), most attention has focused on the activity of µ-calpain. This activity can only 
be measured for the µ-calpain that can be extracted. Geesink and Goll (1995), in a preliminary 
report, suggested that µ-calpain becomes associated with an unextractable fraction in postmor-
tem muscle during storage (i.e., is myofibrillar bound) and that, as a consequence, the proteolytic 
activity of the enzyme was underestimated. This would have important ramifications for attempts 
to model enzyme activity and changes in toughness. However, in follow-up work, Boehm et al. 
(1998) presented evidence that suggested that the bound µ-calpain was virtually inactive under 
in vitro conditions. However, based on the results of Delgado et al. (2001), it could be postulated 
that under in vivo conditions, the bound µ-calpain is protected from the action of calpastatin. The 
limitation with the studies to date has been the inability to measure the in situ activity of both the 
calpains and their inhibitor calpastatin, although recent evidence from work using rat satellite cells 
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has implicated these enzymes in degradation and remodeling of muscle cytoskeletal proteins dur-
ing cell fusion (Temm-Grove et al. 1999). In this work, rat satellite cells were microinjected with 
calpastatin, which stopped fusion of myoblasts, whereas injection with m-calpain increased the rate 
of fusion. This does not mean, however, that the full mode of action of the calpains is understood in 
living muscle (Goll et al. 2003).

Olson et al. (1977) demonstrated that the inherently tender psoas muscle had a significantly 
lower “calpain” activity than either semitendinosus or longissimus muscle and that by 24 hours 
postmortem, the level of activity was close to zero. This lower “calpain” activity for the m. psoas 
was later verified by Koohmaraie et al. (1988), who reported muscle-specific levels, but it should be 
remembered that this muscle is stretched in the carcass and has a low connective tissue content that 
also contributes to the low shear force of the muscle. Indeed, the relative contribution of these three 
variables (i.e., enzyme activity, sarcomere length, and connective tissue content) varies between 
muscles and thus impacts on the extent of tenderization (Wheeler et al. 2000), and this was one of 
the points made by Hopkins (2006) when commenting on the work of Zamora et al. (2005).

The discovery of calpain 3 or p94 has raised new challenges and possibilities for the develop-
ment of a tenderization model. Mutations in the gene coding for this calpain are responsible for 
limb-girdle muscular dystrophy type 2A. Calpain 3 was observed to undergo very rapid autolysis in 
muscle cells when expressed under in vitro conditions (Branca et al. 1999) although it is expressed 
abundantly at the mRNA level (Ono et al. 1998). This enzyme has been found to degrade a number 
of different substrate types, including proteins degraded by µ-calpain and m-calpain (Ono et al. 
2007) and to be located in the M- and Z-line of the sarcomere (Ilian et al. 2003). There have been 
limited studies undertaken to examine whether the amount of calpain 3 is related to variation in 
toughness. This is because the unstable nature of the enzyme prevents the proteolytic activity from 
being defined and hinders elucidation of its structure. However, by raising antibodies to a protein 
sequence based on a specific region of calpain 3, Parr et al. (1999) presented data for porcine muscle 
that showed no association between the level of this enzyme and toughness assessed by shear force 
after 8 days of ageing. Probably of more importance was the finding that the stability of the enzyme 
during the first 24 hours postmortem did not vary between samples with very different rates of 
tenderization. In contrast, Ilian et al. (2001) claimed, using ovine and bovine muscle, that there was 
a significant correlation between the abundance of mRNA for calpain 3 (determined by use of a 
DNA probe) and toughness. However, the determination of mRNA abundance does not necessarily 
reflect the activity of an enzyme and, unfortunately, the analysis conducted by Ilian et al. (2001) was 
restricted to correlation so it was impossible to draw conclusions about causation. But, in follow-up 
work, Ilian et al. (2004b) presented evidence to support the specificity of the antibodies they used 
to calpain 3 and they modeled tenderization over 7 days postmortem in longissimus muscle so as 
to relate changes in toughness to enzyme levels, but not activity levels. In this work, a reduction 
in desmin and nebulin was measured during ageing, which was mirrored by an increase in MFI 
values and an improvement in tenderness. Degradation of desmin has been shown by others to also 
relate to tenderness measures (Martin et al. 2006), and this protein is a good substrate for calpain 
degradation (Huff-Lonergan et al. 1996b). In the study of Ilian et al. (2004b), the disappearance 
of calpains 1 and 3 mirrored increases in MFI and tenderness and the disappearance of nebulin. 
This resulted in high correlations between the measures (all above 0.9), but lower correlations with 
the disappearance of desmin. As stressed by the results of Ilian et al. (2004c), an association does 
not mean causation. Using Western blotting, it has been established that calpain 3 does autolyze 
in postmortem muscle (Anderson et al. 1998; Ilian et al. 2004b; Parr et al. 1999). In contrast with 
µ- and m-calpain, calpain 3 is not inhibited by calpastatin (Sorimachi et al. 1993). This observation 
appears to exclude a major role of calpain 3 on postmortem proteolysis and tenderization, given the 
great influence of calpastatin on these events. This conclusion was corroborated by results of a more 
recent study showing that postmortem proteolysis of a series of muscle proteins is not affected in 
calpain 3 knockout mice (Geesink et al. 2005). Clearly, the role of calpain 3 in tenderization has 
not been studied as intensively as the role of µ- and m-calpain. However, it is worth remembering 
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that calpain 3 was identified 25 years after µ- and m-calpains I and II. Thus, research focusing on 
the isolation and identification of muscle-specific enzymes will continue to fill knowledge gaps in 
meat science and provide a more complete understanding of the processes that drive tenderization. 
Research on other calpain isoforms, such as calpains 3 and 10, falls into this category, especially 
with the finding that calpain 10 is present in skeletal muscle and may have some association with 
tenderization (Ilian et al. 2004a).

8.6  InHIbItIon oF CatHePsIns and CalPaIns

There are few studies in which inhibitors of the cysteine proteases have been used in situ to quantify 
their contribution to postmortem tenderization. Sugita et al. (1980) showed that in an in vitro system 
E-64 (trans-epoxysuccinyl-L-leucylamido(4-guanidino)-butane) inactivated the calpains; Barrett 
et al. (1982) reported that this compound also inhibited the cathepsins B, H, and L. In contrast to 
this, Tatsumi et al. (1998) questioned the action of protease inhibitors, suggesting that a number of 
these inhibitors bound to proteins such as titin and nebulin causing a conformation change and, as 
a result, suppressing their ability to bind calcium. This result was advanced as evidence in support 
of the calcium theory of tenderization. In this theory, a role for enzymes in tenderization was dis-
missed (Takahashi 1996), and it was claimed that tenderization was due to the binding of calcium 
to specific sites on proteins. However, the claim of the binding of protease inhibitors to sarcomere 
proteins appears in conflict with the reported action of inhibitors such as E-64 (Fujishima et al. 
1997). In the literature, several researchers have attempted to use infusion techniques to introduce 
enzyme inhibitors such as E-64 into a carcass immediately postmortem, but the use of low concen-
trations and problems with the permeability and diffusion of the inhibitors to muscle cells resulted 
in disparate outcomes.

To study the process of tenderization Uytterhaegen et al. (1994) utilized a range of enzyme 
inhibitors injected into muscle at 24 hours postmortem. It should be stressed that Uytterhaegen 
et al. (1994) used small cores of muscle to ensure the various inhibitors were effectively dis-
persed in the treated muscle. This in situ approach was an attempt to overcome the limitations 
of in vitro studies, where often the environment is atypical of that within muscle during ageing. 
The results of these workers clearly showed that catheptic enzymes (B, L, D, and H) could not 
be implicated in protein degradation in postmortem muscle when held at chiller temperatures 
at least up to 8 days postmortem. By contrast however, the data of Alarcon-Rojo and Dransfield 
(1995) suggested that cathepsin D and cathepsins B + L may contribute to tenderization late 
in the ageing period. At 6 days postmortem, muscle strips soaked at 10°C from day 1 in a 
number of cathepsin inhibitors, were tougher than control samples. However enzymes such as 
cathepsin D have a reduced activity at chiller temperatures (Zeece et al. 1986a). In addition, 
when Uytterhaegen et al. (1994) injected muscle with either pepstatin (60 µM) or a peptidyl-
diazomethane (0.2 mM) at 1 day postmortem, these inhibitors of cathepsins D and B + L, 
respectively, did not inhibit ageing.

Uytterhaegen et al. (1994) also found that a range of calpain inhibitors, including leupeptin and 
E-64 injected at concentrations of 400 µM and 1.4 mM, respectively, at 24 hours postmortem, effec-
tively prevented tenderization. This approach provided strong evidence for the role of calpains in 
meat tenderization. The use of other inhibitors selective for the cathepsins B, L, D, and H ruled out 
their contribution to postmortem tenderization as measured by Uytterhaegen et al. (1994), and this 
was supported by the work of Hopkins and Thompson (2001b, 2001c). When muscle was injected 
with E-64, indices of proteolysis such as protein solubility and myofibrillar fragmentation were 
reduced, and there was no reduction of shear force with ageing. By comparison, an inhibitor of cathe-
psins B and L (peptidyl-diazomethane) had no such effect, and injected muscle behaved like control 
muscle exhibiting extensive proteolysis and tenderization. Like Uytterhaegen et al. (1994), Hopkins 
and Thompson (2001b, c) used a method of injection that they had previously demonstrated was able 
to deliver an inhibitor throughout muscle (Hopkins and Thompson 2001a). It was also verified that 
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the peptidyl-diazomethane inhibitor was soluble at the temperature and pH characteristic of muscle 
soon after death (Hopkins 2000). The one cautionary note is the possibility that the inhibitor was in 
some way blocked from accessing the active site of the target enzymes. Despite this possibility, the 
evidence adds further weight to the conclusion that cathepsins play little or no role in early postmor-
tem ageing, and that the evidence points to the calpains as being responsible for tenderization.

The conclusion by Dransfield (1999) that studies based on the use of inhibitors have not clari-
fied the role of enzyme groups in tenderization must be reviewed based on the results of studies 
published by Uytterhaegen et al. (1994) and Hopkins and Thompson (2001b, 2001c). An interesting 
observation in the results of Uytterhaegen et al. (1994) and Hopkins and Thompson (2001c) was 
the partial degradation of the myofibrillar protein troponin-T in the presence of the inhibitor E-64, 
despite a lack of tenderization. This may indicate that the degradation of particular proteins does not 
relate to the toughness of the cooked meat, which could be associated with the labile nature of some 
proteins after heating. Alternatively, such degradation in the presence of effective synthetic calpain 
inhibitors suggests that other enzymes may also have a role in tenderization.

In spite of the current limitations in extracting cathepsins and calpains from muscle, the evidence 
does suggest that the latter group of enzymes have a pivotal role in proteolysis and postmortem 
tenderization. The contrast in degradation patterns for myofibrils incubated with the respective 
enzymes shows that the calpains can mimic the pattern observed when meat is chilled. It is consid-
ered that research, which focuses on developing new approaches to the isolation and characteriza-
tion of muscle enzymes, will provide significant benefits to meat science.

8.7  serIne Proteases and Proteasomes

The evidence suggests that the calpains can be implicated in the tenderization of meat through 
proteolytic action, and that although their exact activity pattern is yet to be decisively modeled, the 
changes they elicit are likely to be significant. Thus, they may only be required to be active for rela-
tively short periods of time as initial proteolysis has been suggested as potentially more important 
than subsequent proteolysis (Dransfield 1998).

Despite these conclusions, it is interesting to consider what drives tenderization after long storage 
periods such as 60 days (Simmons et al. 2000). Such findings suggest that as meat science gleans new 
insight from medical and biochemical research about the activity of different enzyme groups, other 
candidate groups may well emerge that can explain apparent anomalies. The serine proteases such as 
thrombin fall into this category as this enzyme has been found in skeletal muscle (Citron et al. 1997), 
and recently a serine protease (M) was identified in mice that could bind to myofibrils and cause deg-
radation (Sangorrín et al. 2002). The evidence for the involvement of these enzymes in myofibrillar 
degradation is, however, not compelling at the moment. For example, when Uytterhaegen et al. (1994) 
injected meat with the serine protease inhibitor PMSF, the meat aged and exhibited proteolysis, sug-
gesting no involvement of this enzyme group in myofibrillar degradation. Countering this, Zamora 
et al. (2005) suggested that, at death, endogenous serine peptidase inhibitors explained 40% of the 
variation in the rate of tenderization, but which specific inhibitors were acting was not established.

Doubt regarding the contribution of serine proteases also applies to the multicatalytic protease 
complex (MCP) named by some as proteasome. According to the summary provided by Koohmaraie 
(1992), it is latent upon extraction from muscle but a range of conditions can activate the enzyme 
once extracted from muscle, such as heating or incubation with sodium dodecyl sulfate. Given the 
fact that MCP was incubated under conditions atypical to postmortem muscle before it became 
active, there appeared little evidence to implicate this protease in the process of tenderization. 
However, more recently using crude extracts, the activity of proteasome was measured under condi-
tions that mimicked those in postmortem muscle with related changes in pH (Lamare et al. 2002). 
This showed that proteasomes maintained activity during the development of rigor and post-rigor; 
and it has been suggested that under high pH conditions, these enzymes may play a role in myofi-
brillar degradation. When myofibrils are incubated with purified proteasome, structural changes are 
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induced after 24 hours at 37°C (Taylor et al. 1995c), whereas under similar conditions calpain will 
cause extensive structural changes within 10 min. These results suggest, again, that calpains are the 
major system causing structural change postmortem.

8.8  CasPases

Caspases are a group of cysteine peptidases involved in programmed cell death or apoptosis (Fuentes-
Prior and Salvesen 2004). Caspases are produced as inactive zymogens, possessing a large and a 
small subunit. Upstream (or initiator) caspases can autolytically activate themselves. Downstream 
(or effector) caspases can sequentially be activated by the initiator caspases. Based on their role in 
apoptosis, the following classes of caspases can be distinguished: caspases involved in initiating 
apoptosis (caspases 8, 9, 10); effector caspases (caspases 3, 6, 7); and caspases involved in inflam-
matory processes (caspases 1, 4, 5). For a detailed description of the characteristics of the caspases, 
the reader is referred to some recent reviews (Fuentes-Prior and Salvesen 2004; Turk and Stoka 
2007). In meat science, the caspases have received little attention pertaining to their possible role in 
meat tenderization. Some recent reports have suggested a role for the caspases in postmortem pro-
teolysis (Ouali et al. 2006; Camou et al. 2007b). However, these suggestions were not supported by 
data from actual experiments. Results from targeted experiments to elucidate the role of caspases in 
postmortem tenderization were published by Kemp et al. (2006a, b). For porcine muscle, evidence 
was presented that the activated form of caspase 3 can be detected in early postmortem muscle and 
that caspase activity changes early postmortem in porcine muscle. Moreover, a negative relationship 
between shear force (e.g., toughness) and the degradation of a putative caspase substrate, alpha II 
spectrin, was observed, suggesting that caspase activity may contribute to tenderization. In contrast, 
Underwood et al. (2008) failed to detect the activated form of caspase 3 in bovine muscle using 
Western blotting. Clearly, at present, the numbers of studies on the involvement of caspases in post-
mortem proteolysis are too few to evaluate their role in postmortem tenderization.

8.9  summary

Connective tissue provides support at a number of levels via the endomysium, perimysium, or 
epimysium and maintains the integrity of the contractile apparatus made up of myofibrillar proteins 
such as actin and myosin and important associated proteins such as titin and nebulin. Proteins such 
as desmin, talin, and α-actinin also help to maintain the framework within which the contractile 
proteins function. Degradation of proteins such as titin, nebulin, and desmin will lead to myofibril 
disruption and contribute to tenderization.

The available evidence does not support a role for the cathepsins B and L in early postmortem 
proteolysis and points to the major candidate as being the calpain system, despite the fact that the 
mode of action of the calpains is not yet fully defined. This is consistent with protein turnover in 
living muscle; and studies have shown that factors that lead to a reduction in protein degradation 
(i.e., β-agonists) also lead to lower calpain activity. The rise in ionic strength as muscle enters rigor 
must be considered complementary to biochemical processes, which lead to tenderization post-
rigor. The development of rigor and the shortening of fibers counter early proteolysis, but post-rigor 
the cumulative effect of proteolysis (largely driven by the calpains) reverses the rise in toughness 
and tenderization will occur. This proposed model is far from complete and this reflects, in part, our 
incomplete knowledge of the action of endogenous muscle enzymes.

There are several issues that remain to be resolved with respect to the calpains: (1) elucidation of 
the controlling mechanism for activation in the in vivo environment, (2) the role of m-calpain and 
whether the activation of this enzyme can be manipulated postmortem, (3) the contribution of cal-
pains 3 and 10 to tenderization, and (4) the contribution of myofibril bound µ-calpain to proteolysis 
and tenderization. Additionally, the observation that the degradation of myofibrillar proteins occurs 
in the presence of effective synthetic and natural calpain inhibitors suggests that other enzymes may 
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also have a role in tenderization such as the caspases. Inevitably, the accumulated evidence points 
to a complex system likely to involve interacting proteases and ions, and only through open-minded 
investigation with reliance on developments in the medical and biochemical fields will a more com-
plete model of tenderization be developed.
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9 Regulation of Postmortem 
Glycolysis and Meat Quality

Qingwu W. Shen, Min Du, and Warrie J. Means

9.1  IntroduCtIon

Postmortem glycolysis is one of the most important factors determining the quality of meat. Rapid 
and/or excessive glycolysis leads to pale, soft, and exudative (PSE) meat, while insufficient glyco-
lysis results in dark, firm, and dry (DFD) meat. Both PSE and DFD meat induce significant losses 
to the meat industry.

9.2  Pale, soFt, and exudatIve (Pse) meat

9.2.1  Pse Meat and MeChanisMs leading to Pse Meat

The PSE condition in the pig was first described by Ludvigsen in 1953 as being muscle degen-
eration. PSE is characterized by low pH, a pale and exudative appearance, and a soft texture. 
PSE problems in meat have been recognized for decades and remain unsolved. Intensive selec-
tion for lean muscle and against fat deposition in pigs has contributed to the increased incidence 
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of PSE meat (Lee and Choi 1999; Solomon et al. 1998). PSE problems are even more serious 
for the turkey and chicken industry (Barbut 1998a; Woelfel et al. 2002). Fast and/or excessive 
glycolysis in postmortem muscle causes an early build-up of lactic acid (a rapid pH drop) in 
early-stage postmortem muscle, leading to PSE syndrome in the meat of swine, turkeys, and 
chickens, and is also related to the incidence of “acid meat” in Hampshire pigs (Enfalt et al. 
1997; Hamilton et al. 2000; Moeller et al. 2003). Rapid glycolysis also generates significant 
amounts of heat, which increases the carcass temperature. In combination with low pH dur-
ing early-stage postmortem, this temperature rise denatures muscle proteins, resulting in an 
undesirable pale color and low water-holding capacity of meat (Freise et al. 2005; Owens et al. 
2000a; Owens et al. 2000b; Sams and Alvarado 2004b). Under the above conditions, myosin 
denatures and shrinks, causing a reduction of the filament spacing. Thus, water is expelled from 
the cells and lost in the form of purge or drip (Offer et al. 1989). In pig muscle that becomes 
PSE meat, the pH declined much faster than that in normal muscle, with a speed of 1.04 versus 
0.65 units/hr at 37°C (Bendall et al. 1963). Furthermore, in some extreme instances, the ulti-
mate pH can be reached in 15 min postmortem (Solomon et al. 1998). The rate of glycolysis in 
pale turkey muscle was two times faster than in normal-colored turkey muscle (Sosnicki and 
Greaser 1996). Therefore, slowing down glycolysis in early-stage postmortem muscle is the key 
to solving the PSE problem.

In addition, PSE conditions cause additional quality problems for the meat processing indus-
try due to the inferior quality of resultant products (Fernandez et al. 2002b; Owens et al. 2000a; 
Owens et al. 2000b). PSE meat has a high drip loss, a low cooking yield, and a tough texture after 
cooking. Furthermore, denaturation of protein results in reduced extractability of muscle proteins. 
Consequently, products processed from PSE meat not only have lower water-binding capacity (low 
yields), but also exhibit a decreased cohesiveness (poor sliceability).

Intensive selection for rapid lean growth results in an increase in PSE meat due to the increase 
in the number of fast-twitch glycolytic (FG) muscle fibers and a concomitant reduction in slow-
twitch oxidative (SO) muscle fibers. Because FG muscle fibers are characterized for their glycolytic 
metabolism, postmortem glycolysis in FG fibers is rapid (Vanhoof 1979).

Despite common occurrence in pork and poultry, PSE is highly unlikely to occur and is not 
considered a serious problem in beef (Hunt and Hedrick 1977). This is due to the relatively low 
proportion of FG fibers in beef compared to pork musculature. In instances where PSE occurs in 
beef, it is often a localized phenomenon in the psoas major muscle (Fischer et al. 1977a; Fischer 
et al. 1977b) or in hip muscles such as the semimembranosus and adductor (Aalhus et al. 1998). In 
these muscles, PSE develops because slow heat loss causes the muscles to be exposed to relatively 
high temperatures during the postmortem period.

9.2.2  Pse Meat induCes huge losses to the Meat industry

The high incidence of PSE in pork, turkey, and chicken causes a huge economic loss to the animal 
slaughter and meat processing industry (Kauffman et al. 1992; Woelfel et al. 2002). For the animal 
slaughter industry, the Pork Chain Quality Audit suggests that “10.2% of the carcasses were clas-
sified as having PSE muscle” (Cannon et al. 1996). The normal incidence of PSE in pork has been 
reported to range from 10% to 30%, but in some isolated instances is up to 60% (Lee and Choi 
1999). The direct economic loss to the pork industry alone is $32 million per year (Li and Wick 
2001). For turkey, observations in the slaughterhouse (especially in the United States) have shown 
that PSE meat could represent 5% to 30% of the slaughter turkeys (Barbut 1998b). In chicken, using 
color L* value of 3 and 24 hr postmortem fillets as an indicator, approximately 47% of the 3554 
fillets tested were pale and could potentially exhibit poor water-holding capacity (Woelfel et al. 
2002). When it comes to the meat processing industry, the PSE problem becomes more apparent. 
Meat products, such as hams, made of PSE meat have low cooking yield, increased purge, poor 
binding ability, and tough and coarse texture, resulting in additional economic losses (Fernandez 
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et al. 2002a; Fernandez et al. 2002b; Fernandez et al. 2002d; Owens et al. 2000a; Owens and Sams 
2000). Cannon et al. (1996) estimated that the PSE and reddish-pink, soft, and exudative (RSE) 
meats lead to an approximately $100 million annual loss in the United States.

9.2.3  aMPK, glyColysis, and Pse Meat

AMP-activated protein kinase (AMPK) is a serine/threonine kinase composed of three subunits: 
a catalytic subunit (α) and two regulatory subunits (β and γ). The key function of AMPK is to 
regulate the energy balance within the cell. Thus, AMPK is usually referred to as the intracellular 
energy sensor and the master energy metabolic switch. AMPK is activated in response to ATP 
depletion, or more accurately, an increase in the AMP/ATP ratio (Corton et al. 1994). Once acti-
vated, AMPK then phosphorylates downstream substrate and the biological effects of AMPK are 
pleiotropic: switching off ATP-consuming processes such as biosynthetic pathways and switching 
on catabolic processes to generate ATP, including glycolysis (Carling 2004; Hardie et al. 2006; 
Hardie et al. 2003). AMPK is activated in ischemic heart and hypoxic skeletal muscle. Activated 
AMPK increases glycolysis in vivo by two signaling pathways. First, AMPK phosphorylates and 
activates phosphorylase kinase, which then phosphorylates and activates glycogen phosphorylase, 
an enzyme controlling glycogenolysis and catalyzing the production of substrate for glycolysis 
(Fraser et al. 1999; Russell et al. 1999; Young et al. 1997). This is supported by the observation that 
N-cyclohexaneadenosine, an adenosine agonist, inhibits both ischemia-induced AMPK activation 
and glycogen phosphorylase (Fraser et al. 1999). Second, AMPK regulates glycolysis by phospho-
rylating and activating phosphofructokinase-2 (PFK-2) (Marsin et al. 2000). PFK-2 catalyzes the 
production of fructose-2,6-biphosphate, which is a potent allosteric activator of PFK-1. PFK-1 is 
the most important rate-controlling enzyme in glycolysis. In vitro phosphorylation of PFK-2 by 
purified AMPK further confirmed a direct involvement of AMPK in increasing glycolysis (Marsin 
et al. 2000).

Involvement of AMPK in postmortem glycolysis regulation was first investigated by Shen and 
Du (2005a,b). Experiments carried out on mice showed that activation of AMPK by pre-euthanasia 
forced swim or intraperitoneal injection of AMPK activator (5-amino-4-imidazolecarboxamide 
riboside, AICAR) led to faster pH decline and lower ultimate pH values in postmortem muscle 
(Shen and Du 2005b). Conversely, inhibition of AMPK by compound C resulted in lower AMPK 
activity, higher pH value, and less lactic acid accumulation in postmortem muscle when compared 
to control experiments (Shen et al. 2008). In agreement with these data, mice (whether exercised or 
not) overexpressing dominant-negative mutant AMPK had the lowest postmortem AMPK activity, 
the lowest glycolytic rate, and the highest pH values in muscle, compared to other treatments (Shen 
and Du 2005b). Furthermore, dietary α-lipoic acid supplementation not only inhibits postmortem 
AMPK activation, but also resulted in less postmortem glycolysis and higher pH values in mouse 
longissimus dorsi muscle (Shen and Du 2005a; Shen et al. 2005). All these results have clearly dem-
onstrated that AMPK regulates postmortem glycolysis in mouse muscle and suggest that PSE meat 
might be prevented or at least reduced by inhibiting postmortem AMPK activation.

Obviously, mice and pigs are genetically different. Non-genetic conditions whereby mouse and 
pig muscle undergo postmortem metabolism are also quite different. To this end, Shen et al. (2006) 
measured postmortem AMPK activity from muscle that became both normal and PSE pork. AMPK 
was activated earlier and AMPK activity was much higher early postmortem, especially within half 
an hour after exsanguination in the muscle that became PSE meat (Shen et al. 2006b), suggesting 
the involvement of AMPK in PSE pork occurrence. This is supported by the observation that pre-
slaughter stress increased the risk of PSE meat as well as AMPK activity in pork loin early post-
mortem (Shen et al. 2006a). Based on the data obtained, it is proposed that pre-slaughter transport, 
as well as halothane gene, accelerates energy depletion shown by higher IMP concentration and 
an increase in [AMP+IMP]/ATP ratio in postmortem muscle (Shen et al. 2007a). The lower energy 
level activates AMPK. Activated AMPK then enhances glycolysis in postmortem muscle during the 
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very early postmortem period, which increases the risk of PSE meat. Pre-slaughter rest after trans-
port restored energy status in muscle before animals were killed. The restored energy status then 
prevents early and rapid AMPK activation in postmortem muscle and lessens the negative effects of 
pre-slaughter transport on meat quality. These data suggest that AMPK might regulate postmortem 
glycolysis by up-regulating PFK, in agreement with a previous study that demonstrated an involve-
ment of PFK in postmortem glycolysis regulation (Kastenschmidt et al. 1968). However, further 
detailed studies are still needed.

9.3  dark, FIrm, and dry (dFd) meat and 
glyCogen aCCumulatIon In musCle

DFD meat mainly exists in beef, and is more commonly referred to as dark cutting beef. Dark 
cutting beef was recognized more than 50 years ago (Munns and Burrell 1965) but remains an 
unsolved problem and causes significant losses to the meat industry. The costs of DFD to the beef 
industry are estimated at $172 million annually, resulting in an average loss of $6.08 per head har-
vested in the United States (Apple et al. 2005a; Scanga et al. 1998; Wulf et al. 2002). In the 2000 
National Beef Quality Audit, 2.3% of beef carcasses were dark cutters (McKenna et al, 2002); and 
in the 1995 Audit, 2.7% were classified as dark cutters (Boleman et al. 1998). In another survey, the 
DFD incidence was 4.7% for steers and 5.6% for heifers (Lorenzen et al. 1993). Among 8000 heifers 
slaughtered at a commercial plant, 1.7% were dark cutters (Kreikemeier et al. 1998). DFD caused a 
1.4% decline in value for steers and a 1.7% decline in value for heifers, according to a survey of beef 
carcasses at three packing plants in Illinois, Texas, and Ohio (Page et al. 2001). Consumers are not 
likely to purchase the dark-colored meat associated with DFD, which then causes decreased profits 
(Killinger et al. 2004). Furthermore, the undesirable redness in cooked DFD beef causes additional 
losses for the meat industry (Gasperlin et al. 2000; Moiseev and Cornforth 1999).

DFD results from a high pH in postmortem muscle. At high pH, the respiration of mitochon-
dria is maintained, which consumes oxygen and causes the formation of deoxymyoglobin. This 
alters light absorption in the muscle surface and results in a dark red color (Ashmore et al. 1973; 
Ashmore et al. 1971). A pH value of 5.87 in the longissimus muscle is the approximate cut-off 
between normal and DFD (Page et al. 2001). The high pH in the postmortem muscle of DFD is 
due to glycogen deficiency in the muscle (Mcveigh et al. 1982; Warriss et al. 1984). It appears 
that a glycolytic potential at 100 µmol/g muscle is the threshold for the occurrence of DFD (Wulf 
et al. 2002). Factors influencing glycogen content in muscle at slaughter directly affect the inci-
dence of DFD (Bartos et al. 1993; Kenny and Tarrant 1988; Kreikemeier et al. 1998; Scanga et al. 
1998). Therefore, to solve the DFD problem, it is necessary to increase the glycogen content in 
muscle.

Studies in rodents show that GSK-3 and AMPK play regulatory roles in glycogen accumulation 
(see Chapter 10 for a detailed discussion of AMPK). AMP-activated protein kinase is recognized as 
a critical regulator of energy metabolism (Hardie 2004; Kim et al. 2004). Once activated, AMPK 
enhances glucose uptake from blood, which increases glycogen content in muscle (Aschenbach 
et al. 2002). AMPK activation also promotes glycogen mobilization through enhancing glycog-
enolysis and glycolysis (Du et al. 2005). In addition, AMPK phosphorylates muscle isoform of gly-
cogen synthase (GS), which decreases its activity (Aschenbach et al. 2002; Miyamoto et al. 2007). 
However, in vivo, such glycolysis and inhibition of glycogen synthesis are rapidly down-regulated 
when cellular energy is high (Aschenbach et al. 2002), resulting in a net increase in glycogen content 
in muscle following AMPK activation. The role of AMPK in glycogen accumulation is well dem-
onstrated in Hampshire pigs carrying a point mutation, Arg200 to Gln in the AMPK γ subunit. This 
mutation increases the AMPK activity and enhances muscle glucose uptake, leading to enhanced 
glycogen accumulation (Andersson 2003; Enfalt et al. 1997; Hardie and Hawley 2001; Milan et al. 
2000b; Yu et al. 2006).
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Glycogen synthase kinase-3 (GSK-3) is a serine/threonine kinase. GSK-3 regulates glycogen 
synthase activity by phosphorylation. Because GSK-3 is constitutively active in unstimulated mus-
cle cells, glycogen synthase mainly exists in a phosphorylated and inactive state (MacAulay et al. 
2005). However, in response to the stimulation of insulin, GSK-3 is itself phosphorylated and inac-
tivated by Akt (another name for PKB, protein kinase B) (MacAulay et al. 2005; Van der Velden 
et al. 2006). Thus, glycogen synthase is dephosphorylated by protein phosphatase and becomes 
active (MacAulay et al. 2005). Incubation of rat epitrochlearis and soleus muscles with CT-98014, 
a specific GSK-3 inhibitor, increased glycogen synthase activity by 49% and 50%, respectively 
(Henriksen et al. 2003). In L6 myotubes, inhibition of GSK-3 was associated with a marked dephos-
phorylation and activation of glycogen synthase by four- to sevenfold (MacAulay et al. 2003).

9.4  FaCtors leadIng to abnormal Postmortem glyColysIs

Past and current research is focused on the postmortem glycolysis and its association with the inci-
dence of PSE meat. Although DFD meat results in significant losses to the beef industry, such losses 
are relatively small compared to PSE meat. Also, the negative effect of DFD meat on quality is not 
as severe as PSE meat. In addition, the increasing incidence of PSE meat in recent decades makes it 
urgent to solve this problem. Therefore, the following discussion mainly focuses on PSE meat.

9.4.1  Pre-slaughter FaCtors, glyColysis, and Pse Meat

Numerous studies have been conducted to identify factors leading to the incidence of PSE meat, and 
tremendous progress has been made by showing that pre-slaughter stresses, post-slaughter handling, 
and genetics are the main factors contributing to the increased incidence of PSE meat (Leheska 
et al. 2002b; Rosenvold and Andersen 2003).

Pre-slaughter handling includes loading, transportation, lairage, mixing of strange animals, stun-
ning methods, and slaughter conditions (Ekkel et al. 1997; Gade and Christensen 1998; Velarde et al. 
2000). These handling practices can all induce stresses, either psychologically or physically, and con-
sequently can adversely affect meat quality. Poor farm handling increases the susceptibility to pre-
slaughter stress and results in a higher incidence of PSE meat compared with pigs that are handled 
correctly on the farm (D’Souza et al. 1998b). Long-term stress that leads to the depletion of glycogen 
in muscle is mainly associated with DFD meat, while short-term stress-activated glycolytic enzymes 
mainly lead to PSE meat. However, these two types of stresses are not definitively separated.

9.4.1.1  mixing unfamiliar Pigs
Pre-slaughter mixing or regrouping animals during collection, transport, and lairage is practically 
unavoidable. Mixing pigs from different groups causes stress to the animals, increases their excit-
ability, and leads unfamiliar individuals to fight (Bradshaw et al. 1996b; Faucitano 1998; Warriss 
and Brown 1985; Warriss et al. 1998b). The most evident consequence of fighting is the damage 
to the skin of animals (Bradshaw et al. 1996b; Faucitano 1998, 2001; Karlsson and Lundstrom 
1992). When compared to the unmixed groups, mixing pigs before slaughter decreases meat quality, 
increases weight loss and the incidence of both PSE and DFD meat, as well as increases skin lacera-
tions (Karlsson and Lundstrom 1992). It has been reported that stress from mixing unfamiliar pigs 
increases cortisol and creatine phosphokinase (CPK) levels in blood (Bradshaw et al. 1996b; Oliver 
et al. 1996). This physiological response of pigs to mixing and fighting could be responsible for the 
inferior meat quality and increased occurrence of both PSE and DFD meat. It is suggested that, if 
unavoidable, mixing should be done at loading, as pigs fight less in the novel environment of the 
lorry interior and during transportation (Lambooij 1988). In lairage, the practice of mixing should 
be avoided. If mixing in lairage is unavoidable, the lairage time should be kept as short as possible 
because fighting in lairage increases carcass surface damage and eliminates the benefits of careful 
handling in previous procedures (Faucitano 1998).
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9.4.1.2  loading
Loading at the farm is usually believed to be the most stressful part of pre-slaughter handling 
because animals suffer several stressors in the same procedure: the first time in their life to leave 
the familiar finishing pen and move to an unknown environment, mixing of unfamiliar individu-
als, being forced to walk ahead, and others (Faucitano 1998). The widely used loading system on 
the farm, the loading ramp, is believed to be stressful (Faucitano 1998; Lee and Choi 1999). The 
conditions of the loading facilities, such as the floor type and the ramp angle, are of importance in 
determining the level of induced stress. Lee and Choi (1999) recommended that the maximal angle 
for a permanent pig ramp should be 20°, and the loading ramp should be wide enough to allow two 
or three pigs to climb together. Livestock move more easily up and down stair-step ramps (Lee and 
Choi 1999). In the range of 0.33 to 3.0 hr, Guardia et al. (2004) observed that increasing the load-
ing time decreased the risk of PSE. They explained that short loading times might involve worse 
handling practices than longer ones or, alternatively, the loading ramp used was not good enough 
to allow rapid loading of pigs without inducing additional stress. When compared to the loading 
ramp, the so-called stress-free loading system, a hydraulic lift capable of holding eight to ten pigs in 
a group, is much better and significantly decreases the incidence of PSE carcasses and the hemor-
rhage in the shoulder (Guardia et al. 2004; Nanni Costa et al. 1996).

9.4.1.3  transport
A negative relationship between transport time and the risk of developing PSE (2.9% per hour) has 
been observed (Guardia et al. 2004). A large body of literature has reported the effect of trans-
port duration on animal performance and meat quality. Most data reported show that short trans-
port duration increases PSE occurrence and longer transport times are associated with DFD meat. 
Guardia et al. (2004) also suggested that short transport times increase PSE risk because during the 
first 3 hr of transport, pigs tend to remain stressed and standing up; especially when the loading den-
sity is low, pigs can move around and are ready to be involved in fighting. After a 3-hour transport, 
animals start to adapt to the new environment. With space available that allows pigs to lie down and 
rest, the risk of PSE decreases (Guardia et al. 2004). However, transport duration decreases carcass 
yield (Guardia et al. 2004; Lee and Choi 1999; Mota-Rojas et al. 2006). More seriously, too long a 
transport time is believed to increase the transport mortality rate, and procedures need to be imple-
mented to reduce losses due to death (Gregory 1994; Lee and Choi 1999).

Sufficient space in transport vehicles should be provided for individual animals during transport 
— especially in hot, humid weather — to reduce stress-induced poor-quality meat and the incidence 
of PSE, as well as death loss (Lee and Choi 1999). High loading density has been reported to have 
detrimental effects on PSE (Guise and Penny 1989; Von Wenzlawowicz et al. 1996). However, the 
risk of PSE increases with loading density only when the transit is longer than 3 hours, while for 
short transit, the availability of space increases PSE occurrence (Guardia et al. 2004). In their study, 
the researchers found that there is an interaction between transport time and stocking density: the 
higher the stocking density, the lower the effect of the transport time on the risk of PSE. When the 
stocking density is as high as 0.25 m2/100-kg pig, the risk of PSE hardly changes between transits 
of 1 to 7 hours but, after doubling the space availability (to 0.5 m2/100-kg pig), the transport time 
can explain up to 6% of PSE meat (Guardia et al. 2004).

In addition to transport duration and loading density, other factors such as transport vehicle 
conditions, road conditions, noise, and driving style are of importance for the stress level in animals 
induced during transportation (Bradshaw et al. 1996a; Grandin 1994; Rosenvold and Andersen 
2003). Guardia et al. (2004) detected, for the first time, a significant influence of the lorry floor 
surface on pork PSE risk. Their data show that a polyester surface decreased the risk of PSE meat 
by about 1.5% compared with the aluminum and iron surface because polyester provides a more 
comfortable environment for pigs during transportation, particularly because it is less slippery, less 
noisy, and a better thermal insulator (Guardia et al. 2004).
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9.4.1.4  lairage
Holding pigs in lairage for a certain time is supposed to provide animals with an opportunity for rest 
and recovery from stressful experiences during transport, thus improving pork quality and reducing 
the occurrence of PSE meat. Studies using stressed pigs have confirmed the benefits of resting ani-
mals in lairage before slaughter. Fortin (2002) reported that a 50-minute transport before slaughter 
was associated with a high occurrence of PSE pork loins, and a 3-hour rest period in lairage signifi-
cantly improved meat quality by reducing the incidence of PSE loins (Fortin 2002). Another study 
also reported that a 2-hour rest was sufficient for pigs to recover from transport-induced stress and 
significantly reduced the prevalence of PSE pork (Owen et al. 2000).

A body of literature has reported the relationship between lairage time and meat quality. Although 
some opposite results were obtained (Guardia et al. 2004), most researchers have reported that the 
frequency of PSE progressively decreases with the extension of lairage time (Costa et al. 2002; 
Milligan et al. 1998; Van der Wal et al. 1997; Warriss et al. 1998a). During prolonged lairage, how-
ever, the percentage of DFD carcasses and skin damage increases due to glycogen depletion. Also, 
long periods of lairage decrease carcass yield due to long-time fasting (Costa et al. 2002; Milligan 
et al. 1998; Van der Wal et al. 1997; Warriss et al. 1998a). Based on the above studies, it is recom-
mended that the optimal lairage time is 1 to 3 hours for most slaughter pigs in terms of both meat 
quality and consideration for the pigs’ welfare (Faucitano 1998; Lee and Choi 1999; Warriss 2003). 
Too long a lairage time (such as overnight) may increase skin damage several-fold (Warriss et al. 
1998a).

Lairage does not always result in decreased PSE occurrence. On the contrary, improper handling 
of pigs in this stage may result in additional stress and physical pain, leading to further deteriora-
tion in meat quality (Fraqueza et al. 1998; Geverink et al. 1998; Roseiro et al. 1996). The effects of 
lairage on meat quality and animal welfare vary, depending on a variety of factors, including the 
intensity of stress experienced previously, the lairage temperature and humidity, lairage conditions, 
susceptibility (genotype) of animals to stress, group size, and mixing animals in lairage.

The stresses pigs experienced previously influence the effect of lairage on meat quality and the 
optimal lairage time. Usually, the higher the stress the pigs suffered during transport, the longer 
the lairage time required for animals to recover from the stress (Faucitano 1998; Grandin 1994). If 
animals are not particularly stressed before lairage, lairage is not necessary in terms of meat quality 
and welfare. In pigs subjected to low-stress pre-slaughter handling, the lairage time had no effect on 
meat quality and lairage could be skipped (Aaslyng and Gade 2001).

The influence of temperature and humidity on the effects of lairage time and meat quality was 
investigated by Fraquenza et al. (1998). In their study, 23 groups of about 30 pigs each were kept in 
an environmentally controlled room in lairage, at temperatures of 20°C or 35ºC for periods of 0.5 
or 3 hours. Meat-quality analyses showed that there is an interaction between lairage temperature 
and lairage time: a longer lairage time (3 hours) reduces PSE occurrence at low lairage temperature 
(20ºC, also low humidity); while at higher lairage temperature (also high humidity), longer lairage 
times increase PSE prevalence from 31.1% to 35.5%. Others (Santos et al. 1997) also reported that 
a high lairage temperature (35ºC) led to a higher incidence of PSE meat. These results show that 
stressful conditions during lairage further deteriorate meat quality. Thus, the authors suggested that 
at high temperature and humidity, it was better to slaughter pigs within 30 min after they arrived at 
lairage (Fraqueza et al. 1998; Santos et al. 1997).

Fighting is usually the main cause of skin damage and hematoma in the underlying tissue of 
the carcass, which decreases meat quality and might cause significant economic losses (Faucitano, 
2001). According to previous studies, the fighting of pigs usually peaks at about 40 to 60 min after 
arriving at lairage. After 1.5 hours, pigs start to lie down for a rest (Brown et al. 1999). Mixing of 
unfamiliar animals increases fighting and carcass surface damage (D’Souza et al. 1999a; Geverink 
et al. 1998). Moreover, fighting at the same time accelerates glycogen depletion within muscle and 
increases the incidence of DFD meat; thus, it is recommended that familiar pigs should be kept 
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together throughout all pre-slaughter handling to improve meat quality and animal welfare, as well 
as decrease economic losses (Karlsson and Lundstrom 1992).

Group size is also associated with lairage effects on meat quality. If mixing of unfamiliar pigs 
is unavoidable in commercial abattoirs, it is better to mix in groups of up to 200 pigs rather than 
in small groups of 6 to 50 pigs. In a big group, the pigs being attacked have more chance to escape 
from the aggressive ones (Grandin 1990).

Some other factors associated with the effects of lairage time on meat quality and pig wel-
fare include ventilation, noise, and even fasting and feeding (Warriss 2003). Showering pigs before 
slaughter with cool water (9ºC) helps to remove excess body heat, especially during the summer, 
and reduces the incidence of PSE carcasses (Knowles et al. 1998; Long and Tarrant 1990; Weeding 
et al. 1993). However, Weeding et al. (1993) recommended that pigs should not be showered if the 
temperature inside or outside the lairage falls below 5ºC, to avoid shivering (Knowles et al. 1998).

9.4.1.5  Fasting
The main incentive of fasting before transport is to lower mortality rates during transport, particu-
larly in hot weather, and to reduce bacterial contamination from gut contents during evisceration 
(Faucitano 1998; Lee and Choi 1999). It was also found that feed withdrawal on the farm increased 
meat pH and decreased the incidence of PSE pork (Eikelenboom et al. 1991). Eikelenboom et al. 
(1991) observed that the PSE occurrence decreased after on-farm fasting intervals of 24 hours and 
the ultimate pH in loin and ham was higher than in the non-fasted group due to the depletion of mus-
cle glycogen. In general, it is accepted that on-farm fasting of 12 to 18 hours is a good practice that 
decreases the death rate during transport and lowers physiological responses in pigs (Lee and Choi 
1999; Oliver et al. 1996). A prolonged on-farm fasting period is not desirable because it increases 
the pigs’ aggressiveness (Murray et al. 2001), increases DFD meat due to glycogen depletion, and 
reduces carcass yield (Eikelenboom et al. 1991). On the other hand, too short a fasting period (such 
as less than 12 hours) increases the risk of PSE meat (Guardia et al. 2004).

9.4. 1.6  stunning
The stunning method affects meat quality. For pigs, there are two main stunning methods used: (1) 
carbon dioxide (CO2) and (2) electrical stunning. Muscle contraction induced by electrical stunning 
has a negative effect on pork quality, increasing the risk of PSE meat in both halothane-positive 
and -negative pigs (Channon et al. 2000, 2002; Van der Wal et al. 1997). Carbon dioxide stunning 
reduces the incidence of PSE meat.

Proper handling of pigs right before stunning or during stunning is crucial for the control of 
meat quality. Rough handling when moving pigs forward to the stunning point and the stunning 
process itself at an abattoir can eliminate all the benefits of previous careful handling, causing the 
pig to stress enough to increase PSE (Lee and Choi 1999; Rosenvold and Andersen 2003). Short-
term stress immediately before slaughter, even the last 5 minutes in stunning, increases cortisol 
content, lactic acid content, and creatine phosphate kinase activity in blood, decreases meat water-
holding capacity, and increases the percentage of PSE carcasses (Brown et al. 1998; D’Souza 
et al. 1998a, b; Van der Wal et al. 1999; Van der Wal et al. 1999). The detrimental effects of this 
stress are more apparent in muscles with a high glycolytic fiber ratio (Hambrecht et al. 2005). 
When moving pigs forward for stunning, electric goad should not be used and handlers need to be 
trained to move pigs quietly (D’Souza et al. 1999a; D’Souza et al. 1998a; Lee and Choi 1999).

9.4.2  Post-slaughter handling

9.4.2.1  Chilling
Because pH/temperature in early postmortem is critical for the formation of PSE meat, rapid cool-
ing is expected to reduce the PSE problem. Borchert and Briskey (1964) showed that liquid nitrogen 
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chilling prevented the incidence of PSE meat. Afterward, many studies confirmed that acceler-
ated chilling improves meat quality (Kerth et al. 2001; Long and Tarrant 1990; Park et al. 2007; 
Rathgeber et al. 1999; Sams and Alvarado 2004a; Taylor and Dant 1971). The effects of chilling on 
pork and poultry quality have been extensively investigated (James et al. 2006; Savell et al. 2005). 
One problem with accelerated cooling is that it may cause cold shortening, which may occur in beef 
and lamb if the temperature of muscle decreases too rapidly while plenty of ATP still exists in the 
muscle. This is evidenced by the tougher texture of rapidly chilled meat compared to conventionally 
chilled meat (Jones et al. 1993; Van der Wal et al. 1995).

9.4.2.2  electrical stimulation
Electrical stimulation is usually used to prevent cold shortening and improve meat quality from 
beef and lamb carcass as electrical stimulation accelerates postmortem metabolism in muscle 
(Rosenvold and Andersen 2003). In pigs, electrical stimulation is also used to improve pork ten-
derness (Rosenvold and Andersen 2003). However, it has been observed that electrical stimulation 
accelerates pH decline and stimulates PSE pork development (Bowker et al. 1999; Hallund and 
Bendall 1965; Hammelman et al. 2003; Taylor et al. 1995a, b; Warriss et al. 1995). Some studies 
show that electrical stimulation applied later than 20 min postmortem neither decreases the water-
holding capacity of muscle nor increases the frequency of PSE meat (Hammelman et al. 2003; 
Taylor and Martoccia 1995; Taylor and Tantikov 1992). Because PSE development is not a concern 
to beef and lamb, electrical stimulation is commonly used in beef to improve tenderness and other 
quality characteristics.

9.4.3  halothane gene, rendeMent naPole gene, and glyColysis in PostMorteM MusCle

Genetic factors contribute to the incidence of PSE syndrome in pigs. Genetic selection for lean 
growth dramatically increased the incidence of PSE meat (Lee and Choi 1999). Pigs that carry 
either the halothane gene or the Rendement Napole (RN–) gene are prone to develop PSE or “acid 
meat” syndrome. The so-called halothane gene results from a point mutation in the ryanodine 
receptor, a Ca2+ channel, which leads to hypersensitive Ca2+-channel gating and animals that elicit 
malignant hyperthermia (MH) under stress or halothane treatment (Fujii et al. 1991). High cellular 
Ca2+ levels can enhance glycolysis directly and also through activation of AMPK by CaMKK (see 
Chapter 10 for detailed discussion) (Shen et al. 2007b). In addition, Ca2+ stimulates muscle contrac-
tion, accelerating energy consumption, and activating AMPK and glycolysis (Shen et al. 2007a). 
However, a halothane carrier grows faster, has higher carcass yield and fat-free lean content, but has 
a higher incidence of PSE meat (Apple et al. 2002a; Depreux et al. 2002; Leach et al. 1996; Weaver 
et al. 2000). It is expected that halothane-positive pigs should have a much lower PSE incidence 
if they are subjected to enough rest before slaughter (Warriss et al. 1987). DeSmet et al. (1996) 
demonstrated the different responses of pig genotypes (NN, Nn, and nn, where N stands for one 
allele of halothane gene) to lairage time. The data obtained showed that resting pigs in lairage for 
4 to 5 hours compared to no resting before slaughter resulted in a more pronounced improvement 
in the quality of meat from nn pigs than from NN pigs: increased pH (40 minutes postmortem), 
decreased lightness, and drip loss within nn genotype, and only slightly decreased drip loss within 
the NN genotype (DeSmet et al. 1996). What needs to be mentioned is that this only showed that 
lairage time has greater effect on the quality of meat from nn than NN pigs. As reported by others 
(Rosenvold and Andersen 2003), the halothane gene in this study was still the predominant factor 
influencing meat quality (DeSmet et al. 1996). Stress-susceptible pigs need relatively long holding 
for them to recover from stresses experienced previously (Lee and Choi 1999).

“Acid meat” is characterized by a normal pH decline but a low ultimate pH (Hamilton et al. 
2000). The RN– gene is associated with “acid meat” in Hampshire pigs (Josell et al. 2004; Miller 
et al, 2000). It is reported that the RN– gene encodes the AMPK γ3 subunit (Milan et al. 2000b). 
A mutation in AMPK γ3 (RN–) results in an AMPK that is constitutively active (the degree of 
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activation is low compared with AMPK activation stimulated by AMP) but insensitive to the cel-
lular AMP level (Andersson 2003; Barnes et al. 2004; Ciobanu et al. 2001; Oliveira et al. 2003). 
The constant AMPK activity stimulates glucose uptake into skeletal muscle cells and thus enhances 
glycogen synthesis, resulting in excessive glycogen storage in muscle (Arad et al. 2002; Barnes 
et al. 2004; Fontanesi et al. 2003; Moeller et al. 2003). Thus, RN– carriers have a high glycolytic 
potential, which is frequently used to identify the RN– phenotype (Hamilton et al. 2002; Hamilton 
et al. 2003; Miller et al. 2000). The low ultimate pH in “acid meat” could be due to the sustained 
glycolysis stimulated by the constitutively activated AMPK, and fueled by the high level of stored 
glycogen, resulting in “acid meat” or red, soft, exudative (RSE) pork (Van Laack and Kauffman 
1999; Warner et al. 1997).

9.5  PreventIon oF Pse meat

Up to now, no single method exists for eliminating PSE pork from stress-susceptible pigs. 
Minimization of stress before or during slaughter reduces PSE occurrence. Short-term resting has 
long been used to reduce the frequency of PSE pork (Monin et al. 1981). A 3-hour resting after 
transport and before slaughter significantly improved meat quality by reducing the incidence of PSE 
loins (Fortin 2002).

Proper post-slaughter handling and/or other strategies if used appropriately reduce the frequency 
of PSE meat. It is reported that the carcass processing speed during slaughter has a significant influ-
ence on pork quality. Hanging carcasses on the slaughter line for 20 minutes before evisceration and 
entering the chillers increases the occurrence of PSE meat (D’Souza et al. 1998a). This is associated 
with the temperature early postmortem. Delayed post-slaughter processing rates increase the time 
that carcasses are subjected to high temperature (D’Souza et al. 1998a). That is why accelerated 
chilling reduces PSE and improves meat quality, as discussed above. Low temperature decreases 
glycolytic enzyme activity and glycolytic rate postmortem, as well as slows protein denaturation, 
leading to reduced PSE occurrence (Bendall and Swatland 1988; Briskey 1964; Lee and Choi 1999; 
Sayre et al. 1963; Solomon et al. 1998). More recently, some other strategies such as postmortem 
injection of sodium bicarbonate have been reported to retard postmortem pH decline, improve mus-
cle color, and reduce drip loss (Kauffman et al. 1998).

Manipulation of feeding has been used for many years to reduce the occurrence of PSE meat. 
Dietary vitamin E supplementation has been successfully used to protect against lipid oxidation 
and improve the color stability of fresh meat (Rosenvold and Andersen 2003). Daily dietary 
supplementation of 500 mg vitamin E/kg diet for 46 days reduced drip loss in unfrozen longissi-
mus thoracis by 45% and 54% in Nn and NN pigs, respectively (Cheah et al. 1995). In PSE-prone 
Landrace × Large White Nn pigs, daily supplementation of 1 g vitamin E/kg diet for the same 
period reduced excessive release of Ca2+ and prevented the formation of PSE carcasses (Buckley 
et al. 1995; Cheah et al. 1995). This improvement in meat quality by vitamin E is associated with 
its ability to stabilize cell membrane integrity by inhibiting phospholipid oxidation. Later, oth-
ers also reported that vitamin E supplementation before slaughter improved pork water-holding 
capacity and color (Hamman et al. 2001), as well as decreased the percentage of PSE loins 
and hams (Kerth et al. 2001). Furthermore, vitamin supplementation increased the resistance of 
chickens to heat stress, inhibited poultry PSE, and improved meat functional properties (Olivo 
et al. 2001).

Several studies have shown that magnesium supplementation before slaughter reduces the gly-
colytic rate early postmortem and improves meat quality (Apple et al. 2005b; D’Souza et al. 1999b; 
D’Souza et al. 1998c, 2000). The beneficial effects of magnesium supplementation are associated 
with its reduction in neuromuscular stimulation due to the calcium antagonist effects of magne-
sium. Indeed, dietary magnesium supplementation led to higher plasma magnesium (D’Souza et al. 
1999b) and lower plasma norepinephrine (D’Souza et al. 1998c) concentrations at slaughter, and 
reduced the detrimental effects of pre-slaughter stress on meat quality (Apple et al. 2005b; D’Souza 
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et al. 2000); thus, dietary magnesium supplementation prior to slaughter reduces the incidence of 
PSE meat. Dietary magnesium supplementation has no effects on average daily gain (ADG), aver-
age daily feed intake (ADFI), or glycogen stores in muscle at slaughter (Apple et al. 2005b; Apple 
et al. 2002b; D’Souza et al. 1998c).

Tryptophan supplementation has also been reported to reduce PSE frequency and improve 
meat quality (Warner et al. 1998). Tryptophan is the precursor of the neurotransmitter serotonin. 
Serotonin was shown to decrease in pigs experiencing stress (Adeola and Ball 1992). Dietary over-
load of tryptophan in growing-finishing pigs increases serotonin synthesis in brain (Adeola and 
Ball 1992), and reduces stress response and the occurrence of PSE carcasses (Warner et al. 1998). 
Furthermore, supplementing pigs with an extra 0.5% tryptophan for 5 days before slaughter reduced 
the incidence of PSE carcass from 9% to 6% (Anon 1991).

Glycogen within muscle is the substrate for postmortem glycolysis; thus, it is expected to control 
postmortem glycolysis by manipulating muscle glycogen levels by feeding. Feeding pigs with diets 
high in fat (17% to 18%) and protein (22% to 24%) in combination with a low content of digestible 
carbohydrate (<5%) for 3 weeks right before slaughter has been shown to successfully decrease the 
glycogen content in muscle without compromising overall performance (Rosenvold et al. 2002; 
2001a; Rosenvold et al. 2001b). This reduction in glycogen stores in the muscle of pigs at slaughter 
by strategic finishing feeding had no effect on ultimate (24 hr postmortem) values, but decreased 
glycometabolism early postmortem and improved the water-holding capacity of longissimus dorsi, 
biceps femoris, and semimembranosus muscle (Rosenvold et al. 2002; 2001a). Furthermore, strate-
gic finishing feeding led to darker meat and significantly lower L* values (Rosenvold et al. 2001b). 
All these results seemed to suggest that glycogen stores in muscle at the time of slaughter are critical 
for meat quality (Briskey 1964), and manipulation of muscle glycogen level can be used to reduce 
PSE meat.

However, the reported results have been inconsistent. Leheska et al. (2002) fed swine an ultra-
high-protein/low-carbohydrate (HIPRO) diet for up to 2 weeks. They found no effect of diet on meat 
quality, including postmortem pH decline rate and the ultimate pH. Thus, they concluded that feed-
ing barrows the HIPRO diet for a time period prior to slaughter was not effective in improving pork 
quality (Leheska et al. 2002a). Furthermore, although a low-carbohydrate diet decreased glycolytic 
potential in postmortem muscle of barrows, neither the pH nor temperature of the LM measured 
from 30 to 330 min postmortem was affected by the diet, showing there was no difference in PSE 
risk between dietary treatments (Bee et al. 2006). This inconsistency between muscle glycogen stor-
age and the PSE risk suggests that muscle glycogen levels may not be decisive for the occurrence of 
PSE meat. In fact, an abundance of evidence exists indicating that the activity of glycolytic enzymes 
plays a more important role in the control of PSE occurrence.

As mentioned above, it has long been reported that accelerated chilling by liquid nitrogen pre-
vents PSE meat with no difference in initial muscle glycogen concentration (Borchert and Briskey 
1964), showing that fast chilling decreases the PSE occurrence in a muscle glycogen concentration-
independent manner. Subsequently, many studies have revealed that fast chilling reduced the PSE 
rate as a consequence of lower muscle temperature early postmortem: lower muscle temperature 
slows both glycolysis and protein denaturation (Savell et al. 2005). This lower glycolytic rate should 
be the result of lower enzyme activity at lower temperatures because the initial muscular glycogen 
concentrations are not or should not, theoretically, be different (Borchert and Briskey 1964; Kerth 
et al. 2001; Park et al. 2007). Furthermore, dietary magnesium supplementation reduces lactic acid 
accumulation in early postmortem muscle and the incidence of PSE meat independent of muscle 
glycogen concentration (D’Souza et al. 1998c), showing that the glycolytic enzymes — not the 
muscle glycogen levels — are responsible for the difference in early postmortem glycolytic rate. In 
this study, it also showed that dietary magnesium supplementation had no influence on ultimate pH 
values (D’Souza et al. 1998c).

No other examples are more convincing than RN− pigs in showing that it is enzyme activity — 
not glycogen concentration — that plays a more important role in the occurrence of PSE meat. The 
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RN− phenotype is the result of a mutation in the AMPK γ3 subunit (Milan et al. 2000a). RN− pigs 
have 70% higher glycogen concentrations in skeletal muscle (Estrade et al. 1993) and, rather than 
PSE meat, RN− pigs result in “acid meat” characterized by very low ultimate pH (Josell et al. 
2003; Le Roy et al. 2000; Lebret et al. 1999; Milan et al. 1996; Van Laack and Kauffman 1999). 
Consistent with these reports, augmented glycolysis does not occur early postmortem in muscle 
from RN− pigs (Copenhafer et al. 2006). This further shows that muscle glycogen storage has no 
decisive role in the occurrence of PSE meat. However, for the incidence of DFD meat, there exists 
a critical point in muscle glycogen concentration. Below this point, glycogen storage within muscle 
might play a decisive role in determining meat quality and is responsible for the development of 
DFD meat, which usually occurs in beef because beef has much lower glycogen storage levels than 
pork. Above this critical point, which means enough substrate available for glycolysis, enzyme 
activity controls the postmortem glycolytic rate, especially early postmortem when the carcass 
temperature is high. In fact, glycolysis may stop even if there is glycogen left in muscle, and it is 
speculated that some critical glycolytic enzyme plays an important role in this stoppage (Immonen 
et al. 2000; Lawrie 1955).

9.6  summary

A number of pre-slaughter factors, slaughter procedures, as well as genetic factors affect meat qual-
ity and the incidence of PSE meat. The frequency of PSE varies widely. It has been reported that the 
frequency of PSE pork was more than fivefold greater in some plants than in others (Lee and Choi 
1999). However, it is well defined that PSE meat is caused by a too-fast pH decline, especially early 
postmortem while the muscle temperature is still high. All the factors discussed above influence 
meat quality and the frequency of PSE meat by increasing or inhibiting glycolysis, lactate accumu-
lation, and thus the pH values in postmortem muscle. However, the molecular mechanism of how 
postmortem glycolysis is controlled, how all these pre-slaughter and postmortem factors regulate 
postmortem glycolysis remains unknown. To meet the quality demands of the meat industry in the-
future and for the control of PSE meat, it is necessary to elucidate the molecular mechanism of how 
postmortem glycolysis is regulated; this in turn, may lead to strategies to prevent PSE meat and the 
loss of millions of dollars every year in the meat industry.
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10 AMP-Activated Protein 
Kinase in Muscle Growth, Fat 
Deposition, and Meat Quality

Min Du, Qingwu W. Shen, Keith R. Underwood, 
Jun F. Tong, and Meijun Zhu

10.1  IntroduCtIon

AMP-activated protein kinase (AMPK) was first described in 1989 (Hardie et al. 1989). Since then, 
interest in AMPK has exploded due to its apparent association with obesity and diabetes (Hardie 
2007). AMPK is a heterotrimeric complex comprising a catalytic subunit (α) and two regulatory 
subunits (β and γ). The approximate molecular masses are 63 and 38 kDa for the α- and β-subunits, 
respectively (Hardie and Carling 1997; Hardie et al. 1998; Winder and Hardie 1999). The γ-subunit 
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molecular mass varies considerably among isoforms (Cheung et al. 2000). Each subunit is encoded 
by either two or three distinct genes (α1, α2, β1, β2, γ1, γ2, γ3) (Beri et al. 1994; Cheung et al. 2000; 
Hardie et al. 1998; Stapleton et al. 1997), which demonstrate tissue-specific distribution. In skel-
etal muscle, the α2-isoform is dominant, accounting for 80% of the total AMPK activity (Cheung 
et al. 2000; Stapleton et al. 1996, 1997; Thornton et al. 1998; Vavvas et al. 1997). Both β-subunit 
isoforms are present in skeletal muscle with the β2 isoform predominating (Stapleton et al. 1996; 
Thornton et al. 1998; Woods et al. 1996). The γ2-isoform mainly exists in cardiac muscle, while 
the γ3-isoform is skeletal muscle specific (Cheung et al. 2000). The AMPK γ3-isoform is especially 
abundant in white muscle fibers (Mahlapuu et al. 2004). Hampshire pigs carrying the Rendement 
Napole (RN) gene are characterized by superior lean growth and decreased fat deposition, but 
poor meat quality (Carr et al. 2006; Enfalt et al. 1997; Moeller et al. 2003; Monin and Sellier 
1985). Recently, the discovery that Rendement Napole (RN) gene is due to a mutation in the AMPK 
γ-subunit has stimulated research interest in examining the role of AMPK in muscle growth, fat 
deposition, and meat quality.

10.2  meCHanIsms ControllIng amPk aCtIvatIon

10.2.1  allosteriC aCtivation By aMP

The γ-subunit of AMPK contains four cystathionine-β-synthase (CBS) domains, which are essen-
tial for AMP binding (Cheung et al. 2000). AMP allosterically activates AMPK through three sepa-
rate mechanisms: (1) AMP directly activates phosphorylated AMPK (Hawley et al. 1995); (2) AMP 
binds to AMPK, changing its conformation and making it a better substrate for upstream AMPK 
kinase (LKB1), which phosphorylates the AMPK α-subunit at Thr 172 (Hawley et al. 1995); and (3) 
AMP binds to AMPK, making it a worse substrate for dephosphorylation by protein phosphatases 
(Davies et al. 1995). The coexistence of these three mechanisms make AMPK highly sensitive to 
the AMP concentration within cells (Hardie et al. 1999), all of which are antagonized by a high 
concentration of ATP (Davies et al. 1995; Hawley et al. 1996), suggesting that the allosteric sites 
bind AMP and ATP competitively. In striated muscle, AMPK is also regulated by the ratio of phos-
phocreatine to creatine (Fujii et al. 2000; Hardie and Carling 1997; Ponticos et al. 1998). Decreased 
phosphocreatine-to-creatine ratio can activate AMPK by two mechanisms, either (1) through direct 
activation or (2) through alteration of the AMP/ATP ratio by increasing the AMP concentration 
(Fujii et al. 2000; Ponticos et al. 1998; Tian et al. 1997).

10.2.2  aMPK Kinases, PhosPhatase, and aMPK α-suBunit PhosPhorylation at thr 172

10.2.2.1  amPk Phosphorylation at thr 172 and activation
The AMPK complex is inactive unless its α-subunit has been phosphorylated at Thr 172 by upstream 
AMPK kinase (AMPKK) (Hawley et al. 1996). Thr 172 lies within the activation loop of the kinase 
catalytic domain, a region conserved in many protein kinases requiring phosphorylation for their 
activity (Johnson et al. 1996). Phosphorylation of Thr 172 is essential for AMPK activity as site-
directed mutagenesis of Thr 172 to alanine completely abolished kinase activity (Crute et al. 1998; 
Stein et al. 2000). In addition to Thr 172, two other phosphorylation sites — Thr 258 and Ser 
485(α1)/491(α2) in the α-subunit of AMPK — have been identified recently (Woods et al. 2003b). 
Site-directed mutagenesis experiments indicated that phosphorylation at these new sites was not 
essential for AMPK activity (Woods et al. 2003b).

10.2.2.2  lkb1 as an upstream activator of amPk
LKB1 is the first identified AMPKK (Hawley et al. 2003; Shaw et al. 2004; Woods et al. 2003a). 
Deficiency of LKB1 in skeletal muscle prevents contraction-stimulated AMPK activation in skel-
etal muscle as well as ischemia-mediated AMPK α2 activation in cardiac muscle (Sakamoto et al. 
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2004; 2005; 2006). Also, deletion of LKB1 in the liver of adult mice led to a nearly complete loss of 
AMPK activity (Shaw et al. 2005). This evidence emphasizes that LKB1 is an important upstream 
kinase essential for AMPK activation. LKB1 is required for activation of AMPK in response to an 
elevated AMP/ATP ratio or increased AMP analogues. However, the LKB1 complex itself is not 
regulated by AMP and is constitutively active (Lizcano et al. 2004; Sakamoto et al., 2004). AMP 
and its mimetic agents activate AMPK by binding to AMPK and making it a better substrate for 
LKB1 (Hawley et al. 2003; Hawley et al. 1995). Interestingly, LKB1 was identified as a tumor sup-
pressor gene that when mutated results in a rare hereditary cancer termed Peutz-Jeghers syndrome 
(PJS) (Jenne et al. 1998), linking AMPK to cancer.

10.2.2.3  Ca2+/Calmodulin-dependent Protein kinase kinase (Camkk) as amPkk
CaMKK is activated in response to elevation of intracellular Ca2+ concentration, and the activation 
of AMPK by CaMKK requires intracellular Ca2+ mobilization. Ca2+/calmodulin-dependent protein 
kinase has two isoforms: CaMKKα and CaMKKβ. While LKB1 is ubiquitously expressed, CaMKK, 
especially CaMKKβ, is mainly localized in neural tissues (Anderson et al. 1998). However, substan-
tial CaMKKα expression is observed in skeletal muscle (Rose et al. 2006). Witczak et al. (2006) 
reported that CaMKKα is the only CaMKK isoform expressed in skeletal muscle. The AMPK 
activity in LKB1-/- mouse embryo fibroblasts increased multiple folds upon stimulation by Ca2+ 
ionophore, ionomycin, and/or A23187, indicating that CaMKK is an AMPKK along with LKB1 
(Hawley et al. 2005; Woods et al. 2005).

Studies by three separate groups confirmed that CaMKKβ is an upstream AMPK kinase (Hawley 
et al. 2005; Hurley et al. 2005; Woods et al. 2005). In their studies, AMPK was activated by Ca2+ 
ionophores in LKB1 deficient cells, and this activation is prevented by either selective CaMKKβ 
inhibitor STO-609 or RNA interference (RNAi) targeting CaMKK. Also, AMPK activation in 
brain slices by depolarization (which increases intracellular Ca2+) was blocked by STO-609 (Hawley 
et al. 2005). Less information is available regarding the role of CaMKKα as an upstream kinase of 
AMPK. In a previous study using C2C12 cells, CaMKKα mediated AMPK activation by α-lipoic 
acid (Shen et al. 2007b). In C2C12 cells, IL-6 activated AMPK through CaMKKα (Weigert et al. 
2007). Also, caffeine induced calcium release, which activated AMPK in rodent soleus muscle, pos-
sibly mediated by CaMKKα (Jensen et al. 2007).

10.2.2.4  other Proposed amPkk
Transforming growth factor-β-activated kinase (TAK1) is a newly identified AMPKK (Momcilovic 
et al. 2006). TAK1 directly phosphorylates AMPK in HeLa cells (Momcilovic et al. 2006). However, 
TAK1 was placed upstream of LKB1 in another report (Xie et al. 2006). Apparently, more studies 
are needed to either support or repudiate TAK1 as an AMPKK.

10.2.2.5  Phosphatase
Protein phosphatase 2C (PP2C) dephosphorylates the AMPK α-subunit at Thr 172 (Marley et al. 
1996; Sanders et al. 2007). Tumor necrosis factor α (TNFα) reduces AMPK activity in skeletal 
muscle through up-regulation of PP2C (Shen et al. 2007b; Steinberg et al. 2006b). High levels of 
TNFα in blood circulation are associated with insulin resistance, which is at least partially due to 
the enhancement of PP2C expression, inhibiting AMPK activity.

10.3  amPk aCtIvIty Is regulated by Hormones 
and CytokInes, and drugs

10.3.1  horMone and CytoKine regulation oF aMPK aCtivity

One of the most fascinating advancements in AMPK research is the demonstration that AMPK 
is regulated by hormones and cytokines. Leptin, a cytokine produced by adipocytes, stimulates 
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fatty-acid oxidation by activating AMPK in skeletal muscle (Minokoshi et al. 2002). Chronic 
administration of leptin (2 weeks) increases the expression of AMPK α-subunit and its phos-
phorylation at Thr 172 in rodent muscle (Steinberg et al. 2003). In contrast to its effects in 
periphery tissues, leptin suppresses AMPK activity in the hypothalamus (Andersson et al. 
2004; Minokoshi et al. 2004), which is necessary for the satiety control by leptin (Minokoshi 
et al. 2004).

AMPK is also activated by adiponectin (Yamauchi et al. 2002). Adiponectin is another peptide 
hormone secreted by adipocytes that stimulates glucose uptake and fatty acid oxidation and inhib-
its gluconeogenesis. Both globular and full-length adiponectin activate AMPK in skeletal muscle 
(Tomas et al. 2002; Yamauchi et al. 2002). In parallel with the activation of AMPK, adiponectin 
stimulates fatty acid oxidation, glucose uptake, and lactic acid accumulation in myocytes and adi-
pocytes (Wu et al. 2003; Yamauchi et al. 2002). Blocking AMPK activation by a dominant-negative 
mutation (Yamauchi et al. 2002; Yoon et al. 2006) or by an AMPK inhibitor (Wu et al. 2003; Yoon 
et al. 2006) inhibits all these effects of adiponectin on lipid metabolism.

The adipocyte/macrophage-secreted hormone, resistin, induces insulin resistance and stimulates 
hepatic glucose production in vivo; this is at least partially mediated by down-regulation of AMPK 
activity (Banerjee et al. 2004; Muse et al. 2004; Satoh et al. 2004). In vitro, chronic incubation of 
skeletal muscle cells with resistin decreased fatty acid uptake and metabolism via a mechanism 
involving decreased cell surface fatty acid translocase FAT/CD36 and a decrease in the phosphory-
lation of AMPK and ACC. Because AMPK has a stimulatory effect on FAT/CD36, resistin-induced 
AMPK inhibition might mediate these effects (Palanivel and Sweeney 2005). Despite the above 
observations, mechanisms leading to AMPK activation by hormones and cytokines are far from 
clear and certainly warrant further studies.

10.3.2  PharMaCologiCal aCtivation oF aMPK

Metformin and rosiglitazone are two common anti-diabetic drugs. Metformin induces fatty acid 
oxidation, stimulates glucose uptake in muscle, and suppresses lipogenic enzyme expression in 
liver through activation of AMPK in both muscle and liver (Zhou et al. 2001). The mechanism 
by which metformin activates AMPK is controversial. Earlier literature tends to suggest that met-
formin activates AMPK without an increase in the AMP/ATP ratio (Fryer et al. 2002a; Hawley 
et al. 2002; Owen et al. 2000), indicating that LKB1 is not involved in the activation of AMPK 
by metformin. However, a more recent study shows that LKB1 is necessary for the activation of 
AMPK by metformin (Shaw et al. 2005). Rosiglitazone increases AMPK activity in muscle cells 
via an increase in the AMP/ATP ratio (Fryer et al. 2002a). Chronic treatment with rosiglitazone 
restores AMPK α2 activity in the skeletal muscle of obese, insulin-resistant Zucker rats (Lessard 
et al. 2006).

To study the physiological function of AMPK in vivo requires the development of methods to 
manipulate AMPK activity other than cellular stresses that deplete ATP concentration. The widely 
used AMPK activator, 5-aminoimidazole-4-carboxamide ribonucleoside (AICAR), is phosphory-
lated to 5-amino-4-imidazolecarboxamide ribotide (ZMP) after entering into cell and mimics AMP 
to activate AMPK (Corton et al. 1995; Sabina et al. 1985).

α-Lipoic acid (ALA) naturally exists in a wide range of foods. It is a short-chain fatty acid with 
powerful antioxidant capacity (Packer et al. 2001), ALA has long been used as an anti-diabetes 
agent (Ziegler et al. 1997, 1999). ALA, like leptin, suppresses AMPK activity in hypothalamus, 
reduces food intake, and enhances whole-body energy expenditure (Kim et al. 2004b). In skeletal 
muscle, ALA improves insulin sensitivity, and increases glucose uptake and fatty acid oxidation 
by activating AMPK (Lee et al. 2005). We recently showed that ALA activates AMPK through 
CaMKKα (Shen et al. 2007b). In addition to ALA, certain compounds in plants also activate 
AMPK. Berberine is an alkaloid found in plants that activates AMPK (Cheng et al. 2006; Lee 
et al. 2006).
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10.4  amPk In musCle groWtH and develoPment

Skeletal muscle hypertrophy is defined as an increase in muscle mass and is a result of an increase 
in the size of preexisting skeletal muscle fibers, as opposed to an increase in number (hyperplasia). 
At the molecular level, skeletal muscle hypertrophy results from an increase in the rate of protein 
synthesis and an inhibition of protein degradation (Glass 2005). AMPK has a role in both protein 
synthesis and degradation in skeletal muscle.

10.4.1  aMPK and MusCle Protein synthesis

It is well documented that insulin and IGF-1 stimulate skeletal muscle growth, mainly mediated 
by the phosphoinositide-3 kinase/protein kinase B (PI3K/Akt) signaling pathway (Figure 10.1) 
(Bush et al. 2003; Latres et al. 2005; Park et al. 2005; Song et al. 2005; Subramaniam et al. 2005; 
Vary 2006). First, Akt promotes muscle growth through mammalian target of rapamycin (mTOR) 
(Shaw and Cantley 2006; Wullschleger et al. 2006). The proteins TSC1 and TSC2 form a functional 
complex that negatively regulates mTOR signaling and cell growth (Inoki et al. 2003; McManus 
and Alessi 2002). Akt phosphorylates TSC2 and inhibits the function of the TSC1/TSC2 complex, 
leading to activation of mTOR (Figure 10.1) (Inoki et al. 2003). Akt also directly phosphorylates 
mTOR at Ser 2448 (Chiang and Abraham 2005). The downstream targets of mTOR signaling are 
proteins involved in protein synthesis, including eukaryotic initiation factor 4E binding protein 1 
(4E-BP1) and S6 kinase (S6K). In addition to activating mTOR, Akt activation also promotes pro-
tein synthesis through the inhibition of glycogen synthase kinase 3 (GSK3) activity (Cross et al. 
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FIgure 10.1 AMPK and insulin/IGF-1 signaling in skeletal muscle growth. AMPK: AMP-activated pro-
tein kinase; IGF-1: insulin-like growth factor-1; IRS-1: insulin receptor substrate-1; PI3K: phosphoinositide-3 
kinase; PKC: protein kinase C; Erk1/2: extracellular signal-regulated kinase 1/2; Akt: protein kinase B; and 
mTOR: mammalian target of rapamycin.
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1995; Hardt and Sadoshima 2002). GSK3 inhibits protein translation by phosphorylating eukaryotic 
initiation factor 2B (eIF2B) (Pap and Cooper 2002; Vary et al. 2002). GSK3 also phosphorylates the 
nuclear factor of activated T cells (NFAT), which excludes its entrance into the nucleus to induce 
muscle protein expression (Schulz and Yutzey 2004). In addition, insulin/IGF-1 signaling enhances 
extracellular signal-regulated kinase 1/2 (Erk1/2) signaling in skeletal muscle cells (Goodyear et al. 
1996; Haddad and Adams 2004; Halevy and Cantley 2004), which contributes to insulin/IGF-1-
induced muscle growth (Figure 10.1).

AMPK mediates the sensitivity of insulin signaling in skeletal muscle through at least three 
mechanisms:

 1. AMPK phosphorylation of IRS-1 at Ser 789, which enhances the ability of IRS-1 to recruit 
downstream mediators, augmenting insulin signaling (Jakobsen et al. 2001) (Figure 10.1). 
However, this claim was later disputed (Qiao et al. 2002).

 2. AMPK activation enhances fatty acid oxidation, which reduces intracellular fatty acids 
and their derivatives (Minokoshi et al. 2002). These fatty acid derivatives activate protein 
kinase C-θ (PKC-θ) signaling, which inhibits IRS-1-mediated signaling, leading to insulin 
resistance (Figure 10.1) (Kim et al. 2004a). The net result is that AMPK improves insulin 
sensitivity.

 3. AMPK inhibits mTOR and S6K signaling (Aguilar et al. 2007). Because mTOR and S6K 
phosphorylate IRS-1 at Ser 636/639, which attenuates IRS-1 function and downstream 
insulin signaling (Khamzina et al. 2005; Um et al. 2004), the inhibition of mTOR/S6K by 
AMPK sensitizes insulin signaling (Figure 10.1).

In our previous study in pregnant sheep, maternal obesity and over-nutrition down-regulated insu-
lin/IGF-1 signaling in fetal muscle, which was correlated with the down-regulation of AMPK in 
fetal muscle from obese mothers (Zhu et al. 2008). In rats, AMPK activity was reduced in the skel-
etal muscle of diet-induced obese rats and linked to insulin resistance (Sriwijitkamol et al. 2006). 
The role of AMPK in insulin signaling is also supported by recent reports that impaired insulin sig-
naling accelerates muscle protein degradation (Wang et al. 2006). TNFα is known to induce insulin 
resistance and muscle atrophy (Ozes et al. 2001; Peraldi and Spiegelman 1998). Very recently, it was 
shown that TNFα induced insulin resistance through inhibition of AMPK (Steinberg et al. 2006b), 
thereby linking AMPK with insulin resistance and muscle atrophy.

mTOR signaling pathway regulates protein translation. AMPK negatively regulates protein 
translation through the inhibition of mTOR. Energy availability (AMP/ATP ratio in cells), work-
ing through AMPK, controls the activation of mTOR signaling and protein synthesis (Inoki et al. 
2003) (Figure 10.1). The TSC complex is a target of AMPK. AMPK phosphorylates TSC2 at a site 
different from that phosphorylated by Akt. Unlike Akt, phosphorylation by AMPK enhances the 
stability of the TSC1/TSC2 complex and inhibits mTOR signaling (Corradetti et al. 2004; Inoki 
et al. 2003; Kimura et al. 2003). In addition, AMPK may also inhibit the activity of mTOR directly 
by phosphorylation at Thr 2446. The phosphorylation of mTOR at Thr 2446 and Ser 2448 is mutu-
ally exclusive and may act as a switch to integrate energy status with protein synthesis (Figure 10.1) 
(Cheng et al. 2004).

Furthermore, activated AMPK can directly phosphorylate eukaryotic elongation factor 2 (eEF2) 
kinase at several sites in vitro, including Ser 78, Ser 266, and Ser 398 (Browne et al. 2004; Browne 
and Proud 2004). Phosphorylation of eEF2 kinase at Ser 398 leads to activation of its kinase activ-
ity. Activated eEF2 kinase then phosphorylates and inhibits eEF2, which mediates translocation of 
the ribosome relative to the mRNA during mRNA translation (Browne and Proud 2002) and thus 
inhibits mRNA translation (Carlberg et al. 1990).

To summarize the role of AMPK in muscle protein synthesis, AMPK enhances protein synthesis 
through sensitization of insulin/IGF-1 signaling, but also negatively regulates protein translation 
through down-regulation of mTOR signaling. Sensitization of insulin/IGF-1 signaling by AMPK 
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is associated with fatty acid oxidation and PKC-θ activation, which is a relatively slow response. 
However, AMPK inhibits mTOR and its associated signaling through direct phosphorylation, which 
is a fast, acute response. Therefore, the long-term effect of AMPK activation tends to promote 
muscle growth through sensitization of insulin/IGF-1 signaling, although the acute effect of AMPK 
activation is to inhibit protein synthesis.

10.4.2  aMPK and MusCle Protein degradation

The insulin/IGF-1 signaling pathway also controls protein degradation (Figure 10.1). The first step 
in the degradation of myofibrillar proteins is their release from myofibrils. The aspirate-specific 
cysteinyl proteases (Caspase 3) and calpains play a major role in the release of myofibrillar pro-
teins (Goll et al. 2003; McLoon et al. 2004; Menconi et al. 2004). Released myofibrillar proteins 
can either be re-assembled into myofibrils or degraded by ubiquitinization (Goll et al. 2003). The 
ubiquitin proteasome system degrades ubiquitinized myofibrillar proteins. Thus, ubiquitinization is 
a key control point in determining the fate of released myofibrillar proteins. Two ubiquitin ligases, 
Muscle Ring Finger 1 (MuRF 1) and Muscle Atrophy F-box (MAFbx), play essential roles in the 
ubiquitinization of myofibrillar proteins (Bodine et al. 2001). Their increased expression promotes 
apoptosis and muscle atrophy (Glass 2005). The Forkhead box-containing protein, O-subfamily 
(FOXO) transcription factors, are required for the up-regulation of MuRF1 and MAFbx expres-
sion. Transcription factors FOXO are downstream targets of Akt. Akt phosphorylates FOXO and 
leads to nuclear exclusion and blocks its function (Skurk et al. 2005), thus inhibiting muscle protein 
breakdown (Glass 2005).

Pharmacological activation of AMPK promotes the protein degradation through enhancing the 
expression of MuRF1 and MAFbx (Krawiec et al. 2007; Nakashima and Yakabe 2007). However, 
our data showed that IGF-1 in combination with a low degree of AMPK activation did not increase 
MuRF1 and MAFbx mRNA expression, and MuRF1 and MAFbx protein contents were not changed 
(unpublished data). Therefore, the effect of AMPK in protein degradation may be dependent on the 
level of AMPK activation, with a low degree of activation inhibiting protein degradation via the sen-
sitization of insulin/IGF-1 signaling while a high degree of activation promotes protein degradation. 
The differential effect of low and high AMPK activation on downstream signaling was observed 
in a recent study in colon cancer cells (Park et al. 2006). Low levels of AMPK activation facilitates 
insulin/IGF-1 signaling inhibiting protein degradation, while high levels of AMPK activation pro-
mote protein degradation through the inhibition of mTOR. mTOR controls muscle protein degrada-
tion independent of FOXO (Latres et al. 2005).

10.5  amPk In adIPogenesIs and Fat aCCumulatIon

10.5.1  aMPK in liPid MetaBolisM

The key function of AMPK is to regulate the energy balance within the cell. Once activated, AMPK 
phosphorylates downstream substrates and the biological effects of AMPK are pleiotropic, switch-
ing off ATP-consuming processes such as biosynthetic pathways, and switching on catabolic pro-
cesses to generate ATP, including glycolysis and fatty acid oxidation (Carling 2004; Hardie et al. 
2006; Hardie et al. 2003). In addition to the acute regulation of energy metabolism, AMPK also 
alters both transcription (Foretz et al. 1998; Leclerc et al. 1998; Yang et al. 2001) and the translation 
of genes involved in energy metabolism (Fryer et al. 2002b; Winder et al. 2000a, b), exerting long-
term effects (Carling 2004).

AMPK mediates lipid metabolism through regulating several key regulators of lipid metabolism. 
Acety-CoA carboxylase (ACC) and 3-hydroxyl-3-methylglutaryl (HMG)-CoA reductase were the 
first proteins identified as downstream targets of AMPK that are involved in lipogenesis (Beg et al. 
1973; Carling et al. 1989; Carlson and Kim 1973; Henin et al. 1995; Park et al. 2002).
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ACC is a rate-limiting enzyme for fatty acid synthesis (Carling et al. 1989; Carling et al. 1987). 
ACC catalyzes malonyl-CoA synthesis by the carboxylation of acetyl-CoA. Malonyl-CoA is the 
initial precursor for the de novo fatty acid synthesis, and also an important regulator of fatty acid 
oxidation via its allosteric inhibition of carnitine palmitoyl transferase 1 (CPT-1), which catalyzes 
the transport of fatty acids across the mitochondrial membrane, a rate-limiting step for fatty acid 
β-oxidation (McGarry and Brown 1997). The turnover of malonyl-CoA is controlled by the activity 
of both ACC and malonyl-CoA decarboxylase (MCD). ACC exists in two isoforms, ACC1 (ACCα) 
and ACC2 (ACCβ), which have different roles (Abuelheiga et al. 1995; Kim et al. 1998; Steinberg 
et al. 2006a). ACC1, present in the cytosol, is primarily responsible for fatty acid synthesis and is 
highly abundant in liver and adipose tissue (Iverson et al. 1990). ACC2, which is localized to the 
outer leaflet of mitochondria, plays a critical role in fatty acid β-oxidation and is the dominant iso-
form expressed in muscle (Abu-Elheiga et al. 2000).

ACC1 is one of the initial identified substrates of AMPK (Carling et al. 1987; Carlson and Kim 
1973). AMPK phosphorylates ACC1 at multiple sites, corresponding to Ser 79, Ser 1200, and Ser 
1215 (Davies et al. 1990; Munday et al. 1988). Phosphorylation of ACC1 at Ser 79, the only site exclu-
sively phosphorylated by AMPK, correlates with inactivation of ACC1 (Ha et al. 1996). Incubation 
of isolated rat hepatocytes with AICAR inhibits fatty acid synthesis through phosphorylation and 
inhibition of ACC1 by activating AMPK (Corton et al. 1995; Henin et al. 1995). In adipocytes, 
AMPK inhibits ACC1, concomitant with a decreased lipogenic rate (Sullivan et al. 1994). Over-
expression of a dominant negative form of AMPK in adipocytes precludes this phosphorylation 
of ACC1 at Ser 79 by AICAR (Daval et al. 2005). Endurance exercise activates AMPK, decreases 
malonyl-CoA concentration, and diminishes ACC activity in liver, adipose tissue, and muscle (Park 
et al. 2002). Exercise induces an increase in MCD activity, which further reduces malonyl-CoA 
concentration and decreases glycerol-3-phosphate acyl transferase (GPAT) activity, a key enzyme 
involved in triacylglycerol synthesis.

HMG-CoA reductase, an integral membrane protein of the smooth endoplasmic reticulum, cata-
lyzes the committed and rate-limiting step in cholesterol biosynthesis, the conversion of HMG-CoA 
to mevalonate. HMG-CoA reductase, like ACC1, is phosphorylated and inactivated by AMPK when 
intracellular ATP falls (Beg et al. 1973; Ferrer et al. 1985). Activation of AMPK inhibits HMG-CoA 
activity and cholesterol biosynthesis in cultured rat hepatocytes (Corton et al. 1995; Henin et al. 
1995).

AMP-activated protein kinase regulates triacylglycerol synthesis through GPAT. The first com-
mitted and rate-limiting step in phospholipid and triglyceride synthesis is catalyzed by GPAT. 
GPAT exists in two isoforms: microsomal GPAT and mitochondrial GPAT. Purified recombinant 
AMPK inhibits hepatic mitochondrial GPAT in a time- and ATP-dependent manner, but direct 
GPAT phosphorylation by AMPK was not observed, raising the possibility that an associated pro-
tein may be the substrate of AMPK responsible for the inhibition of GPAT (Muoio et al. 1999). 
Activation of AMPK by endurance exercise reduces mitochondrial GPAT activity without any 
effect on microsomal GPAT in liver and adipose tissue (Park et al. 2002). Over-expression of consti-
tutively active AMPK by adenovirus infection reduces triglyceride esterification in primary human 
myotubes (Steinberg et al. 2006a). Activated AMPK in liver cells can also switch off the expression 
of enzymes involved in fatty acid biosynthesis, including fatty acid synthase and ACC1 (Woods 
et al. 2000). In short, AMPK can switch off fatty acid biosynthesis, both acutely (by phosphoryla-
tion of ACC1) and chronically (by reduced expression of fatty acid synthase and ACC1). In addition, 
AMPK directly regulates fatty acid oxidation. Therefore, cellular fatty acid level is very sensitive 
to AMPK regulation.

10.5.2  aMPK and adiPogenesis

As well as playing a very important role in fatty acid metabolism, AMPK has recently been impli-
cated in the development of adipose tissue. As discussed in Chapter 3, transcriptional  factors, 
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peroxisome proliferators-activated receptor γ (PPARγ) and CCAAT/enhancer-binding protein α 
(C/EBPα), are crucial regulators of adipogenesis (Dagon et al. 2006a; Giri et al. 2006; Habinowski 
and Witters 2001). Considering that adipocyte differentiation and growth are energy-consuming 
processes that involve both lipid and protein synthesis, it is not surprising that AMPK activation 
inhibits adipocyte differentiation.

Skeletal muscle cells and adipocytes are both derived from mesenchymal pluripotent cells (Artaza 
et al. 2005; Poulos and Hausman 2006). In approximately mid-gestation, fetal skeletal muscle has a 
large number of pluripotent cells that can differentiate into either myogenic cells or adipogenic cells 
(Feve 2005; Gnanalingham et al. 2005; Muhlhausler et al. 2007). Enhancing adipogenesis in fetal 
muscle is expected to provide sites for fat accumulation in later life, increasing marbling (Tong et al. 
2008). Previous studies in pigs and cattle indicate that fetal stage is important for the regulation of 
genes involved in intramuscular fat accumulation (Cagnazzo et al. 2006; Lehnert et al. 2007).

In fetal muscle through late gestation, there are no mature adipocytes (Casteilla et al. 1987; 
Lomax et al. 2007). However, the lack of mature adipocytes does not exclude the cells that are 
molecularly equipped to become adipocytes. Indeed, the initial events in adipogenesis start in 
mid-gestation (Feve 2005; Gnanalingham et al. 2005; Muhlhausler et al. 2007). The expression of 
PPARγ leads to adipogenic differentiation from pluripotent cells, and PPARγ is highly expressed in 
adipose tissue (Spiegelman et al. 2000). Preadipocyte factor-1 (Pref-1) is exclusively expressed in 
pre-adipocytes, not mature adipocytes (Fahrenkrug et al. 1999; Mei et al. 2002). Both PPARγ and 
Pref-1 are frequently used as markers for adipogenic studies.

AMPK activation inhibits the expression of PPARγ and C/EBPs in pre-adipocytes (Giri et al. 
2006). Activation of AMPK in pre-adipocytes prevents adipocyte differentiation and blocks the 
expression of the late adipogenic markers, fatty acid synthase and ACC. We previously demon-
strated that AMPK was negatively associated with marbling in beef cattle (Underwood et al. 
2008). In 3T3-L1 cells, activation of AMPK induced a dose-dependent inhibition of PPARγ, elic-
iting that activation of AMPK inhibited adipogenesis in 3T3-L1 cells (Tong et al. 2008). These 
data in 3T3-L1 cells clearly demonstrate that AMPK has a crucial regulatory role in adipogenesis, 
which is in agreement with previous reports (Giri et al. 2006; Habinowski and Witters 2001). 
Furthermore, it has also been proposed that hypoxia, genistein, epigallocatechin gallate, or cap-
saicin inhibits adipocyte differentiation and proliferation via activating AMPK (Hwang et al. 
2005; Kim et al. 2005).

It is well established that PPARγ expression induces adipogenic differentiation. This receptor 
functions as an obligate heterodimer with retinoid X receptor, and binds to DNA sequences called 
direct repeat (DR)-1 elements, which induces the expression of adipocyte-specific genes (Spiegelman 
et al. 2000). However, it remains unclear how AMPK regulates PPARγ expression and adipogenesis. 
Only a few reports have examined the possible mechanisms associated with AMPK in adipogenesis 
(Giri et al. 2006; Habinowski and Witters 2001). Activation of AMPK by AICAR induced down-
regulation of key adipogenic genes, which suggested that this effect was mediated by phosphoryla-
tion of eukaryotic initiation factor 2α (eIF2α) (Dagon et al. 2006b). In summary, AMPK regulates 
adipogenesis but the underlying mechanisms remain vague (Dagon et al. 2006b).

10.6  amPk and WHole-body energy metabolIsm

Much of the previous work on AMPK focused on its regulation of energy level within individual 
cells. Recently, it has become clear that AMPK also regulates whole-body energy metabolism in 
response to hormones and nutrient signals. Two adipocyte-derived hormones (leptin and adiponec-
tin) have opposite effects on AMPK activity: activating AMPK in skeletal muscle but inhibiting 
AMPK in hypothalamus. These two hormones are secreted by adipocytes and thought to represent 
signals that body lipid stores are adequate. Leptin and adiponectin activates AMPK in skeletal 
muscle to increase fatty acid oxidation, whereas inhibition of AMPK in hypothalamus by these two 
hormones is responsible for their anorexigenic effects: reducing food intake. Different responses of 
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AMPK to leptin and adiponectin in the central nervous system and peripheral tissues are additive 
to the control of fat accumulation.

Increasing evidence demonstrates that hypothalamic AMPK activity regulates food intake and 
fat accumulation. Fasting increases AMPK activity in multiple hypothalamic regions, whereas 
feeding inhibits its activity (Minokoshi et al. 2004). Fasting and feeding regulation of AMPK in 
hypothalamus is mediated by the accompanied oscillations of hormones and nutrients, especially 
glucose. The anorexigenic hormones, leptin and insulin, are excreted after feeding, which represses 
food intake through the inhibition of AMPK, whereas AMPK in the hypothalamus is activated by 
ghrelin (Andersson et al. 2004; Minokoshi et al. 2004), a gut hormone of which the circulating 
level rises before a meal and falls following food ingestion. Ghrelin stimulates food intake. Over-
expression of constitutively active AMPK by adenovirus injection in the medial basal hypothalamus 
increases expression of orexigenic neuropeptides, neuropeptide Y and agouti-related peptide, in the 
arcuate nucleus of hypothalamus, whereas over-expression of dominant negative AMPK suppresses 
the expression of these fasting-induced orexigenic neuropeptides in the hypothalamus (Minokoshi 
et al. 2004). Also, direct injection of AICAR into the hypothalamus increases hypothalamic AMPK 
activity and food intake (Andersson et al. 2004). Furthermore, the anorexigenic effect of ALA 
is prevented by intracerebroventricular injection of AICAR or by over-expressing a constitutively 
active AMPK in the hypothalamus (Kim et al. 2004b). This suggests that hypothalamic AMPK 
plays an important role in food intake regulation. The effects of these hormones on AMPK, coupled 
with its response to nutrient signal in both the central nervous system and periphery, provide evi-
dence that this kinase is a crucial regulator of whole-body energy metabolism.

In addition to the acute effects on energy metabolism, AMPK regulates the expression of numerous 
genes. In liver cells, activation of AMPK decreases the expression of phosphoenolpyruvate carboxyki-
nase and glucose-6-phosphatase, both of which are enzymes involved in gluconeogenesis (Lochhead 
et al. 2000; Yamauchi et al. 2002). In muscle cells, AMPK activation up-regulates the expression of 
glucose transporter-4 (GLUT4), hexokinase, and mitochondrial enzymes (Zheng et al. 2001). Similar 
changes in the expression of these genes are also seen in response to endurance training or to chronic 
ATP depletion in muscle by feeding rodents with a creatine analogue β-guanidinopropionic acid. 
Through up-regulating GLUT4, hexokinase and mitochondrial biogenesis via the AMPK pathway, the 
capacity of muscle to take up glucose and oxidize glucose and fatty acids is enhanced.

10.7  amPk, glyColysIs, and Pse meat

AMPK activation in response to physiological and pharmacological stimuli increases glucose 
metabolism in skeletal muscle by stimulating glucose uptake and glycolysis. The involvement of 
AMPK in glucose metabolism is first evidenced by a study showing that AICAR activation of 
AMPK in perfused rat hindlimb muscles increases both fatty acid oxidation and glucose uptake 
(Merrill et al. 1997). There is a strong correlation between AMPK activation and the increase in 
glucose uptake (Bergeron et al. 1999; Hayashi et al. 2000; Hayashi et al. 1998; Musi et al. 2001; 
Tian et al. 2001). This increased glucose uptake in response to AICAR stimulation, muscle contrac-
tion, or hypoxia is blocked by over-expression of a dominant-negative AMPK in skeletal muscle of 
AMPK kinase-inactive mice (Fryer et al. 2002b; Mu et al. 2001; Sakoda et al. 2002), indicating that 
AMPK is the mediator of increased glucose uptake. AMPK stimulates muscle glucose uptake in 
several ways: (1) AMPK activation increases the intrinsic activity of the glucose transporter GLUT1 
by an unknown mechanism (Barnes et al. 2002); (2) AMPK enhances GLUT4 translocation from 
the intracellular storage pool to the plasma membrane (Kurth-Kraczek et al. 1999; Russell et al. 
1999); and (3) AMPK activation up-regulates the transcription and/or translation of GLUTs (Fryer 
et al. 2002b; Holmes et al. 1999; Zheng et al. 2001).

AMPK also increases the intracellular glucose level by phosphorylating and activating phospho-
rylase kinase, which then phosphorylates and activates glycogen phosphorylase, leading to glycog-
enolysis (Fraser et al. 1999; Russell et al. 1999; Young et al. 1997).
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Concomitant with increased glucose uptake and glycogenolysis, another mechanism by which 
activated AMPK increases glucose metabolism is the phosphorylation (Ser 466) and activation of 
phosphofructokinase-2 (PFK-2) (Marsin et al. 2000). PFK-2 catalyzes the production of fru-2, 6-P2, 
which is a potent allosteric activator of PFK-1, the most important rate-controlling enzyme in gly-
colysis. In vitro phosphorylation of PFK-2 by purified AMPK further confirms the direct involve-
ment of AMPK in glycolysis (Marsin et al. 2000). Based on the previous evidence, AMPK plays an 
important role at various stages of glucose metabolism to maintain intracellular energy levels.

As discussed in Chapter 9, PSE meat is a significant problem facing the meat industry. In our 
studies, we found that AMPK was activated earlier and more easily in muscle that became PSE meat 
compared to normal meat, showing that AMPK is associated with PSE (Shen et al. 2006d). To further 
assess the role of AMPK in postmortem glycolytic regulation, we used pre-slaughter forced swim-
ming, intraperitoneal injection of AICAR, and a skeletal-muscle-specific AMPK knockout to alter the 
AMPK activity in postmortem mouse muscle (Shen and Du 2005; Shen et al. 2006b). AMPK activity 
is correlated with postmortem glycolysis (Shen et al. 2006c). Using a specific β-adrenoceptor blocker, 
propranolol, to block β-adrenoceptor, we demonstrated that stresses can accelerate postmortem gly-
colysis through β-adrenoceptor mediated AMPK activation (Du et al. 2005).

Pre-slaughter stress and the halothane gene are reported to increase the incidence of PSE meat. 
Studies in pigs showed that pre-slaughter transport and the halothane gene accelerated ATP deple-
tion, leading to a lower energy status in muscle early postmortem, which was evidenced by a lower 
ATP concentration and a higher (AMP+IMP)/ATP ratio (Shen et al. 2007a). The lower energy status 
leads to earlier and fast AMPK activation, resulting in elevated postmortem glycolytic rates and 
increased PSE incidence. Higher fructo-2,6-biphosphate concentration in postmortem muscle with 
higher AMPK activity and glycolytic rate indicated that AMPK increased postmortem glycolysis by 
phosphorylating and activating PFK-2 (Shen et al. 2007a).

10.8  Rn− PHenotyPe In HamPsHIre PIgs: a Clear 
demonstratIon For tHe role oF amPk In musCle 
groWtH, Fat aCCumulatIon, and meat QualIty

Pigs have been selected for enhanced muscle growth and reduced fat deposition for generations. 
However, intensive genetic selection for pigs with high lean growth efficiency unintentionally leads 
to the spread of RN– (Rendement Napole) gene. Based on the presence of RN– gene, pigs can be 
separated into normal pigs (rn+/rn+), RN– carriers (RN–/rn+), and RN– positive (RN–/RN–). The RN– 

gene is a dominant gene (Lebret et al. 1999b). The incidence of the RN– gene in U.S. pigs, especially 
Hampshire pigs, is high (Miller et al. 2000b). Carcasses of RN– gene carrier (RN–/rn+) pigs had 
decreased fat depth and a greater lean percentage than carcasses of normal (rn+/rn+) pigs, while no 
difference was observed between RN–/rn+ and RN–/RN– pigs due to the dominant effect of the RN– 
gene (Carr et al. 2006; Enfalt et al. 1997; Moeller et al. 2003). In addition, pigs genotyped RN–/rn+ 

grew faster than rn+/rn+ pigs (Enfalt et al. 1997).
Recently, the RN– gene was identified to result from a mutation in AMP-activated protein kinase 

(AMPK) γ3-subunit (Milan et al. 2000). Based on studies of a similar mutation of the AMPK 
γ-subunit in cardiac muscle and other related studies, this mutation leads to a constantly active 
AMPK (Daniel and Carling 2002; Sanders et al. 2007; Scott et al. 2004). In addition, this mutation 
was consistently shown to render mutated AMPK unresponsive to AMP by disrupting the AMP 
binding site (Arad et al. 2002; Daniel and Carling 2002; Sidhu et al. 2005). As the major function 
of AMPK in vivo is to sense the energy demand in cells through an AMP-dependent activation, the 
mutation in the γ-subunit renders it unresponsive to AMP and thus is a loss-of-function mutation 
(Daniel and Carling 2002; Sidhu et al. 2005).

The RN− phenotype is characterized by a 70% increase in glycogen content in skeletal muscle 
(Estrade et al. 1993). Increased glycolytic potential is frequently used to identify RN− phenotype 
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(Hamilton et al. 2003; Larzul et al. 1998; Miller et al. 2000a). The RN− phenotype is associated with 
“acid meat” and RSE (red, soft, and exudative) pork from Hampshire pigs (Josell et al. 2003; Le 
Roy et al. 2000; Lebret et al. 1999a; Milan et al. 1996; Van Laack and Kauffman 1999). Meat from 
RN− pigs has a low ultimate pH (24 hr postmortem), a reduced water-holding capacity, and reduced 
cooking yield (Enfalt et al. 1997; Estrade et al. 1993).

The mutation in the AMPK γ-subunit leads to hypertrophy of cardiac and skeletal muscle (Hardie 
and Hawley 2001; Milan et al. 2000; Murphy et al. 2005; Shen et al. 2006a; Sidhu et al. 2005). In 
Hampshire pigs, a point mutation, Arg200 to Gln in the AMPK γ3-subunit, results in the RN− phe-
notype characterized by increased lean growth and inferior meat quality (Andersson 2003; Enfalt 
et al. 1997; Hardie and Hawley 2001; Milan et al. 2000). Interestingly, a mutation at the same loca-
tion in the AMPK γ2-subunit, which is highly expressed in cardiac muscle, results in cardiac hyper-
trophy (Ashrafian et al. 2003; Murphy et al. 2005; Oliveira et al. 2003; Sidhu et al. 2005; Spindler 
et al. 1998). Hearts from mice with AMPK γ2-subunit mutation had an average weight of 297 mg 
while those from wildtype mice had an average weight of only 140 mg (p < 0.001) (Sidhu et al. 
2005). The role of AMPK in muscle growth is further evidenced by the muscle fiber type specific 
hypertrophy of RN− pigs. A larger cross-sectional area of Type IIa and IIb fibers was observed in 
longissimus dorsi muscle of RN− pigs compared to normal (rn+/rn+) pigs, with no difference in the 
area of Type I fibers (Lebret et al. 1999b). This coincides with the fiber type specific expression of 
the AMPK γ3-subunit. The AMPK γ3-subunit has high expression levels in Type IIb and Type IIa 
fibers, whereas its expression is undetectable in Type I fibers (Yu et al. 2004).

The constantly active AMPK in the skeletal muscle of RN− pigs increases fatty acid oxidation 
and decreases fatty acid synthesis, which reduces fatty acids available for adipose tissue and leads 
to the repartitioning of nutrients from fat accumulation to lean growth, enhancing growth efficiency 
in RN− pigs. In short, the AMPK constantly active mutation enhances muscle growth, reduces fat 
deposition, and impairs the meat quality of RN− pigs, providing a good summary for the role of 
AMPK in muscle growth, fat deposition, and meat quality.

10.9  summary

AMPK has key roles in regulating skeletal muscle growth, fat deposition, and meat quality. Therefore, 
AMPK provides a useful molecular target for improving animal performance. Recent studies show 
that AMPK inhibits adipogenesis in skeletal muscle, which is linked to marbling, a very important 
factor in determining meat quality. However, our understanding of AMPK in adipogenesis remains 
rudimentary. The role of AMPK in animal performance remains poorly understood; more studies 
are apparently warranted to understand how AMPK is involved in live performance.
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11 Meat Color

Richard A. Mancini

11.1	 	IntroduCtIon

Meat color influences retail purchasing decisions more than any other quality factor because con-
sumers use discoloration as an indicator of spoilage and shelf life. This results in annual revenue 
losses of $1 billion as nearly 15% of retail beef is discounted in price due to surface discoloration 
(Smith et al. 2000). Improvements in retail meat profit associated with increased product color life 
rely on several factors that determine meat color, particularly myoglobin redox chemistry.

11.2	 	myoglobIn CHemIstry

11.2.1 MyogloBin

The pigment primarily responsible for meat color is myoglobin, a globular single-chain protein 
located in the sarcoplasm. Hemoglobin and cytochrome also play a small role in meat color; how-
ever, myoglobin is by far the major contributor and determinant. Located within the center of myo-
globin is a non-protein prosthetic group often referred to as a porphyrin or heme structure. The 
redox state and ligand present on the iron centrally located within myoglobin’s heme ring is respon-
sible for visible color transformations that occur on the surface of meat products.

Myoglobin is approximately 17 kDa and contains 153 residues that are organized in eight α-helices 
linked by short nonhelical strands. Within the 153 amino acids that contribute to the proteins structure, 
two histidines (64 and 93) play a significant role in myoglobin function. In particular, iron’s interaction 
with the proximal histidine (H93) is partially responsible for attaching the prosthetic heme group to 
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the apoprotein. In addition, the distal histidine can interact with small molecules such as oxygen and 
aldehydes (lipid oxidation by-products), both of which influence muscle-food color stability.

The intrinsic chemistry of iron, in particular its ability to bind ligands and its valence state, plays 
a significant role in meat color. For example, iron located within the center of myoglobin’s heme ring 
can reversibly as well as preferentially bind ligands, such as diatomic oxygen, carbon monoxide, or 
nitric oxide. Iron has the ability to transition between a reduced ferrous state (Fe++ or Fe2+) and an 
oxidized ferric state (Fe+++ or Fe3+). A combination of the ligand present and the redox state of iron 
determines fresh meat color via the formation of one of four chemical forms of myoglobin, known 
as deoxy-, oxy-, carboxy-, and metmyoglobin.

Further information regarding the role of myoglobin chemistry in meat color is available in: 
Giddings (1977), Seideman et al. (1984), Faustman and Cassens (1990), Cornforth (1994), Pegg and 
Shahidi (1997), Baron and Andersen (2002), and Mancini and Hunt (2005).

11.2.2   deoxyMyogloBin

Deoxymyoglobin results when no ligand is attached to myoglobin’s ferrous heme iron (Fe2+ redox 
state). This myoglobin form is purplish-red (beef) or purplish-pink (pork) and as the “deoxy” prefix 
implies, it is associated with meat products that are not exposed to oxygen. Although this commonly 
occurs in vacuum packages, a thorough removal of oxygen is necessary as a very low oxygen partial 
pressure (<1.4 mmHg; Brooks 1935) is required to maintain myoglobin in a deoxygenated state. 
In addition, deoxymyoglobin is also found at depths within the interior of steaks and roasts where 
oxygen does not penetrate.

11.2.3   oxygenation and oxygen ConsuMPtion

Oxygenation occurs when deoxymyoglobin is exposed to oxygen, a process often referred to as 
bloom. The resulting color change from purple to red is often associated with opening vacuum 
packages, cutting steaks, and grinding meat, all of which allow myoglobin to bind oxygen. No 
change in iron’s redox state occurs during oxygenation.

Competition for oxygen between myoglobin and mitochondria is possibly the most important 
factor influencing the formation of bright cherry-red meat. In particular, the use of oxygen by 
enzymes and proteins other than myoglobin results in a darker, deoxygenated meat color due to lim-
ited oxygen availability to myoglobin. Postmortem competition for oxygen between myoglobin and 
mitochondria is the primary factor responsible for dark-cutting beef. In general, long-term stress of 
an animal prior to slaughter depletes muscle glycogen, decreasing the amount of substrate available 
for anaerobic metabolism at the time of slaughter. This limits postmortem glycolysis and results in 
elevated ultimate muscle pH, a factor that promotes mitochondrial respiration and competition for 
oxygen in meat. Increased mitochondrial activity out-competes myoglobin for oxygen and therefore 
helps maintain pigments in a deoxygenated state. As a result, dark-cutting beef fails to bloom and 
does not form the characteristic bright cherry-red color associated with freshly oxygenated beef of 
normal pH (5.6) and typical oxygen consumption.

11.2.4   oxyMyogloBin

As the result of pigment oxygenation, diatomic oxygen is the ligand attached to iron within oxymyo-
globin and meat is red in color. However, myoglobin remains in the ferrous redox state. In addition 
to oxygen binding to iron, the ligand is also linked to a helix within myoglobin via a hydrogen bond 
between the distal histidine and oxygen. This helps to stabilize O2 and alters oxymyoglobin’s struc-
ture compared with deoxymyoglobin. In particular, this interaction between histidine and bound 
oxygen brings the iron more in line with the protoporphyrin plane, making oxymyoglobin slightly 
more compact than deoxymyoglobin.
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11.2.5   MetMyogloBin

Oxidation of myoglobin’s heme iron results in metmyoglobin and the brown discoloration associated 
with consumer dissatisfaction. As atmospheric oxygen diffuses into meat products, it initially leaves 
a layer of bright-red oxymyoglobin on the surface where oxygen partial pressure is enough to main-
tain oxygenated myoglobin. As the depth beneath the meat surface increases, oxygen partial pres-
sure decreases, resulting in a deoxygenated interior of a steak or roast. A thin layer of metmyoglobin 
forms beneath the surface where oxygen levels are not sufficient enough to form oxymyoglobin, 
yet above the deoxygenated interior where anaerobic oxygen levels maintain deoxymyoglobin. 
This layer of brown results from low oxygen partial pressure, which promotes myoglobin oxidation 
when levels are not sufficient for oxygenation and not low enough for deoxygenation. Metmyoglobin 
beneath the surface (located between superficial oxymyoglobin and interior deoxymyoglobin) will 
eventually thicken and migrate toward the surface, where it will be visible to consumers. Thus, 
discoloration (1) is due to both the amount of surface area covered by metmyoglobin as well as 
subsurface myoglobin, and (2) is not an “all-or-nothing” phenomenon, but rather ranges between no 
discoloration (0% metmyoglobin) and complete surface coverage (100% metmyoglobin). The rate 
of discoloration depends on several factors, including oxygen partial pressure, temperature, pH, 
postmortem age, reducing activity, and microbial growth.

11.2.6   MetMyogloBin reduCtion

Maintenance of myoglobin in a ferrous state (Fe2+) is essential to maximizing desirable meat color 
and shelf life. Because discoloration results from myoglobin oxidation (a loss of electrons), metmyo-
globin reduction is a process that plays a vital role in meat color. Metmyoglobin reduction involves 
the transfer of an electron from a donating source, such as NADH, to the ferric heme of myoglobin. 
Electron transfer and mediation in postmortem muscle is supported by metmyoglobin reductase, 
which is a cytochrome b5 complex reductase enzyme system (Livingston et al. 1985). Thus, met-
myoglobin reduction in meat is a process that is influenced by oxygen-scavenging enzymes, reducing 
enzyme systems, and the NADH pool, all of which are continually depleted with time postmortem 
(Faustman and Cassens 1990).

11.2.7   deoxygenation and suBsequent reoxygenation

Packaging bright-red (oxygenated) product in vacuum is a process of interest to the industry because 
the conversion of oxymyoglobin to deoxymyoglobin on the surface of fresh meat is a two-step pro-
cess in which oxymyoglobin is not converted directly to deoxymyoglobin, but first is oxidized by 
low oxygen partial pressures. This is problematic because oxygen usage via endogenous oxygen con-
sumption is required to promote oxygen partial pressures low enough to produce deoxymyoglobin. 
As a result of this two-step process, meat can regenerate deoxymyoglobin only if it is capable of both 
oxygen consumption and reduction of ferric to ferrous iron. From a meat-packaging standpoint, even 
if regeneration of deoxy- from oxymyoglobin is possible, subsequent rebloom is often troublesome. 
To counteract these problems, carbon monoxide can be added to anaerobic meat packages because it 
binds strongly to myoglobin and forms a bright cherry-red pigment known as carboxymyoglobin.

11.2.8   CarBoxyMyogloBin

Carboxymyoglobin is a redox state of myoglobin that is rarely included in “meat color triangles” as 
they traditionally have considered only interconversions between deoxy-, oxy-, and metmyoglobin. 
However, the use of carbon monoxide in modified atmosphere packaging makes carboxymyoglobin 
a significant part of meat color chemistry. At the level of carbon monoxide accepted for use in meat 
packaging (<0.4%), deoxymyoglobin is likely more readily converted to carboxymyoglobin than are 
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oxymyoglobin or metmyoglobin from a fundamental molecular standpoint. However, both (1) the 
reaction of carbon monoxide with myoglobin and (2) the interconversion(s) between carboxy- and 
other myoglobin forms remain somewhat unclear when considering meat-packaging scenarios. In 
addition, although myoglobin’s heme ring has a strong affinity for carbon monoxide, the stability 
of carboxymyoglobin in an oxygen-rich atmosphere is not straightforward. This idea of CO-ligand 
dissociation and subsequent replacement by an oxygen-ligand should be reviewed in order to better 
understand myoglobin’s tendency to release carbon monoxide and subsequently bind oxygen once 
carboxymyoglobin is exposed to the atmosphere. In addition, the likelihood of replacing an oxygen 
ligand with carbon monoxide (conversion of oxy- to carboxymyoglobin) is particularly important 
when packaging previously bloomed steaks in carbon monoxide.

11.2.9   Cured Color and no-MyogloBin

Nitrite is an ingredient added to cured meat products in order to (1) inhibit the outgrowth of 
Clostridium botulinum spores, (2) fix the characteristic pink color associated with cured meat, 
(3) impart flavor, and (4) act as an antioxidant. However, nitrite does not react with myoglobin. 
Rather, through a series of steps including reduction of nitrite, NO binds to myoglobin and forms 
ferrous NO-myoglobin. Heat-induced denaturation of NO-myoglobin exposes the centrally located 
porphyrin ring, which is pink due to its interaction with NO. The pink color of cured meat products 
is susceptible to light and oxygen, and will fade to gray if not vacuum packaged. Replacement of 
myoglobin’s heme iron with zinc also is associated with the color of certain dry-cured hams.

11.2.10   iridesCenCe

Iridescence refers to a shiny, rainbow-like appearance most commonly associated with green, red, 
orange, and yellow colors on the surface of cooked meat products. This kaleidoscope-like appearance 
is a concern for the meat industry because it can be misinterpreted by consumers as an indication of 
microbial spoilage. The mechanism of iridescence is primarily associated with product surface micro-
structure and light diffraction, and therefore, it is likely that myoglobin has essentially no role in irides-
cence (Swatland 1984). In particular, structural uniformity on the surface of cooked meat will result 
in light diffraction patterns that are conducive to iridescence. Conversely, disruption of surface micro-
structure causes light to be reflected in a more irregular pattern and tends to minimize iridescence.

11.2.11   the role oF histidine in Meat Color CheMistry

In addition to the basic roles of the distal and proximal histidine in myoglobin function, the interrela-
tion between lipid and pigment oxidation is related to histidine chemistry. Lipid oxidation generates 
secondary products such as aldehydes that can accelerate heme protein oxidation. More specifi-
cally, 4-hydroxy-nonenal is a by-product of lipid oxidation that has the potential to cause covalent 
modification of myoglobin residues via adduction exclusively at six different nucleophilic histidine 
residues (HIS 24, 64, 93, 116, 119, and 152) via Michael addition (Faustman et al. 1999; Alderton 
et al. 2003; Lee et al. 2003; Suman et al. 2006; 2007).

11.3	 	FaCtors aFFeCtIng meat Color

11.3.1   anteMorteM FaCtors

Diet and genetics can significantly influence meat color. In particular, changes in muscle lightness/
darkness and color stability likely result from diet- and genetic-induced effects on muscle pH and/
or myoglobin redox chemistry. For example, genetics play a significant role in pork color, primarily 
due to alterations in stress susceptibility and postmortem muscle metabolism. Genotypes commonly 
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associated with pork color defects include halothane, ryanodine, and napole. Typically, genetics that 
predispose animals to stress influence postmortem muscle pH and result in a greater incidence of 
pale muscle (Channon et al. 2000; Fisher et al. 2000; Eggert et al. 2002; Fernandez et al. 2002; 
Moelich et al. 2003). Genetic susceptibility to stress-related color defects has been associated with 
mutations affecting alleles associated with ryanodine receptors (Bertram et al. 2000; Kuchenmeister 
et al. 2000; Piedrafita et al. 2001; Van Oeckel et al. 2001; Velarde et al. 2001; Moeller et al. 2003). 
Although genotypic effects on postmortem muscle temperature and pH often result in pale muscle, 
redness and degree of bloom can be enhanced by stress-induced increases in temperature, which 
can inactivate proteins involved in oxygen consumption. This results in greater surface oxygenation 
(greater degree of bloom) due to less competition for oxygen by enzymes (Rosenvold et al. 2003; 
Lindahl et al. 2004). However, stress-related elevation of postmortem muscle temperature also can 
inactivate metmyoglobin reductase and therefore decrease color stability during display.

The role of diet in meat color is primarily due to indirect effects on metabolism, glycogen stor-
age and utilization, pH, chilling rate, and antioxidant accumulation. In particular, diets that promote 
oxidative metabolism, rather than anaerobic muscle metabolism and glycogen storage, can result in 
higher pH and darker muscle color (Vestergaard et al. 2000; Baublits et al. 2004). Increased muscle 
pH results in a darker color. In addition, myoglobin tends to be more stable against both oxida-
tive and heat-induced changes at a higher than normal pH. This idea is particularly important in 
swine, where strategic finishing with low-carbohydrate diets can reduce muscle glycogen stores. In 
this case, less glycogen at the time of slaughter will minimize both postmortem glycolysis and pH 
decline, both of which should improve pork color and increase longissimus darkness in pigs sus-
ceptible to stress and pale muscle defects (Rosenvold et al. 2001a, b). Overall, muscle capacity for 
anaerobic metabolism and lactate production are directly related to pork lightness and longissimus 
quality (Meadus and MacInnis 2000; Hamilton et al. 2003). Because this is related to substrates 
found in muscle that can be converted to lactic acid, reducing postmortem glycolytic potential via 
manipulation of free glucose may improve pork muscle color (Juncher et al. 2001). Other husbandry 
practices such as housing environment can alter postmortem metabolism via changes in muscle 
fiber type. For example, housing that promotes physical activity can increase muscle pigmenta-
tion and darkness through changes in slow-contracting fiber content, vascularization, and oxida-
tive metabolic capacity, all of which could (1) decrease lactate production, (2) increase pyruvate 
oxidation within mitochondria, (3) promote β-oxidation, and (4) lengthen time to muscle exhaustion 
(Vestergaard et al. 2000).

There is a relation between subcutaneous fat depth and both muscle lightness and pH because fat 
thickness influences postmortem chilling rate (Bruce et al. 2004). In general, increased fat causes 
a slower chilling rate, which is more conducive to anaerobic metabolism. Warmer muscle tempera-
tures shortly after harvest promote glycolytic enzyme activity and pH decline, increasing protein 
denaturation and muscle lightness (Bruce et al. 2004). Thus, diet-induced effects on fat thickness 
can indirectly affect muscle lightness. Dietary effects on color stability are primarily attributed to 
antioxidant accumulation and the instability of polyunsaturated fatty acids, rather than the chill-
ing rate. This concept is associated with the interrelationship between lipid and pigment oxidation, 
whereby a diet-induced decrease in lipid oxidation either through changes in fatty acid profile or 
changes in antioxidant accumulation should improve color stability (French et al. 2000; Muramoto 
et al. 2003; O’Sullivan et al. 2003).

11.3.2   PostMorteM FaCtors

Proper cold chain management (1) is likely the most important factor in food preservation and (2) 
involves the maintenance of refrigerated temperatures during both storage and display in order to 
maximize meat product color and shelf life. A lack of cold chain management will promote pigment 
and lipid oxidation as well as microbial growth. In addition to the display case temperature, both 
lighting type and intensity will have an effect on surface discoloration.
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Meat packaging plays a significant role in both meat color and consumer purchasing. As a result, 
several types of packaging are available, ranging from traditional polyvinyl chloride (PVC) over-
wrap and Styrofoam trays to modified atmosphere technologies. Traditional PVC over-wrap is per-
meable to oxygen, and therefore allows for the development of bright cherry-red oxymyoglobin 
on the product surface. However, an increased demand for case-ready meat products has allowed 
processors to modify the atmosphere within a meat package. Typical modifications include the use 
of either high levels of oxygen or low levels of carbon monoxide. In addition, the oxygen can be 
removed from the package atmosphere, as in the case of vacuum packaging, which can improve 
color life compared with traditional PVC over-wrap.

High-oxygen packages typically contain 80% oxygen in order to promote both myoglobin oxy-
genation and depth of oxymyoglobin penetration, which prolongs the amount of time before met-
myoglobin migrates to the muscle surface. Carbon dioxide is also used in high-oxygen packages to 
inhibit microbial growth. Although high-oxygen atmospheres improve product redness, they also 
are conducive to lipid oxidation and, as a result, rancidity often develops before surface discolor-
ation (Jayasingh et al. 2002).

Removing oxygen from meat packages, either through the use of vacuum or ultra-low-oxygen 
atmospheres containing a blend of nitrogen and carbon dioxide, can minimize lipid oxidation 
and aerobic microorganism growth. However, there are several obstacles associated with anaero-
bic packaging, including (1) purplish deoxymyoglobin can negatively affect consumer purchas-
ing, (2) levels of residual oxygen within anaerobic packages must remain less than 1% for pork 
and less than 0.05% for beef in order to limit metmyoglobin formation at low partial pressures, 
and (3) sufficient pigment-reducing capacity and oxygen consumption are necessary for both 
deoxygenation and post-storage surface oxygenation (rebloom). As a result, low levels of carbon 
monoxide can be added to packages because of its ability to form a bright cherry-red carboxy-
myoglobin and improve color life (Sørheim et al. 1999; Luno et al. 2000; Jayasingh et al. 2001; 
Hunt et al. 2004).

Cooking denatures myoglobin, resulting in the characteristic dull brown color associated with 
cooked meat products. Several intrinsic (myoglobin redox state, muscle source, and antioxidants) 
and extrinsic (packaging, storage, and cooking from a frozen state) factors influence the develop-
ment of cooked color. In particular, cooked color is associated with packaging type and, as a result, 
it is possible that the effects of modified atmospheres on raw meat pigment chemistry can translate 
into a cooked color concern known as premature browning.

Although consumers generally assume that a brown color in the center of beef indicates that the 
product has reached a temperature sufficient to inactivate food-borne pathogens, cooked color is 
not necessarily a reliable indicator that beef has been pasteurized (Bigner-George and Berry 2000). 
This is of particular concern in ground beef, which can experience premature browning, a condition 
in which myoglobin denatures at a temperature lower than that necessary to inactivate pathogens. 
The practical implication of this is that premature browning, or the appearance of a cooked color on 
the interior of ground beef patties prior to pathogen destruction, can be misinterpreted as an indica-
tor of thermal pasteurization. Meat should be cooked to an internal temperature of 71°C in order 
to ensure that E. coli O157:H7 is destroyed (USDA 1997). However, premature browning has been 
noted at 55°C, a temperature at which some pink color is normally expected (Lavelle et al. 1995).

The role of packaging in premature browning is primarily related to the redox state of myoglobin 
in raw beef prior to cooking (Hague et al. 1994). This is due to the effects of redox state on the tem-
perature at which myoglobin denatures. Relative resistance of myoglobin to heat-induced denatur-
ation is as follows: deoxy > oxy > metmyoglobin. Thus, packaging atmospheres that are conducive 
to metmyoglobin formation will likely result in more premature browning at a lower temperature 
than packaging atmospheres that maintain predominantly ferrous myoglobin (Warren et al. 1996). 
More specifically, maintenance of beef pigments in a deoxygenated state with vacuum packaging 
will decrease the occurrence of premature browning, whereas the tendency for beef to undergo 
premature browning is often greater when packaged in high-oxygen packaging (containing 80% 
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oxygen) (Lavelle et al. 1995; Seyfert et al. 2004a, b; Suman et al. 2005). In contrast, packaging con-
taining 0.4% CO will minimize the occurrence of premature browning (John et al. 2004; 2005).

Although hemoglobin plays a minimal role in postmortem muscle color, the redox state of hemo-
globin is responsible for bone marrow color changes (Mancini et al. 2004; 2005). For example, 
cutting bone-in steaks (1) disrupts red blood cells, (2) exposes deoxygenated hemoglobin located 
within marrow to oxygen, and (3) produces bright-red oxyhemoglobin, which can be further oxi-
dized to grayish-black methemoglobin. Thus, maintenance of ferrous hemoglobin on the surface of 
cut bones is critical to improving beef and pork shelf life. Water-soluble reducing agents such as 
ascorbic acid and sodium erythorbate or modified atmosphere packaging containing 0.4% carbon 
monoxide can improve rib and vertebrae color stability, whereas high-oxygen packaging increases 
bone marrow discoloration (Mancini et al. 2005; Grobbel et al. 2006; Raines et al. 2006). Similarly, 
the redox state of residual hemoglobin (capillaries and/or hemorrhage) within subcutaneous fat 
determines color (Irie 2001). Discoloration of both bone marrow and fat can detrimentally affect 
beef and pork shelf life.

11.4	 	summary

Meat color is influenced by several factors that interact, making it difficult to troubleshoot meat 
color problems. Ante- and postmortem factors not only affect meat color, but also play a role in con-
sumer satisfaction and shelf life. A solid understanding of myoglobin chemistry will maximize an 
individual’s ability to utilize technology, such as injection-enhancement and modified atmosphere 
packaging, to their advantage in order to improve postmortem muscle quality.
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12 Lipid Oxidation and Flavor

D.U. Ahn, K.C. Nam, and E.J. Lee

12.1  IntroduCtIon

Lipid oxidation produces various primary and secondary by-products with food quality, nutritional, 
and health implications (Pearson et al. 1983). Lipid oxidation can occur in any foods that contain 
lipids but meat is among the most susceptible foods to lipid oxidation. The rate of lipid oxidation 
varies, depending on various internal conditions of meat such as fat content, fatty acid composition, 
antioxidants, heme pigments, and iron content, as well as the external conditions of meat. Lipid 
oxidation in meat produces warmed-over flavor, deteriorates meat color, causes loss of functional 
properties and nutritional values, and forms possible toxic compounds. Lipid oxidation can occur 
by autoxidation, photoxidation, and enzymatic oxidation processes. In enzymatic lipid oxidation, 
cyclooxygenase and lipoxygenase catalyze the reactions between oxygen and polyunsaturated fatty 
acids. The main function of these enzymes is to generate superoxide, which serves as a reducing agent 
for ferric iron complexes in microsomes. Enzymatic lipid oxidation in skeletal muscle microsomes is 
dependent upon NADH or NADPH, and requires ADP and Fe (II) or Fe (III) for maximum rate, and 
Fe (II) and its complexes stimulate membrane peroxidation more than Fe (III) does. In the presence 
of sensitizers such as chlorophyll, porphyrins, myoglobin, riboflavin, bilirubin, erythrosine, rose 
bengal, or methylene blue, singlet oxygen initiates photoxidation. Photoxidation plays an important 
role in the quality of oils and milk powder but its role in meat oxidation is not well documented. 
Photoxidation can be inhibited by carotenoids through interference with the formation of singlet 
oxygen from the oxygen molecule. Tocopherols can also inhibit photoxidation by quenching the 
previously formed singlet oxygen. Autoxidation is the major oxidation mechanism in meat and is 
initiated by reactive oxygen species such as hydroxyl radicals that abstract hydrogen atoms from the 
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fatty acyl group of polyunsaturated fatty acids and form lipid radicals. Because the lipid radicals 
formed from the initial reactions have a strong enough reactivity, they can also transfer free radicals 
to adjacent lipids and thus the reaction can perpetuate unless the free radicals are quenched or reac-
tions are interrupted by chain-breaking antioxidants. Various primary and secondary byproducts of 
lipid oxidation can be formed from meat, depending upon the type of meat, pro- and antioxidants, 
processing, cooking, packaging, and storage conditions. Some of the lipid oxidation products are 
known to be toxic or carcinogenic, and others alter meat flavor. Therefore, prevention of lipid oxida-
tion is very important not only for the meat industry, but also for consumers.

12.2  meat Flavor

The measurable flavor perception from eating food products is determined by three components: 
volatile odor and nonvolatile taste compounds present, and the availability of these components 
(Overbosch 1991). Nonvolatile nitrogen and sulfur compounds play important roles in the develop-
ment of characteristic flavors of red meats (Mabrouk 1977). Hsieh (1981) reported that certain pre-
cursor compounds, including simple sugars, 5′-nucleotides, glycoprotein, and S-containing amino 
acids, were necessary for the development of basic meat flavor. Schutte (1997) distinguished three 
types of meat flavor: (1) taste mixtures composed of nonvolatiles like monosodium glutamate, ribo-
nucleotides, and organic acids; (2) mixtures of volatile compounds (“top-notes”) such as furanones, 
thiophenes, and aldehydes, which give a specific meaty odor; and (3) so-called “reaction flavors,” 
which comprise precursors that react upon heating to yield mixtures with a basic meat flavor that 
balances the rather harsh top-notes. The precursors of meat flavor generally consist of sulfur com-
pounds like cysteine, methionine, thiamine, or H2S releasers and carbonyl compounds like mono-
saccharides, aldehydes, or furanones. Each of the three flavor types makes its specific contribution 
to the formation of meat flavor. A well-balanced combination of the three flavor types leads to a 
total meat flavor.

Taste compounds are water-soluble substances with sensation properties on the tongue. Basic 
tastes include salty, sweet, sour, and bitter. In addition to those basic tastes, “umami,” which is 
used to describe a characteristic pleasant taste for meats by the Japanese, is very important for 
meat flavor. Glutamate is the main amino acid corresponding to this “umami” taste. Inosine mono-
phosphate and guanosine monophosphate work synergistically with glutamate. Maga et al. (1994) 
described that a 1:1 mixture of glutamate and the above nucleotides provides a flavor that is 30 times 
greater in intensity then that of monoglutamate. A salty taste is caused by sodium chloride and has 
a significant enhancing effect on the “umami” taste of meat.

Hundreds of volatile and aroma compounds can be produced from meat during processing 
and storage. The amount and kinds of volatiles produced from meat can be influenced by animal 
species, muscles within an animal, diets, age of animal, lipid content, and pH of muscle (Calkins 
et al. 2007). The characteristic flavor of cooked meat derives from thermally induced reactions 
that occur during heating, principally the Maillard reaction and the degradation of lipids. During 
heating, meat flavor precursors, including free amino acids, peptides, sugars, nucleotides, organic 
acids, and fatty acids, react with each other or degrade to produce large quantities of volatiles 
and form the typical aroma of cooked meat. Both sulfur and carbonyl compounds in volatiles 
are considered important in cooked meaty, savory, roast, and boiled flavors. Lipid degradation by 
heat produces compounds that give fatty aromas specific to the animal species (Ramaswamy and 
Richards 1982; Mottram 1998). Ang and Liu (1996a) indicated that more than 50% of volatiles 
increased linearly or quadratically as cooking end-point temperature increased. Most of those 
volatile increases are related to increased lipid oxidation as the temperature increased. Bailey and 
Um (1992) and Imafidon and Spanier (1994) reported that at temperatures above 77°C, lipid oxi-
dation is inhibited due to the antioxidant effect of Maillard reactions. The Maillard reaction and 
other reactions during heating contribute significantly to the formation of volatiles that comprise 
the cooked meat aroma. Several hundred volatiles were detected by analyzing the headspace of 



Lipid Oxidation and Flavor 229

cooked meat (Ramarathnam et al. 1993). But most of them are with high thresholds, and thus 
might not contribute significantly to the aroma of meat. Among the lipid oxidation-related vola-
tiles, aldehydes contributed the most to the warmed-over flavor of meat; heptanal has the lowest 
threshold, followed by 2,4-decadienal, pentanal, and hexanal (Brewer and Vega 1995). Dietze et al. 
(2007) reported that hexanal, 1-octene-3-ol, and hexanoic acid play an important role in warmed-
over flavor development in turkey meat. The odor of raw meat is quite weak compared with cooked 
meat, and sulfur compounds may determine the normal aroma of raw meat. By examining the 
volatiles in the package headspace of modified atmosphere packaged raw chicken legs, Eilamo 
et al. (1998) found that butene, ethanol, acetone, pentane, dimethyl sulfide, carbon disulfide, and 
dimethyl disulfide were the main volatiles. However, the final perception of meat flavor is the result 
of complex interactions among the various volatiles present in the meat.

Warmed-over flavor (WOF) is most frequently used to describe the unpleasant flavor of reheated 
cooked meat associated with oxidation, often characterized as “cardboard” and having a “paint”-
like odor (Love and Pearson 1971; Asghar et al. 1988). Warmed-over flavor is closely related to the 
increase in lipid oxidation-derived off-flavor and odor, such as “rancid’ and “sulfur/rubber” sensory 
notes, with a concurrent decrease in meaty flavor (Byrne et al. 2002; Campo et al. 2006). Byrne 
et al. (2001) reported that the reduction in “meatiness” during the early stage of WOF development 
was attributed to the degradation of unstable sulfur-containing amino acids and sulfur-containing 
meaty aroma compounds; the later stage of WOF development was caused by an increase in lipid 
oxidation by-products. Byrne et al. (2003) also reported that increasing the cooking temperature 
produced meats with a more “roasted,” “toasted,” and “bitter” taste, and the changes in sulfur com-
pounds and volatiles that produced the roasted flavor were related to WOF development in cooked 
meat during chill-storage. The sensory notes of those compounds were sulfury/rubbery and associ-
ated with WOF. Campo et al. (2006) reported that sensory and analytical attributes such as TBARS 
values had strong correlations and indicated that a beef with a TBARS value greater than 2 was 
unacceptable. The speed of oxidation depends on the unsaturation of fatty acid and the presence of 
prooxidants and antioxidants. Effects to increase the n-3 polyunsaturated fatty acids in poultry in 
order to improve nutritional value exacerbate the problem of oxidation. N-3 PUFA in poultry meat 
can be increased by feeding fish oil, fish meal, algae, or by feeding vegetable oils high in linolenic 
acid (Pinchasov and Nir 1992). In meats, the concentration of unsaturated fatty acids in phospho-
lipids is much higher than in triglycerides. Thus, phospholipids played a main role in lipid oxida-
tion (Igene and Pearson 1979; Igene et al. 1980). Oxidation is much quicker in cooked meat due to 
phospholipid structure damage during cooking (Ahn et al. 1992). Wu and Sheldon (1988) suggested 
that WOF in cooked meat is related to lipid oxidation, and that phospholipids are the main source 
of this fatty acid oxidation. Additionally, any degree of lipid oxidation in raw meat accelerates the 
development of oxidized off-flavors in cooked meat, due to the free-radical chain reaction nature of 
lipid oxidation (Rhee 1989).

Malonaldehyde is a secondary oxidation product of polyunsaturated fatty acids. TBARS mea-
sures the malonaldehyde content in meat. TBARS analysis is the most frequently used test to deter-
mine lipid oxidation. A potential problem with the TBARS test is that some other components in 
meat may interfere with measurement. However, the TBARS value has been shown to be positively 
related to WOF (Igene et al. 1985). Warmed-over and rancid flavor and aroma scores correlated 
highly and consistently with TBARS values (Nolan et al. 1989). Hexanal, an oxidative product of 
linoleic acid, has also been used as an indicator of lipid oxidation (Shahidi 1989). Shu et al. (1995) 
suggested that hexanal and TBARS are highly correlated with the WOF of meat, but Daze et al. 
(2005) reported that hexanal was a better indicator for lipid oxidation than TBARS in Iberian pig 
muscle. Significant correlations were found between TBARS values and pentanal, hexanal, hep-
tanal, and total volatiles (Su et al. 1991). Lai et al. (1995) also showed that TBARS was related to 
hexanal and off-flavor development, as judged by sensory panelists. Ang and Lyon (1990) illustrated 
that the intensities of cardboard, warmed-over, rancid/painty, and overall off-flavor characteristics 
increased and were associated with TBARS and headspace GC aldehyde content. The propanal, 
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pentanal, hexanal, and total volatiles were highly correlated with the TBARS values of cooked meat 
(Ahn et al. 1998a).

Irradiation is approved in meat to control food-borne pathogens (Farkas 1998). However, ion-
izing radiation generates free radicals that may induce lipid oxidation and other chemical changes. 
Patterson and Stevenson (1995) isolated those volatiles from irradiated raw chicken by gas chroma-
tography in conjunction with olfactory assessment of the effluent carrier gas to locate compounds 
with strong smells, and found that dimethyl trisulfide was the most potent and obnoxious compound, 
followed by cis-3trans-6-nonenals, 1-octenone, and bis(methylthio-) methane. Ahn et al. (2000b) 
reported that dimethyl disulfide was found in volatiles induced by irradiation and might be related 
to irradiation odor. Hashim et al. (1995) showed that raw irradiated chicken meat had higher “fresh 
chickeny aroma” than nonirradiated samples, and cooked meat after irradiation had more chicken 
flavor. The reason may be due to the presence of increased sulfur compounds after irradiation. It 
has already been shown that sulfur compounds are important for the characteristic chicken flavor, 
and increased sulfur compounds after irradiation strengthen the chicken flavor. Ahn et al. (1998b) 
observed that irradiation accelerated lipid oxidation in turkey meat but that dietary α-tocopheryl 
acetate minimized the oxidation and off-odor generation, suggesting that lipid oxidation induced by 
irradiation might also contribute to irradiation odor.

In addition to lipid oxidation and irradiation, other off-odors may be caused by bacteria, diet, sex, 
or contamination of environmental odors during storage. For example, intestinal microflora may 
influence the flavor of poultry meat. Harris et al. (1968) showed that broilers raised under germ-free 
conditions had a significantly different odor compared with chickens raised under conventional 
conditions. Mead et al. (1983) reported that birds had higher counts of E. coli and fecal streptococci, 
with the meat described as “richer”, “sweeter,” and a stronger overall flavor. Fish oils in feed tend to 
cause a fishy taint in the resulting poultry meat (Poste 1991; Leskanich and Noble 1997).

12.3  analytIC metHods For aroma and oFF-odor oF meat

12.3.1  instruMental analysis

Dynamic headspace coupled with gas chromatography-mass spectrometry (GC-MS) is the most 
powerful method for analyzing volatiles in meat samples. One difficulty with instrumental analysis 
of volatiles was volatile collection. Prior to the 1990s, most published articles on volatile analysis 
employed a volatile extraction method using either distillation, solvent extraction, or direct isola-
tion (Tanchotikul and Hsieh 1991; Ajuyah et al. 1993a; Specht and Baltes 1994). However, there are 
many artifacts during the volatile extraction and concentration steps that put the results in doubt as 
to whether they truly represent the actual volatiles of sample. Fortunately, in recent years, purge-
and-trap and solid-phase microextraction techniques for collecting headspace volatiles became 
available (Brunton et al. 2000). Because many volatiles are unstable, they are easily oxidized or 
subject to other changes; thus, headspace volatiles may still change due to oxidation or other chemi-
cal reactions during holding for analysis. Ahn et al. (1999a, b) performed a detailed study of volatile 
stability at different sample holding times, temperatures, oxygen levels, and purge temperatures. 
Hexanal was used as an indicator for volatile changes in those studies. Figure 12.1 shows the effect 
of headspace oxygen and holding time on the volatiles detected in both raw and cooked turkey breast 
meat. Helium flush and oxygen absorber were used to reduce the oxygen present in the headspace. 
From Figure 12.1a, without helium flush and oxygen absorber, the hexanal content for raw meat 
remained almost constant for 320 min of holding before analysis. The increase in hexanal content 
in volatiles means the oxidation of meat sample and volatiles, and thus 320 min seemed to be the 
maximum holding time when oxygen was available. But after helium flush, the content of hexanal 
decreased significantly, indicating that the stability of volatiles during sample holding for analysis 
improved significantly. After adding the oxygen absorber, there was virtually no increase in hexanal 
content during the sample holding period. However, volatiles from the oxygen absorber itself were a 
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problem. 2,6-Dimethyl heptane resulted from the oxygen absorber mixed with hexane and interfered 
with the hexanal analysis. Because the volatiles of raw meat are relatively stable and the total volatile 
content of raw meat is quite low, low amounts of volatiles from the oxygen absorber interferes with 
volatile analysis, and thus adding oxygen absorber is not appropriate for raw meat. However, cooked 
meat can be easily oxidized when oxygen is available (Ahn et al. 1992; Nam et al. 2004). As shown 
in Figure 12.1b, without any treatment to remove the oxygen in the headspace of sample, the hexanal 
content in the volatiles of cooked meat increased quickly as the holding time increased. After helium 
flush, the production of hexanal significantly decreased. With the addition of oxygen absorber, how-
ever, the hexanal content in the sample was almost constant. For cooked meat, therefore, both helium 
flush and oxygen absorber are necessary in order to remove headspace oxygen.

Figure 12.2 shows the increased aldehyde content with increasing purge temperature. As the 
purge temperature increases, the content of aldehydes in volatiles tended to increase, especially for 
cooked meat. Therefore, in order to minimize the heat-induced production of volatiles during purg-
ing, a purging temperature of 40 to 50°C is recommended. The column chosen for volatile analysis 
influences the separation of volatiles. Ahn et al. (2000a, b) showed that combinations of two or three 
columns with different polarities could improve the separation of volatiles significantly. In addition, 
adding a cryofocusing unit before injection also improved volatile separation (Ahn et al. 2000b). 
Olsen et al. (2005) reported that fluorescence and dynamic headspace GC-MS methods detected 
oxidative changes in pork fat and mechanically recovered meat earlier than the sensory and elec-
tronic nose, and the sensory results showed high correlations with the instrumental results.
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FIgure 12.1 The effect of headspace oxygen on hexanal content in volatiles from turkey thigh meat. (A) 
Hexanal content in raw turkey meat; and (B) hexanal content in cooked turkey meat. Control means no addi-
tional treatment for the headspace oxygen during sample preparation; helium flush means helium (99.999%) 
was used to flush the headspace to remove oxygen; helium flush + absorber means that in addition to helium 
flush, an oxygen absorber was also used to remove oxygen. The hexanal content for raw meat with helium flush 
+ absorber was mixed with 2,6-dimethyl heptane. Total ion counts: ion counts × 104.
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12.3.2  sensory analysis

For the sensory analysis of off-odor, quantitative descriptive analysis (QDA) is most commonly 
used. The basic procedure for QDA is first to characterize the off-odors present in samples. To do 
this, 10 to 12 panelists are needed to work under a sensory professional to explore and describe 
those off-odors in meat. A sensory terminology was developed to describe those off-odors and also 
establish evaluation procedures. Each off-odor characterized by the panelists may be evaluated 
for the intensity. Panelists are trained to familiarize themselves with those off-odors and evalua-
tion procedures before evaluating samples. However, WOF and irradiation odor have already been 
well-defined, and thus the procedure to develop terminology for that may not be necessary. Instead, 
sensory panelists can be trained directly with the characteristic oxidation or irradiation odor and 
let them familiarize themselves with that off-odor, and then judge the strength of off-odor by line 
scaling, category scaling, or magnitude estimation. Line scaling is most commonly used. Panelists 
are asked to judge the intensity of characterized off-odor on a 15-cm line scale extending beyond 
fixed verbal endpoints. If the sensitivity of evaluation is important, the number of sensory panelists 
should be increased. In addition to evaluating off-odor analytically by trained panelists, hedonic 
scaling or preference tests can be used for judging consumer acceptance of off-odor (Lawless and 
Heymann 1998).
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Volatile changes in raw turkey meat; and (B) volatile changes in cooked turkey meat. Total ion counts: ion 
counts × 104.
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12.3.3  MeChanisMs oF oFF-odor ForMation

The mechanism for lipid oxidation is well defined (Gray and Pearson 1994). Lipid oxidation is initi-
ated when a hydrogen atom is abstracted from a methylene group by reactive oxygen species. The 
presence of a double bond on the fatty acid weakens the C-H bonds on the carbon atom adjacent to 
the double bond and thus makes hydrogen atom removal easier. The abstraction of the hydrogen atom 
leaves behind an unpaired electron on the carbon, forming a carbon radical. This free radical initiates 
the formation of other radicals by abstracting a hydrogen atom from the double bond site of fatty acids 
and forms more radicals, which is called proliferation of radicals. Oxygen can react with radicals to 
form peroxyl radicals or hydroperoxides and greatly accelerates oxidation (Halliwell and Gutteridge 
1989; Esterbauer et al. 1992). As a result of lipid oxidation, complex mixtures of aldehydes, ketones, 
hydrocarbons, esters, lactones, and alcohols are produced and form the oxidative off-odor. Apparently, 
the proportion of unsaturated fatty acids in fat significantly influences lipid oxidation.

The Maillard reaction is a reaction between carbonyls and amines, and is very important for the 
flavor formation of cooked meat. Farmer and Mottram (1990) reported that the Maillard reaction 
formed numerous volatiles. Sulfur compounds formed through the reaction of sulfur-containing 
amino acids with reducing sugars apparently plays an important role in cooked chicken aroma 
formation (Farmer et al. 1989). Similar mechanisms for the formation of sulfur compounds during 
irradiation may exist. However, the overall importance of the Maillard reaction in off-odor forma-
tion is questionable.

Degradation of thiamine might also play a role in the off-odor formation. Buttery et al. (1984) 
showed that thermal degradation of thiamine formed sulfur-containing volatiles, of which 2-methyl-
3-furanthiol was associated with the meaty aroma of chicken. Enzymes, both exogenous and endog-
enous, may catalyze reactions associated with flavor and off-odor formation. Exogenous enzymes, 
mainly from contaminating microorganisms, cause the degradation of amino acids, fatty acids, and 
nucleotides, and thus form an unpleasant smell.

Bacteria influence the flavor of meat. The total microbial counts and the slime off-odor of cooked 
meat and raw chicken meat were significantly correlated, but weak (Chen et al. 1992). Sheldon and 
Essary (1983) indicated that by receiving penicillin and combination antibiotics, birds exhibited 
several germ-free-like characteristics, which changed the intestinal microflora and its metabolites, 
and thus changed to broiler meat broth flavor. Urlings et al. (1993) showed that the volatiles of poul-
try viscera and breast meat from amino acid degradation were not only related to metabolites of 
amino acid degradation by bacteria, but also as a result of initial enzymatic activity. Dickens et al. 
(1994) reported that acetic acid dip of chicken carcasses did not affect the odor of cooked chicken 
meat while reducing the bacteria counts in the surface of carcasses. Light may accelerate oxidation, 
especially for short wavelength light, and thus related to off-odor formation. Dietary energy, age, 
and sex may influence the palatability of chicken (Sonaiya et al. 1990).

12.4  FaCtors aFFeCtIng lIPId oxIdatIon and 
oFF-odor FormatIon In meat

12.4.1  dietary Fatty aCids

The adverse effect of fatty acids on the flavor of meat is mainly due to lipid oxidation. The higher 
the unsaturated fatty acid content in meats, the more the meats tend to be oxidized. Most reports 
on dietary fatty acids and poultry meat quality have focused on fish oil and linseed oil (Hargis and 
Van Elswyck 1993). This is apparently due to economic reasons, since feeding fish oil and linseed 
oil can increase the EPA and DHA content in poultry meat or eggs. While EPA and DHA are 
good for health, they also cause problems related to lipid oxidation in meats. Poste (1991) showed 
that increasing fishmeal in diet reduced the stability of cooked chicken meat. Although there was 
no difference between treatments immediately after cooking in sensory characteristics, following 
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overnight storage, chicken flavor decreased and fish-off flavor increased as the fishmeal content 
in diet increased. Leskanich and Noble (1997) suggested that fish meal and fish oil in broiler diets 
should not exceed 12% and 1% (respectively) of feed weight in order to avoid fishy taints. In another 
study, broilers were assigned to diets containing 8% of three different fat sources (tallow, lard, or 
sunflower oil) and it was found that a dietary fat source rich in linoleic acid produces a marked effect 
on fat consistency, but only a moderately higher susceptibility to lipid oxidation of meat compared 
to tallow or lard (Sanz et al. 1999). Ajuyah et al. (1993b) observed that after feeding 150 g/kg of 
linseed oil, a significant rancid off-odor presented in chicken meat, as judged by sensory panel, and 
increased further after 5 days of storage at 4°C. Sarraga and Garcia-Regueiro (1999) reported that 
broiler thigh meats gave higher levels of oxidation than breast meat after feeding sunflower oil. Fat 
content also influenced the oxidative stability of poultry meat. Ang and Young (1992) showed that 
cooked chicken thigh meat patties with high fat contents had reduced oxidative stability, as indi-
cated by a higher TBARS value after storage.

Several reports have been published on the effect of conjugated linoleic acid on fatty acid oxi-
dation and off-odor formation. Conjugated linoleic acid (CLA) reduced arachidonic acid, linoleic 
acid, and oleic acid content in fat, and shifted the whole fatty acid composition to the saturated side. 
Because the CLA itself is quite stable in meat and does not participate in oxidation, the net effect of 
CLA on flavor is improving the oxidative stability of meat (Du et al. 2000; 2001b). As the dietary 
CLA level increased, the TBARS values and hexanal content of meat patties after storage at aerobic 
condition decreased, showing that dietary CLA improved the oxidative stability of chicken meat 
(Du et al. 2002c).

12.4.2  irradiation

Ionizing radiation generates hydroxyl radicals, the most reactive oxygen species in nature, by split-
ting water molecules. Meat contains 75% or more water, and thus irradiation is expected to initiate 
lipid oxidation in meat. The amounts of free radicals formed in meat by irradiation and the degree 
of oxidative chemical changes by irradiation are dose dependent (Ahn et al. 1999c). Diehl (1995) 
indicated that irradiation of aqueous systems produced hydrogen peroxide in the presence of oxy-
gen, which can produce hydroxyl radical in the presence of metal catalysts via the Fenton reaction. 
Merritt et al. (1978) postulated that irradiation produces carbonyls through the reactions of hydro-
carbon radicals with molecular oxygen, which follows the same pathway as normal lipid oxidation. 
Nawar (1986) reported that irradiation of unsaturated triacylglycerols at 60 kGy under vacuum 
conditions generated a series of dienes, trienes, and tetraenes, and that the hydrocarbons produced 
are related to the fatty acid composition of the fat (Champaign and Nawar 1969). Among the lipid 
oxidation by-products, aldehydes contributed most to the oxidation flavor and rancidity in cooked 
meat and hexanal was the major volatile aldehyde (Shahidi and Pegg 1994).

The presence of oxygen was very important in the development of oxidation and odor produc-
tion not only in nonirradiated, but also in irradiated meat. Ahn et al. (2000e) and Du et al. (2001a) 
reported that irradiation increased TBARS in raw and cooked meat only under aerobic packaging 
conditions; its effects on lipid oxidation of raw and cooked meat even under aerobic conditions 
were minor (Du et al. 2002b). Storage of irradiated cooked meat under aerobic conditions acceler-
ated lipid oxidation (Nam et al. 2003). Under aerobic conditions, TBARS values highly correlated 
with the amount of aldehydes, total volatiles, and ketones in aerobically packaged irradiated meat. 
Without oxygen, lipid oxidation in raw and cooked meat did not progress, and TBARS values and 
volatiles of vacuum-packaged irradiated raw and cooked meat did not correlate well (Ahn et al. 
1998a, b). Ahn et al. (1998d) reported that preventing oxygen exposure after cooking was more 
important for cooked meat quality than packaging, irradiation, or storage conditions of raw meat 
before and after irradiation (Ahn et al. 1999c; 2000a).

Jo and Ahn (2000) reported that irradiation of oil emulsions increased the production of alde-
hydes such as hexanal, heptanal, octanal, and nonanal. However, Lee and Ahn (2003) reported that 
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irradiation had a minimal effect on aldehydes and TBARS values of oil emulsions immediately after 
irradiation. After 10 days of storage, irradiated samples developed higher TBARS values than non-
irradiated emulsions — especially arachidonic acid, linolenic acid, and fish oil, which have a high 
proportion of multi-double-bonded fatty acids, had accelerated lipid oxidation after irradiation.

Irradiation increased lipid oxidation of pork patties and turkey breast under frozen conditions, but 
the rate was slower than that under refrigerated conditions (Nam et al. 2002b, c). Luchsinger et al. 
(1997) also showed that the TBARS values of frozen boneless pork chops were stable, regardless 
of display day, dose, and irradiation sources. These results indicated that the radiation chemistry of 
refrigerated and frozen meat could be different. Under frozen conditions, the reactive intermediates 
of water radiolysis were trapped in deep-frozen materials and kept from reacting with each other or 
with the substrates (Taub et al. 1979; Tarte et al. 1996). During the warming process, however, they 
tend to react with each other rather than with the substrates (Diehl 1995).

Irradiated meat produced characteristic irradiation odor regardless of the degree of lipid oxida-
tion (Ahn et al. 1997, 1999). Huber et al. (1953) characterized the irradiation odor as “metallic,” 
“sulfide,” “wet dog,” “wet grain,” or “burnt,” and assumed that the off-odor was the result of free-
radical-dependent oxidation, which was initiated by the irradiation process. Sensory results, how-
ever, clearly indicated that irradiation odor was totally different from warmed-over flavor, and the 
amount of volatiles related to lipid oxidation had no direct relationship with irradiation. In recent 
years, other researchers described the irradiated meat odor as a “bloody and sweet” (Hashim et al. 
1995), “hot fat,” “burned oil” or “burned feathers” (Heath et al. 1990), and “barbecued corn-like” 
flavor (Ahn et al. 2000b).

Batzer and Doty (1955) reported that methyl mercaptan and hydrogen sulfide produced from 
the water-soluble sulfur compounds in meat were important for the irradiation odor. More recent 
studies, however, showed that irradiation not only increased some hydrocarbons, ketones, and alde-
hydes, but also produced many new volatile compounds such as 2-methyl butanal, 3-methyl buta-
nal, 1-hexene, 1-heptene, 1-octene, 1-nonene, cis-3- and trans-6-nonenals, oct-1-en-3-one, hydrogen 
sulfide, sulfur dioxide, mercaptomethane, dimethyl sulfide, bis(methylthio)methane, methyl thio-
acetate, dimethyl disulfide, and trimethyl sulfide from meat (Patterson and Stevens 1995; Jo et al. 
1999; Jo and Ahn 2000; Fan et al. 2002; Nam et al. 2002a). However, most of those volatiles were 
produced via the radiolytic degradation of amino acids or lipids rather than by lipid oxidation (Ahn 
2002; Ahn and Lee 2002).

The odor intensity of sulfur-compounds was much stronger and stringent than that of other com-
pounds because sulfur compounds have a very low odor threshold (Angelini et al. 1975). Volatiles 
from lipids accounted for only a small part of the off-odor in irradiated meat (Lee and Ahn 2003). 
This indicated that sulfur compounds would be the major volatile components responsible for the 
characteristic off-odor in irradiated meat, and supported the concept that the changes that occur 
following irradiation were distinctly different from those of warmed-over flavor in oxidized meat 
(Ahn et al. 2000a, b).

12.4.3  antioxidants

Antioxidants can both quench and react with peroxyl or alkoxyl radicals and terminate the chain 
reaction of peroxidation by scavenging chain-propagating radicals and thus preventing lipids from 
oxidation (Morel 1989). Vitamin E can react with lipid peroxyl and alkoxyl radicals by donating 
labile hydrogen and protect oxidation. The tocopheryl radical formed is insufficiently reactive to 
abstract a hydrogen atom from fatty acids because the unpaired electron on the oxygen atom can be 
delocalized into the aromatic ring structure, thus increasing its stability (Fukuzawa 1983). However, 
when vitamin E is totally consumed, it may have a prooxidant effect and act as a chain-transfer 
agent (Kontush et al. 1996). Supplementation of tocopherol in the diet to prevent oxidative off-
odor, such as fishy taints and WOF, has been well established. Beef from cattle raised on pasture 
had higher linolenic acid, polyunsaturated fatty acids and vitamin E content, and produced lower 
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amounts of TBARS and major off-odor aldehydes such as hexanal, pentanal, heptanal, octanal, 
and 3-methyl butanal than that from grain-fed (Descalzo et al. 2005). Adding vitamin E to the diet 
inhibited the off-odor development of frozen turkey drumsticks and beef during storage (Bartov 
et al. 1983; Arnold et al. 1993). Vitamin E supplementation improved oxidative stability and the 
sensory quality of chicken and turkey meats, and developed significantly less WOF and TBARS 
during refrigerated storage; the effect of vitamin E in reducing off-odor volatiles was more distinct 
in previously frozen than in fresh meat (Winne and Dirinck 1996; Sheldon et al. 1997; Higgins et al. 
1999; Nam et al. 2003; Carreras et al. 2004). Descriptive flavor profiling analysis indicated that the 
off-odor notes lowered as the dietary vitamin E level increased. The stability of meat from birds fed 
linseed or linseed oil improved after dietary supplementation with vitamin E (Ajuyah et al. 1992; 
1993b; Ahn et al. 1995a).

Supplementation of diet with 100 mg vitamin E per kilogram increased tissue vitamin E content 
in pigs and reduced lipid oxidation in fresh, cooked, and uncured and cured pork products (Buckley 
1995; Cannon et al. 1996; Channon et al. 2006). Morrissey et al. (1997) reported that a supplemental 
diet of 200 mg α-tocopheryl acetate resulted in a saturation level of α-tocopherol in plasma after 
1 week of feeding and in tissues within 3 to 4 weeks of feeding. The results show that feeding 
200 mg α-tocopheryl acetate/kg feed to chicks for at least 4 weeks prior to slaughter is necessary 
to optimize muscle content and stability against lipid peroxidation (Morrissey et al. 1997). Ahn 
et al. (1998d) reported that dietary tocopherol stabilized raw turkey meat, but that the antioxidant 
strength of tocopherol in muscles was not enough to control lipid oxidation and off-odor produc-
tion in cooked meat during storage under aerobic conditions. Galvin et al. (1998) pointed out that 
irradiation had little effect on lipid stability in α-tocopherol-supplemented meat following cooking 
and storage. Dietary supplementation of selenium in combination with tocopherol was more effec-
tive in reducing oxidative changes in broiler and turkey meats during storage (Ryu et al. 2005; Yan 
et al. 2006). Dietary tea catechins supplementation at levels above 100 mg/kg feed also inhibited 
lipid oxidation of chicken breast (Tang et al. 2000). They further showed that tea catechins at 300 
mg/kg in diet were superior to vitamin E supplementation at a level of 200 mg/kg in preventing 
lipid oxidation (Tang et al., 2000; 2002). Du et al. (2002a) observed that dietary sorghum with high 
tannin content can improve the oxidation stability of chicken meat. The high contents of tannin and 
phenolic compounds in sorghum should contribute to the improved oxidative stability.

In addition to vitamin E, numerous other antioxidants are reported to be effective in preventing 
oxidative off-odor. Ascorbate can regenerate the chain-breaking antioxidant α-tocopherol in bio-
logical systems. Vitamins C and E have cooperative effects in vivo. However, ascorbate itself seems 
ineffective in preventing lipid oxidation in meats. Craig et al. (1997) reported that 0.1% sodium 
ascorbate could slightly reduce the oxidative changes of ground turkey. Vitamin C supplementation 
appears to have little, if any, beneficial effects on meat stability (King et al. 1995; Morrissey et al. 
1998). Lipid oxidation in cooked meat was significantly influenced by the degree of lipid oxidation 
in raw meat, and the effectiveness of added antioxidants varied with the presence of prooxidants and 
packaging conditions. Free radical terminators were more efficient antioxidants than iron chelators 
in cooked meat, but combinations of hot packaging or vacuum-packaging with antioxidants were 
better than using either treatment alone (St. Angelo et al. 1990; Ahn et al. 1993a).

Carpenter et al. (2007) reported that grapeseed and bearberry extracts had strong antioxidant 
effects in raw and cooked pork. Carnosine inhibited lipid oxidation in salted pork and chicken 
(Decker and Crum 1991; O’Neill et al. 1998), and inclusion of 0.25 to 10 mM carnosine inhibited 
copper- and iron-catalyzed oxidation of liposome model systems (Decker et al. 1992; Kansci et al. 
1997). Therefore, post-slaughter carnosine addition may be an effective means of improving lipid 
stability in processed meats (Morrissey et al. 1998). Incorporation of plum extract was effective in 
controlling lipid oxidation and aldehydes production in turkey rolls (Lee and Ahn 2005). Clove and 
Maillard reaction products exhibited very good antioxidant effects in preventing WOF in chicken 
and were very effective in arresting the buildup of secondary oxidation products during refrigerator 
storage (Jayathilakan et al. 1997).
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Phenols and aromatic amines are also used as antioxidants. Many plant extracts from rosemary, 
tea, oregano, onion, coffee, and grapeseed have high levels of polyphenols, and the addition of plant 
extracts showed strong antioxidant effects in raw and cooked meat products (Nissen et al. 2004; 
Mitsumoto et al. 2005; Nam et al. 2007; Rojas et al. 2007; Tang and Cronion 2007). Dietze et al. 
(2007) reported that the WOF reducing efficiency of various natural antioxidants were rosemary 
extract > quercetine dehydrate > tartaric acid > onion extract. Rababah et al. (2006) reported that 
infusion with tea extract, grapeseed extract, or their combination decreased the TBARS values as 
well as hexanal and pentanal content in irradiated cooked chicken breast meat. Addition of plant 
extracts or in combination with other antioxidants such as vitamin C, vitamin E, or sodium trip-
olyphosphate (STP), however, produced higher sensory scores and lower TBARS values for frozen, 
pre-cooked beef, and beef steaks than using them alone (Sanchez-Escalante et al. 2001; Djeane 
et al. 2003; Reverte et al. 2003; Thongtan et al. 2005; Hua and Ockerman 2007). The combination 
of rosemary oleoresin with sodium tripolyphosphate (STP) or rosemary oleoresin extract alone was 
as effective as the TBHQ/STP or BHA/BHT combination in retarding lipid oxidation in chicken 
nuggets or beef during frozen storage (Lai et al. 1991; McBride et al. 2007). Sesamol, gallate, and 
trolox were used as antioxidants to prevent lipid oxidation and off-odor in pork patties and homoge-
nates, and found that they distinctively reduced lipid oxidation and volatiles of irradiated pork pat-
ties and homogenates (Nam and Ahn 2003a, b). Nam and Ahn (2003c) reported that a combination 
of sesamol and tocopherol, or gallate and tocopherol, was excellent in preventing lipid oxidation 
in irradiated and nonirradiated raw and cooked turkey during storage in aerobic packaging. Craig 
et al. (1996) reported that ground turkey and ground beef added with inorganic phosphate and 
ascorbate salts had more meaty flavor and less stale and rancid flavor and aroma, and contained less 
hexanal than controls after 3 days of storage.

Tumbling beef with antioxidants such as phosphate, ascorbate, and tocopherol significantly 
decreased oxidized, cardboardy, and oxidation aroma during storage (Cheng et al. 2007). Nitrite 
shows a strong antioxidant effect in meat (Shahidi 1989, 1992) and can prevent the development of 
WOF in cooked meat (Gray et al. 1981). Ramarathan et al. (1991) reported that nitrite significantly 
reduced the production of hexanal and other carbonyl compounds in pork. Fan et al. (2004) reported 
that addition of rosemary extract or sodium nitrite inhibited lipid oxidation of irradiated ready-to-
eat turkey bologna.

12.4.4  Prooxidants

Iron can accelerate lipid peroxidation (Ahn and Kim 1998b). Iron or copper salts cause fission of 
relatively stable lipid peroxides to form alkoxyl radicals, or peroxyl radicals, which further degrade 
to secondary products of lipid oxidation in the presence of catalysts and oxygen. In the presence of 
Fe3+, the addition of low concentrations of ascorbate may accelerate lipid oxidation (Kansci et al. 
2000). Fe2+ and its complexes stimulate lipid oxidation more than Fe3+ does (Ahn et al. 1993a). In 
oil emulsion and cooked meat homogenates, ferrous iron and hemoglobin had strong prooxidant 
effects, but ferritin became prooxidant only when ascorbate was present. The prooxidant effect of 
ferrous iron in oil emulsion and cooked meat homogenate disappears in the presence of superoxide, 
H2O2, or xanthine oxidase systems. Hemoglobin and ferritin had no prooxidant effect in raw meat 
homogenates (Ahn et al. 1998a). Free iron is more effective in inducing oxidation than bound iron 
(Ahn et al. 1993b). Clove and Maillard reaction products were found to affect the extent of release of 
non-heme iron during meat cooking and this should contribute in part to their antioxidative effects 
on lipid oxidation (Jayathilakan et al. 1997).

Metal ions and free radical generating systems are the main catalysts of lipid oxidation in meats 
(St. Angelo 1993). Both ferrous and ferric iron have strong prooxidant effects but structural iron such 
as the iron in heme pigments and bound or chelated iron had little prooxidant effect in raw meat 
(Kanner 1992; Ahn et al. 1993a). Ferric iron could not catalyze lipid oxidation in oil emulsion and 
cooked meat unless reducing agents were present. Ferrous and hemoglobin showed strong catalytic 
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effects on the oxidation of oil emulsion and cooked meat homogenates (Ahn and Kim 1998b). Yancy 
et al. (2006) reported that livery flavor increased and beefy flavor decreased when total iron and 
myoglobin content in meat increased. Adding chelators with strong or weak chelation ability, such 
as diethylenetriaminepentaacetic acid, citrate, or phosphate, were effective in preventing the for-
mation of TBARS in meat and meat homogenates (Ahn et al. 1993a,b; McGee et al. 2003). Bartov 
and Kanner (1996) showed that while dietary supplements with high levels of Fe did not affect the 
oxidative stability of thigh meat of turkey, stability was reduced by injecting ferrous sulfate. Ruiz 
et al. (2000) showed that the removal of iron and copper from the diet reduced oxidation values in 
cooked broiler leg meat, as measured by the TBARS value. The prooxidant effect of iron (Fe) was 
enhanced when ascorbate was added together in the chicken muscle system (Sista et al. 2000). Ahn 
et al. (1995) reported that dietary α-linolenic acid increased the degree of polyunsaturation in lipids 
and the susceptibility of the meat to lipid oxidation but that “hot vacuum packaging” protected the 
meat from sensory and quality deterioration due to lipid oxidation.

12.4.5  CooKing, storage, and reheating

The sensory profile changes in broiler tissues due to cooking, storage, and reheating. Storage signifi-
cantly increased the off-odor of chicken thigh (Lyon 1994). However, during frozen storage, little 
change was observed in lipid oxidation, color, and volatiles in vacuum-packaged irradiated raw 
turkey (Nam et al. 2002b). Su et al. (1991) compared cooking chicken breast meat patties in water 
bath or oven to an internal temperature of 83°C and then stored at 3°C for 3 days, reheated, and 
evaluated by headspace GC and TBA analysis. Results showed that more severe changes occurred 
in oven-cooked patties and suggested that the reason may be due to the lower moisture content of 
oven-cooked patties. Lyon and Ang (1990) examined the effect of reheating method on the off-odor 
of refrigerated chicken patties and showed that the chickeny and brothy notes decreased with stor-
age time but were more intense in microwave-reheated patties. Cardboard and rancid/painty char-
acter notes increased with storage time. The overall off-flavor intensity was significantly higher in 
conventional oven reheating samples, while there were no differences in GC-headspace components 
between microwave and oven reheating methods. The more rapid heating rate decreased sulfur-
containing compounds but did not influence other volatile concentrations. Storage resulted in a 
decline in fresh roasted or meaty flavor notes, an increase in WOF notes, and quantities of alcohols, 
aldehydes and ketones, hydrocarbons, and total headspace volatiles (Turner and Larick 1996). The 
end-temperature of cooking influenced the volatiles significantly: when the central temperature of 
chicken increased from 60 to 80°C, volatiles from lipid oxidation increased greatly. Those volatiles 
included propanal, pentanal, hexanal, heptanal, and octanal (Ang and Liu 1996a, b). The amount 
of lipid oxidation products, especially those of n-alkanal, 2-alkenals, 1-alkanols, and allylfuran, 
increased during cooking as the amount of polyunsaturated fatty acid and fat content in the meat 
increased (Elmore et al. 1999; Jo et al. 1999).

12.4.6  Ph oF Meat

The pH values of meat also influenced the yield of sulfur compounds produced during cooking. Rao 
et al. (1977) prepared blended broiler breast and thigh meat, and cooked it at pH values of 2.4, 4.0, 
7.0, 9.0, and 10.0. Volatiles were analyzed and indicated that the production of sulfur compounds 
was least at neutral pH and increased greatly as the pH increased. But for carbonyls, the yield was 
highest at neutral pH, and decreased as meat pH increased. Nam et al. (2002c) showed that dark-
firm-dry (DFD) meat, with a higher pH than normal, was very stable and resistant to oxidative 
changes compared to normal and pale-soft-exudative (PSE) meat. The total volatiles produced in 
normal and PSE meat were higher than in DFD meat. Furthermore, irradiating vacuumed-pack-
aged meats with different pH values, normal meats produced highest sulfur-containing compounds 
(Nam et al. 2002c). Although beef has more saturated fatty acids than pork and poultry, it is more 
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susceptible to lipid oxidation than poultry because of its low antioxidant power and high heme pig-
ment content (Kim et al. 2002; Min et al. 2007).

12.4.7  high-Pressure treatMent

High-pressure treatment induces lipid oxidation (Cheah and Ledward 1997; Orlien et al. 2000). 
Orlien et al. (2000) indicated that chicken breast meat exposed to pressures at or below 500 MPa 
showed no indication of lipid oxidation, but that pressure treatment at 800 MPa induced lipid oxida-
tion to the same extent as the heat treatment. Pressure treatment at 600 MPa and 700 MPa resulted 
in less oxidation and thus suggested that 500 MPa is the critical pressure for the pressure treatment 
of chicken breast meat in order to prevent oxidation (Orlien et al. 2000). Cheah and Ledward (1997) 
reported that the addition of 0.02% citric acid inhibited the increased rate of lipid oxidation found 
in rendered pork fat after high-pressure treatment.

12.4.8  PaCKaging

The importance of packaging on lipid oxidation was studied extensively over the years. Poultry 
meat patties packaged and stored under vacuum conditions had significantly lower lipid oxidation 
than those aerobically packaged during storage (Ahn et al. 1998a, c; Ahn et al. 2000; Du et al. 
2000; Nam and Ahn 2003a). The availability of oxygen to cooked meat was more critical to the 
stability of meat than raw meat during storage. Ahn et al. (1992) reported that minimizing oxygen 
contact by packaging the cooked meat immediately after cooking while it was hot (“hot-packag-
ing”) prevented oxidative changes during storage. Ahn et al. (1993c, d) showed that elimination of 
oxygen from meat was the most critical factor in preventing lipid oxidation of cooked meat. They 
showed that “hot-packaging” virtually stopped lipid oxidation in precooked meat added with vari-
ous prooxidants such as ionic iron, hemoglobin, and NaCl and/or fat with highly unsaturated fatty 
acids during refrigerated storage. Preventing oxygen contact with meat after cooking was more 
important for preventing lipid oxidation and off-odor volatiles such as hexanal, pentanal, propanal, 
and 1-propanol than packaging, irradiation, and storage conditions of raw meat (Ahn et al. 1998a). 
Vacuum-packaging of pre-cooked pork and turkey, and dry-cured hams was better than CO2 and 
N2-modified atmosphere packaging or aerobic packaging in maintaining meaty flavor and minimiz-
ing WOF during storage (Nolan et al. 1989; Cilla et al. 2006), and WOF, rancid flavor, and aroma 
scores correlated well with TBARS values (Nolan et al. 1989). Dawson et al. (1995) examined the 
effects of the packaging film oxygen transmission rate on the odor, color, aerobic plate count, and 
cooked volatile compounds in ground chicken after storage, and found that packaging film with 
the lowest oxygen transmission rate was the lowest in off-odor. Meat samples stored under CO2 
and N2 modified packaging were less oxidized, as indicated by sensory scores and TBARS values, 
than those stored in air (Patsias et al. 2006) but were more oxidized than vacuum-packaged meat 
(Pettersen et al. 2004; Seyfert et al. 2005).

12.5  summary

Lipid oxidation is a major cause of flavor and color deterioration in meat. Lipid oxidation in meat 
occurs mainly via the autoxidation process, and the rate varies depending upon various internal 
and external conditions of the meat. Autoxidation is the major oxidation mechanism in meat and is 
initiated by reactive oxygen species such as hydroxyl radicals, which abstract hydrogen atoms from 
the fatty acyl group of polyunsaturated fatty acids and form lipid radicals. Because the lipid radicals 
formed from the initial reactions have a strong enough reactivity, they can also transfer free radicals 
to adjacent lipids, and thus the reaction can perpetuate unless the free radicals are quenched or reac-
tions are interrupted by chain-breaking antioxidants. Various primary and secondary by-products 
of lipid oxidation can be formed from meat, depending upon the type of meat, pro- and antioxidants, 
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processing, cooking, packaging, and storage conditions. Some lipid oxidation products are known 
to be toxic or carcinogenic, and others alter meat flavor. Therefore, prevention of lipid oxidation is 
very important not only for meat industry, but also for consumers.
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13 Lipids in Muscle
Structure, Composition, 
and Metabolism

Daniel C. Rule

13.1  IntroduCtIon

The purpose of this chapter is to provide a review of the types of lipids found in muscle and adipose 
tissue, along with structural features and their locations. Muscle becomes food once harvested from 
the animal as meat, and contains numerous nutrients that originated as complex chemical compo-
nents that functioned in supporting the contractile nature of the organ. Intra- and extracellular water 
occupies most of the mass characteristics of fresh meat, followed by protein. Contractile protein, 
along with lesser concentrations of bioactive proteins and peptides, provide for the protein of meat. 
However, connective tissue of several varieties must not be ignored. Collagen, for example, exists 
in numerous forms designed to function in support processes, including the matrix that houses 
adipocytes, which within a particular depot constitutes adipose tissue. Within muscle of meat ani-
mals, adipose tissue can exist and is commonly referred to as marbling fat (composed of inter-
fascicular adipocytes). Intramuscular lipid would then consist of lipid of muscle cell membranes, 
any intramuscular triacylglycerols, and the lipid of marbling fat. Thus, muscle can include varying 
concentrations of lipid based on the level of marbling of that particular muscle. Meat from muscle 
essentially devoid of marbling will contain a small proportion of total mass as lipid, usually about 
1.0%; whereas meat that contains visible marbling will contain up to about 3% to 4% lipid, with 
ranges of 2.6% to 15.7% reported in early work by Link and co-workers (1970). The lipid contained 
within muscle without marbling adipose tissue functions primarily as muscle cell membranes and 
constitutes most of the polar or phospholipids (glycerophospholipids); concentrations of these lipids 
are nearly constant during growth and deposition of marbling fat. Thus, lipids associated with the 
muscle cell provide for structure of the organ by supporting membrane morphology and integrity. 
Lipids contained within the adipocytes of marbling and the other fat depots primarily function in 
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fatty acid storage, in addition to the membrane needs of the adipocyte. Fat cells function beyond 
fatty acid storage in that an increasingly well-defined role as an endocrine gland has emerged in 
the past decade. For example, adipocyte-derived peptides, such as adiponectin and leptin, influ-
ence energy metabolism, diabetes, and food intake by mechanisms involving other physiological 
systems, including neurological systems. Thus, meat stems from muscle and associated adipose tis-
sue that forms an extremely complex system that supports the life of the host organism. Numerous 
reviews, book chapters, as well as entire books have been published on the topic of lipids. The focus 
of the present chapter is devoted to the structure and function of lipids in muscle, and how lipids can 
be altered by pre-harvest management of meat animals. Much current interest emphasizes altering 
fatty acid profiles to meet the nutritional needs of consumers for omega-3 (ω-3) fatty acids, as well 
as to increase conjugated linoleic acid intake. Influencing proportions of fatty acids in beef, lamb, 
and pork has been a significant research goal of many laboratories for many years, with the greatest 
challenge being with cattle and sheep because of their gastrointestinal tract, which, because of the 
rumen and associated bacteria, readily modifies dietary unsaturated fatty acids by converting them 
to their saturated counterparts. This chapter provides a review of the types of lipids found in muscle 
and adipose tissue, along with structural features and their locations. A review of the function of 
various lipids shows how they interact metabolically during different physiological states, namely 
feeding, fasting, and activity. Finally, pre-harvest management strategies, in particular grass-fed 
beef, is discussed to update readers on current systems to alter fatty acid profiles of muscle to 
improve the nutritional quality of meat for consumers.

13.2  tyPes and struCtural CHaraCterIstICs 
oF musCle-assoCIated lIPIds

Most biology, chemistry, biochemistry, and nutrition textbooks contain the structures of the various 
types of lipids of interest to meat science students and researchers. The principal lipids of muscle 
include triacylglycerols (TAGs), various glycerophospholipids, and the fatty acids contained within 
these lipid types. Diacylglycerol (DAG) and cholesterol occur at lower concentrations in muscle, and 
cholesterol esters also have been reported in muscle of cattle, sheep, and pigs. Cholesterol esters are 
more prevalent in liver and blood lipids; thus, contamination of muscle samples with blood could 
influence the analysis. Relevant examples are given in subsequent figures to provide readers with 
reference structures pertinent to subsequent discussion on their metabolism.

13.2.1  triaCylglyCerol (tag) and diaCylglyCerol (dag)

In (depot) fat-free muscle, TAGs would likely occur as lipid droplets occurring within muscle cells; 
however, these TAGs do not occur at sufficient levels to affect lipid composition of fat-free muscle. 
Virtually all of the TAGs in muscle tissue would occur from seam fat, or within a particular muscle 
from marbling fat. In adipose tissue of cattle and sheep, TAG and DAG occur from 81% to 92% and 
1% to 6%, respectively, as illustrated in a comprehensive review by Christie (1981). Diacylglycerol 
occurs in depot fat to a small extent, is the intermediate in the synthesis and hydrolysis of TAG, 
and also serves as an intermediate in specific cell signaling pathways. During synthesis of adipose 
tissue-associated lipids in porcine adipose tissue, incorporation of radio-labeled fatty acid into TAG 
was 85% to 92% of total radioactivity, with about 8% to 10% as DAG (Rule et al. 1988). The struc-
tures of TAG and DAG are illustrated in Figure 13.1.

In the generic TAG and DAG structures in the example, the R groups represent fatty acids, which 
would vary according to the dietary composition of the animal, location of the tissue, and rate of 
synthesis or hydrolysis of fatty acids. Note the bond that attaches the fatty acid to the three-carbon 
backbone of both TAG and DAG; this bond is the carboxyl ester that occurs in a reaction between 
a carboxylic acid (the fatty acid) and an alcohol. The alcohol occurs as one of the hydroxyl groups 
of glycerol, and the glycerol backbone originates from glycerol-3-phosphate, a downstream product 
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of dihydroxyacetone phosphate, which is derived from glucose and produced during glycolysis. A 
description of fatty acid structure will be presented after the complex lipids have been illustrated 
and discussed.

13.2.2  glyCeroPhosPholiPids

The glycerophospholipids are the major components of all cell membranes, as well as the mem-
branes of intracellular organelles such as mitochondria. Specific types of glycerophospholipids 
occur, and the vast majority of them are represented by phosphatidylcholine and phosphatidyletha-
nolamine. Phosphatidylserine, phosphatidylinositol, cardiolipin, and sphingomyelin occur in lesser 
but significant proportions of muscle membrane glycerophospholipids. Structures of phosphotidate, 
the building block of some glycerophospholipids and intermediate in TAG and DAG synthesis in 
adipose tissue and liver, as well as phosphatidyl-choline, -serine, and -ethanolamine, are shown 
in Figure 13.2. The fatty acids making up the “R” groups in Figure 13.2 vary but generally will 
be more highly unsaturated than fatty acids of depot fat. As will be discussed later in this chapter 
on pre-harvest management, fatty acids of membrane glycerophospholipids are the target lipid for 
affecting the long-chain polyunsaturated fatty acid content of meat animals. Depot fat fatty acids 
tend to not harbor certain fatty acids unless the animal is a non-ruminant, or feeding of particular 
fatty acids that can bypass ruminal degradation/saturation.
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The structure of the glycerophospholipids allows for amphipathic characteristics necessary for 
inclusion into a membrane. The lipid bilayer requires that hydrophobic fatty acid hydrocarbons exist 
in the middle; whereas, the outer parts of the membrane, both facing the outside or inside of the cell, 
contain charged groups that are miscible with the aqueous intra- and extracellular environment. The 
hydrophobic nature of the inner membrane area allows it to act as a gasket, preventing free move-
ment of water-borne materials in and out of the cell. Imbedded within the cell membrane are the 
various transport proteins, transmembrane receptors, other proteins and channels, and cholesterol, 
the fluidizing regulator of the cell.

Cholesterol appears to affect the fluid characteristics and stability of the cell membrane. 
Cholesterol cannot develop into membranes but does increase the stability of the membrane with 
critical proportions of glycerophospholipids. The structure of cholesterol is given in Figure 13.3. 
Cholesterol is hydrophobic but contains the hydroxyl group at carbon-3 of the molecule, giving it 
limited hydrophilic properties. Cholesterol elutes near DAG in thin-layer chromatography using a 
predominately neutral solvent on silica gel G.

Glycerophospholipids make up the majority of the membrane’s structure. In Figure 13.4 an 
example of this is illustrated showing the general proximity of the fatty acid “tails” that make up the 
hydrophobic aspect, and the phospho- “group” aligned with one of the several possible polar “head” 
groups (choline, ethanolamine, etc.). The heavily charged head group is miscible with the aqueous 
environment adjacent to the immediate interior or exterior of the cell, while the fatty acids provide 
the hydrophobic interior. The dichotomy of polarity illustrated here clearly shows the amphipathic 
nature of the glycerophospholipids.

The cell membrane is a metabolically active part of the cell. With regard to lipid metabolism by 
the cell, the membrane is a barrier separating the inner and outer parts of the cell, and regulatory 
factors are in place to control the movement of materials into and out of the cell, including lipids. 
For adipose tissue and muscle, fatty acids are the primary lipids for which movement across the 
membrane is needed, either as an uptake or storage mechanism in adipocytes, or uptake and oxi-
dation in muscle cells. For a more in-depth understanding of membrane structure, function, and 
metabolism, the reader is referred to reviews by Cullis and Hope (1985), Thompson (1992), and 
Yeagle (1992).

13.2.3  Fatty aCids

Fatty acids represent a class of hydrocarbon molecules of varying numbers of carbon atoms 
arranged with primarily single carbon-carbon covalent bonds, as well as with varying numbers of 
carbon-carbon double bonds. The common feature of all fatty acids is the characteristic functional 
group — the carboxylic acid — as shown in Figure 13.5.

The carboxylic acid consists of the carboxyl-carbon, the acidic “OH” group, and the carboxyl 
oxygen. The polar negative nature of the oxygen groups imparts a positive polarity to the carboxyl-
carbon, which increases the reactivity of this electrophilic carbon in the metabolism of fatty acids. 
The acidic nature of these compounds occurs because the carboxyl group hydrogen is donated to the 

OH
Cholesterol

FIgure 13.3 The structure of cholesterol.
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solution, and thus these compounds fit the definition of a weak acid. As a weak acid, the hydrogen 
dissociates in equilibrium according to the reaction shown in Figure 13.6. Because dissociation is 
affected by the pH of the medium, and the pH of the cell is slightly alkaline, most fatty acids are in 
the anionic form (Figure 13.6).

The “R” group in this example represents the variable number of –CH2– groups (methylene 
groups) in the hydrocarbon chain of the fatty acid. Based on the number of carbon atoms, “R” can 
be 0 to over 30 with from 0 to 6 or more carbon-carbon double bonds. The smallest fatty acid is 
formic acid, where “R” is hydrogen. In meat and associated fat, fatty acids typically range from 12 
to 22 carbon atoms, including the carboxyl-carbon; fatty acids with 16 and 18 carbon atoms make 
up most of the fatty acids in cellular membranes and depot fat.

Within the variety of fatty acids there exist those that are either saturated or unsaturated. This 
terminology refers to the number of carbon-carbon double bonds. Figure 13.7 shows a 16-C fatty 
acid without any carbon-carbon double bonds.
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part of the membrane.
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Except for the carboxyl-carbon, each carbon atom is bonded to two hydrogen atoms. Within the 
hydrocarbon chain, two hydrogen atoms is the maximum possible because each carbon atom must 
also bond to two other carbon atoms, the terminal carbon atom notwithstanding. A saturated fatty 
acid, therefore, is one in which all of the carbon atoms are saturated with hydrogen atoms. In con-
trast, an unsaturated fatty acid is one in which at least two adjacent carbon atoms are each bonded 
to a single hydrogen atom. Of course, because of the sp3 hybrid orbital nature of the carbon atom, 
two pairs of electrons will need to be shared between these two carbon atoms, resulting in a carbon-
carbon double bond, as shown in Figure 13.8.

Fatty acids with one carbon-carbon double bond are referred to as monounsaturated fatty acids. 
Fatty acids with two carbon-carbon double bonds are di-unsaturated, and those with three or more 
carbon-carbon double bonds are referred to as polyunsaturated fatty acids. Fatty acids with two or 
more carbon-carbon double bonds and are of plant or animal origin contain the double bonds ori-
ented such that each carbon-carbon double bond is separated from the other by a single methylene 
(CH2) group, as shown in Figure 13.9.

With the intervening methylene group the fatty acid contains a “methylene interrupted” sequence 
of carbon-carbon double bonds. Di- and polyunsaturated fatty acids of bacterial origin, or of plant 
or animal origin subsequently modified by bacteria, can contain multiple carbon-carbon double 
bonds without the methylene interruption. If we consider the carbon-carbon double bond as a unit, 
then without the methylene interruption, two of these “units” would be connected — or in chemical 
terminology, they would be “conjugated” — as shown in Figure 13.10. There is a class of fatty acids 
that occurs as a consequence of bacterial metabolism and is referred to as “conjugated linoleic acid” 
and numerous isomers therein; these are discussed later in this chapter.

The nomenclature of fatty acids is based on two fundamental approaches. First, the structure of 
the fatty acid follows standard IUPAC guidelines, in which the carboxyl-carbon is carbon-1 (the 
only functional group), and the location of any carbon-carbon double bonds or other substitutions 
are numerated from the carboxyl end. This also has been given the “∆” designation. To abbreviate 
fatty acids with the ∆ designation, indicate the number of carbon atoms in the fatty acid and then the 
number of carbon-carbon double bonds next to this number separated by the grammatical colon (:). 
For example, a six-carbon saturated fatty acid would be referred to as 6:0. A six-carbon fatty acid 
with a carbon-carbon double bond at carbon-3 from the carboxyl end would be referred to as 6:1Δ-3. 
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Second, a fatty acid that has one or more carbon-carbon double bonds could be one of several fatty 
acids based on the number of carbon atoms in which the carbon-carbon double bond occurs count-
ing in from the methyl end (i.e., the end opposite the carboxyl-carbon) of the fatty acid. Fatty acids 
classified as such are named using the “ω” designation. A simplified example of both the ∆ and ω in 
fatty acid nomenclature is given in Figure 13.11.

In addition to methylene interruption or conjugation of carbon-carbon double bonds, the geom-
etry of the hydrogen atoms bonded to the respective carbon atoms is specific. Fatty acids of animal 
and plant origin contain carbon-carbon double bonds in which the hydrogen atoms are in the cis 
configuration. Fatty acids of bacterial origin can contain carbon-carbon double bonds in which the 
hydrogen atoms are in the trans configuration. The significance of the geometric configuration of 
unsaturated fatty acids is that the physical characteristics of the fatty acid change, thereby affecting 
the nutritional impact of this class of nutrient. Consumption of trans-fatty acids is now known to 
be associated with cardiovascular disease, and efforts to reduce trans-fats in processed foods have 
become major political and societal issues. From a meat science perspective, it is important to 
understand that ruminant animals naturally produce small amounts of trans-fatty acids through 
modification of dietary fat of plant origin, which either through direct deposition or modification in 
fat tissue before deposition, result in small concentrations of mono- and di-unsaturated trans-fatty 
acids containing conjugated carbon-carbon double bonds. These fatty acids, however, do not have a 
negative impact on the consumer. In contrast to industrial trans-fats, those of ruminant animal ori-
gin, namely trans-vaccenic acid and conjugated linoleic acid, have a number of beneficial effects in 
experimental animals, and would be expected to have some beneficial effect in consumers as well. 
The cis and trans configurations are illustrated in Figure 13.12.

Fatty acids of plant and animal origin share many similarities. For example, a number of saturated 
fatty acids are known to be synthesized de novo from both plants and animals, and oleic acid (an 
18-carbon monounsaturated fatty acid) also is synthesized de novo by most plants and adipocytes 
of meat animals. However, the di- and polyunsaturated fatty acids that are required by animals and 
consumers must be consumed intact, or the precursor must be consumed from plant sources or from 
animals that obtained them from plants or algae. These fatty acids are the dietary essential fatty 
acids and include linoleic (18:2cis Δ-9, cis Δ-12) acid and linolenic acid (18:3cis Δ-9, cis Δ-12, cis 
Δ-15). Structures of these two fatty acids, as well as others of importance to consumers, are shown in 
Figure 13.13. The reason for the dietarily essential fatty acids is that animals do not produce the cor-
rect enzymes to place the carbon-carbon double bonds beyond the ninth carbon atom in an 18-carbon 
fatty acid; only plants can do this. Enzymes that catalyze the introduction of carbon-carbon double 
bonds are called “desaturases” and several distinct desaturase enzymes have been identified. Linoleic 
acid, for example, contains double bonds at carbon-9 and carbon-12. Only plants can desaturate at 
carbon-12, yet all animals require arachidonic acid, which contains carbon-carbon double bonds that 
would originate at carbon-12 in the 18-carbon precursor (linoleic acid). In contrast to plants, animals 
produce Δ-5 and Δ-6 desaturases, which will insert carbon-carbon double bonds appropriately to 
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accommodate the requirements for arachidonic acid, as well as modification of key ω-3 fatty acids. 
Reviews by Cook (1985) and Whelan and Rust (2006) discuss elongation and desaturation of unsatu-
rated fatty acids.

13.3  lIPId metabolIsm In Pre-Harvest musCle

13.3.1  liPid MetaBolisM

Lipids in pre-harvest muscle are considered nutrients when the muscle becomes meat. In the liv-
ing muscle, lipids have functions that support the cell and its overall contribution to the tissue, 
organ, and ultimate success of the animal. In defining muscle lipids in the previous section, we 
saw what and where various lipids occur, but not how their metabolic involvement occurs. We did 
see where glycerophospholipids occur in membranes and discussed to a limited extent the other 
lipids. Some lipids interact in cellular metabolism in signal transduction. For example, a form of 
phosphatidylinositol, phosphatidyl-4,5-bisphosphate, is converted to DAG and a phosphoinositol 
that will influence cellular metabolism, which is discussed below in more detail. These lipids inter-
act with cellular proteins in pathways affecting cell stimulants, for example cell surface receptor 
responses to a number of metabolic hormones. Membrane glycerophospholipids harbor bioactive 
fatty acids (for example, ω-3 and ω-6 fatty acids) known to be involved in eicosanoid metabolism. 
Elongation and desaturation of linoleic acid produces arachidonic acid, which serves as a substrate 
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for prostaglandins via cyclooxygenase enzymes. Several prostaglandins are pro-inflammatory and 
an overabundance can be linked to inflammatory disorders. Consumption of ω-3 fatty acids has 
been shown to compete with arachidonic acid, resulting in development of several different types 
of eicosanoids. The ω-3 fatty-acid-related eicosanoids tend to have anti-inflammatory properties, 
and are desired in red meat to contribute to a daily intake. Fish muscle contains lipids truly rich 
in long-chain ω-3 polyunsaturated fatty acids, namely EPA and DHA, and a diet that includes 
fish, or at least a supplement containing these fatty acids, has been deemed beneficial. Current 
efforts to increase ω-3 fatty acids in beef and lamb have become a major focus in some aspects 
of the livestock industry and will be the subject of discussion in the final section of this chapter. 
One of the challenges of increasing long-chain polyunsaturated fatty acids in muscle stems from 
the strict regulation of membrane fatty acid composition to maintain function, and that long-chain 
polyunsaturated fatty acids tend to be a membrane glycerophospholipid component. In a review 
by De Smet (2004) this was pointed out by comparing percentages of polyunsaturated fatty acids 
in glycerophospholipids with that in TAG in both beef and pork longissimus muscle. In beef, the 
percentage of polyunsaturated fatty acids in glycerophospholipids ranged from 21.5% to 48.8%; 
whereas, in beef longissimus TAG, they ranged from 0.11% to 0.98%. The same comparison in pork 
longissimus glycerophospholipids was 35.3% to 48.2%, but in pork longissimus TAG, it was 7.3% to 
14.5%. The difference in distribution between the two species’ longissimus lipids is rooted in their 
gastrointestinal tracts. Cattle are ruminants, and dietary polyunsaturated fatty acids are lost through 
biohydrogenation induced by ruminal microorganisms; however, pigs are monogastric animals and 
consumed fatty acids are largely absorbed intact, thus allowing for greater deposition in muscle-
associated TAG. The reader is referred to Jenkins et al. (2008) for a review of the factors affecting 
biohydrogenation of dietary fatty acids in ruminant animals.

Metabolically, muscle cell membranes contain certain glycerophospholipids and polyunsatu-
rated fatty acids that occur as a reservoir for bioactive lipids and fatty acids involved in second 
messenger mechanisms, as well as precursors for hormones and gene regulators. Second messenger 
systems are complex and beyond the scope of this chapter. However, involvement of lipids has been 
well characterized for the mechanism involving G protein activation in response to several hor-
mones. Phosphatidylinositol-4,5-bisphosphate is shown in Figure 13.14. This glycerophospholipid 
is located in the cell membrane. Upon hormone binding, G protein activation of phospholipase C in 
the plasma membrane results in hydrolysis of the glycerophosphate ester bond of phosphatidylinos-
itol-4,5-bisphosphate to yield DAG and inositol-1,4,5-trisphosphate (IP3). Calcium ion release from 
the endoplasmic reticulum is stimulated by IP3. At the plasma membrane, the protein kinase-C 
is activated by DAG and can then become involved in downstream phosphorylation reactions in 
response to hormone binding occurring at the cell surface. Most current biochemistry textbooks 
(e.g., Lehninger, Nelson, and Cox 1993) present this and other examples in much more depth, as well 
as current review articles on cell signaling and second messenger systems, which illustrate the vast 
discoveries in this area during the past decade.
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Long-chain polyunsaturated fatty acids, mainly EPA and DHA, along with conjugated linoleic 
acid (CLA) affect metabolism through anti-inflammatory mechanisms. Increased deposition of these 
classes of fatty acids in muscle cell membranes would most likely play a localized role unless their 
release allows for use elsewhere in the body. From a meat nutrient perspective, increasing these fatty 
acids in meat would be advantageous to consumers and producers alike. The major feature of EPA 
and DHA are their effects on arachidonic acid metabolism and eicosanoid synthesis. Prostaglandins 
are common products of virtually all cells of the body and act as lipid mediators synthesized from 
arachidonic acid. Adipose tissue typically contains very little arachidonic acid, whereas muscle 
tissue contains 1% to 3% arachidonic acid. This fatty acid is retained by the glycerophospholipids 
until needed for de novo prostaglandin synthesis, and is hydrolyzed most commonly from the sn-2 
position by cytosolic phospholipase A2. The arachidonic acid is substrate for the enzyme prosta-
glandin H synthase, which is more commonly referred to as cyclooxygenase (COX). Two isoforms 
of COX occur: COX1, which catalyzes the basal, or non-stimulated production of prostaglandin; 
and COX2, which increases prostaglandin synthesis in response to pro-inflammatory stimuli. Thus, 
COX1 is considered the constitutive form and COX2 is the inducible form. The products of COX 
enzymes are largely prostaglandin H2 and thromboxanes. Another eicosanoid product of arachi-
donic acid metabolism includes the leukotrienes, which occur mainly in macrophages, mast cells, 
and polymorphonuclear leukocytes, all examples of inflammatory cells. By consuming EPA and 
DHA, some arachidonic acid is displaced and COX enzymes can use the former fatty acids as 
substrate. Moreover, both EPA and DHA are inhibitors of COX (Ringbom et al. 2001). Regardless, 
consumption of EPA and DHA will lead to a shift in proportions of products formed. There are a 
host of leukotrienes that are produced, with some less pro-inflammatory than others. For example, 
leukotriene B4 is favored as a product when EPA substitutes for arachidonic acid, and this leukot-
riene is far less pro-inflammatory than others. Thus, EPA would be “anti-inflammatory.” Generally 
speaking, the eicosanoids are considered lipid mediators that represent a complex set of cell signal-
ing molecules that regulate many cellular processes. A number of dietary sources of long-chain ω-3 
fatty acids, including red meat, as well as the pathway of elongation and desaturation, were sum-
marized by Whelan and Rust (2006).

In addition to effects on eicosanoid synthesis, long-chain polyunsaturated fatty acids also affect 
gene transcription of materials important to cardiovascular health, as well as overall lipid synthesis. 
Wahle et al. (2003) have reviewed this subject; however, little direct evidence for effects within 
skeletal muscle is provided. Nevertheless, the current state of understanding would imply that cells 
engaged in lipid synthesis will be affected by the presence of long-chain polyunsaturated fatty 
acids, as well as CLA. Initial observations were made in rat hepatocytes where de novo lipogenesis 
as well as lipogenic protein expression were down-regulated in animals fed high-carbohydrate diets 
that also contained linoleic and linolenic acids. Subsequent work showed conclusively that certain 
polyunsaturated fatty acids did in fact influence gene transcription in hepatocytes and adipocytes.

Polyunsaturated fatty acids influence fatty acid uptake as well as the synthesis of fatty acids 
by adipocytes through influence on specific gene expression. As discussed by Wahle et al. (2003), 
polyunsaturated fatty acids down-regulate gene expression of fatty acid synthase and stearoyl-CoA 
desaturase 1 (SCD1). Accretion of lipid (TAG) in adipose tissue of meat animals occurs via the 
uptake of preformed fatty acids from the circulation and by de novo synthesis in the adipocyte. 
Fatty acids synthesized de novo utilize the multi-enzyme complex fatty acid synthase to produce a 
growing hydrocarbon chain in which a two-carbon unit is added sequentially until palmitate occurs. 
The palmitate is released and elongated to stearate, which can then be desaturated in a reaction 
catalyzed by SCD1, which currently is recognized as an essential marker of fatty acid biosynthesis. 
The observation that long-chain fatty acids down-regulate gene transcription for these three pivotal 
enzymes presents clear evidence for a molecular mechanism for down-regulation of lipid synthesis 
and deposition in adipocytes.

It is also important to understand that some enzymes and cellular proteins can be up-regulated 
or induced by long-chain polyunsaturated fatty acids in adipose tissue. Enzymes and proteins that 
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support oxidation, storage, and metabolism of fatty acids tend to be up-regulated by polyunsaturated 
fatty acids. In addition, enzymes and proteins supporting fat cell differentiation are up-regulated by 
polyunsaturated fatty acids. For example, the enzyme lipoprotein lipase (LPL), is synthesized by 
the adipocyte and then secreted into the capillary endothelium, where it becomes anchored adjacent 
to the cell of origin. This enzyme catalyzes hydrolysis of fatty acids from circulating lipoprotein 
TAGs. These TAGs originate from the diet as chylomicrons or from the liver as very-low-density 
lipoproteins (VLDLs). Hydrolysis of the fatty acid is necessary for transport into the adipocyte. 
Thus, LPL plays a critical role in lipid accretion (storage) in adipocytes of meat animals. Fatty acid 
binding protein, acyl-CoA synthetase, and fatty acyl-CoA transferase are additional examples of 
enzymes and proteins for which gene transcription is up-regulated in adipocytes in response to 
polyunsaturated fatty acids. Fatty acid binding protein is a family of relatively small proteins that 
transport fatty acids within the intracellular environment to locations of further metabolism. A 
greater influx of fatty acids into a cell would necessitate a greater capacity to transport them for stor-
age or metabolism. Metabolism or storage requires that fatty acids be “activated,” which involves 
developing the thioester bond between the carboxyl group of the fatty acid and the thiol (-SH group) 
of co-enzyme A; this reaction is catalyzed by acyl-CoA synthetase. The thioester is thought to 
increase reactivity of the ester carbon atom such that esterification reactions occur more readily. 
Furthermore, the downstream reactions would require energy to occur; fatty acid activation utilizes 
energy of ATP: ATP → AMP + 2PPi. Thus, the energy to drive the reaction would come from the 
hydrolysis of the thioester during the reaction creating the new carboxyl ester bond.

How do fatty acids affect gene transcription? This area of research is ongoing, and a clearer picture 
of the particular mechanisms continues to emerge. Wahle et al. (2003) have summarized literature 
current to date of publication on this topic. Polyunsaturated fatty acids and associated metabolites 
have been shown to activate receptors and various kinases to cause “signal cascades.” As a result, 
transcription factors are activated; nuclear translocations can occur, even involving polyunsaturated 
fatty acid response elements, with the overall effect of up- or down-regulation of mRNA transcrip-
tion. Additionally, the fatty acids themselves can bind to transcription factors affecting recognition at 
promoter regions of target genes. Fatty acids could affect the stability of transcription factor mRNA 
as well as DNA binding capacity. The reader is referred to the review by Wahle et al. (2003) for 
details of these possible mechanisms, as well as greater elaboration of specific points.

13.3.2  ConJugated linoleiC aCid

Conjugated linoleic acid (CLA) represents a large group of isomers of C18:2 fatty acids in which the 
conjugated double bonds occur at different locations, as well as with different cis and trans orienta-
tions about the carbon-carbon double bonds. CLA intake by laboratory animals has demonstrated 
largely positive health effects that, if similarly positive in humans at moderate intakes, would rep-
resent significant benefit to consumers. In the past two decades, research on CLA has skyrocketed 
because of the initial observations of the potential health benefits of isolates obtained from grilled 
beef. Michael Pariza is credited with the initial discoveries that eventually included elucidation 
of the causative agent’s identity as a fatty acid, which subsequently was determined to be CLA. 
Because CLA is a natural product of ruminant body fat and milk fat, and because it has been shown 
to have remarkable health benefits, a great deal of research and hundreds of papers have been pub-
lished to date on numerous factors that could increase CLA in foods, especially in meat and milk, 
as well as investigations into other effects and mechanisms of action of CLA. About 20 years of 
research has been summarized in two volumes of Advances in Conjugated Linoleic Acid Research 
(Volume 1, Yurawecz et al., 1999; AOCS Press; Volume 2, Sebedio et al., 2003, AOCS Press). Of 
particular interest to meat scientists and dairy scientists is the fact that CLA is a natural product of 
ruminant metabolism of dietary fatty acids, starting in the rumen and ending in either adipose tissue 
or the lactating mammary gland. However, trace amounts of CLA can be found in the meat of other 
species (for example, pork, chicken, turkey, and fish) (Watkins and Li 2003).
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The most abundant isomer of CLA in milk and adipose tissue of cattle is 18:2 cis Δ-9, trans Δ-11, 
which has the common name of rumenic acid (Figure 13.13). When a ruminant animal consumes 
dietary linoleic acid, the fatty acid is typically esterified to a glycerolipid, for example, TAG, glyc-
erophospholipids, or galactolipids of forages. Ruminal microbes are numerous and hundreds of 
strains exist in the rumen. Bacteria produce enzymes that catalyze hydrolysis of these esters; upon 
availability of the free carboxyl group of the free fatty acid, microbial-induced saturation of the 
unsaturated fatty acids begins. Although saturation is a quite complex process, it essentially occurs 
by first isomerizing linoleic acid to rumenic acid, which is short lived because the cis-9 double 
bond is rapidly saturated producing trans-vaccenic acid (TVA; 18:1 trans Δ-11). Saturation of TVA 
appears to be less rapid than CLA because more TVA is usually observed in the duodenal contents 
of sheep fed supplemental linoleic acid than CLA (Kucuk et al. 2001; Atkinson et al. 2006). The 
gastrointestinal tract of all animals is a dynamic organ such that digesta flow is continuous. The 
hydrogenation of unsaturated fatty acids that occurs in the rumen, termed biohydrogenation because 
the process is initiated by living organisms, occurs through multiple steps, which infers the presence 
of intermediates. The rate at which intermediates are modified to produce downstream intermedi-
ates and finally end products will affect the rate at which the intermediates and final products occur 
in the intestine where they will be available for absorption by the small intestine. Thus, some level 
of biohydrogenation intermediates will occur in the rumen. The occurrence of CLA is quite low 
relative to TVA, which are both far lower than the final end-product, stearic acid (Kucuk et al. 2001; 
Atkinson et al. 2006). The duodenal flow of CLA and TVA can be influenced by the dietary intake 
of high linoleic acid oils (Kucuk et al. 2001; Atkinson et al. 2006), yet duodenal CLA remains 
quite low. So, where does the CLA in milk fat and adipose tissue come from? The TVA arises from 
saturation of CLA in the rumen. In adipose tissue and lactating mammary gland cells, the enzyme 
SCD occurs and plays a very significant role in lipogenesis in both tissues. For fatty acids that are 
synthesized de novo, stearic acid would be desaturated to form oleic acid, the most abundant fatty 
acid occurring in adipocyte TAG. However, if TVA is the substrate for SCD, the desaturation end-
product would be rumenic acid because the carbon-carbon double bond will be re-inserted at the 
Δ9-cis position. As mentioned earlier in this chapter, carbon-carbon double bonds in animals are 
always cis when occurring during fatty acid biosynthesis; for the most part, only bacteria produce 
trans double bonds. Thus, the more TVA available, the more CLA can occur in adipose tissue or in 
milk fat.

Rumenic acid represents one of many isomers of CLA. Another important isomer is 18:2 Δ10-
trans Δ12-cis. This isomer has been positively identified as a potent fatty acid synthesis inhibi-
tor and contributes substantially to down-regulation of milk fat synthesis. Milk fat depression in 
dairy cows has been the subject of intense investigation for many years, and up until the discovery 
that this isomer of CLA was involved, the mechanism remained elusive. Bauman and co-workers 
(2008) have recently reviewed the regulation of fat synthesis by CLA. Additional review has been 
provided in Advances in Conjugated Linoleic Acid Research. The mechanism of down-regulation 
of fatty acid synthesis has now been shown to involve mRNA expression for important enzymes 
involved in the complex process of de novo fatty acid synthesis. The Δ10-trans Δ12-cis CLA iso-
mer also down-regulates fatty acid synthesis in adipose tissue; however, about 40 times more of 
this isomer is required to accomplish this compared with the concentration needed in the lactating 
bovine mammary gland (Bauman et al. 2008). This observation implies that a dietary supplement 
could serve an anti-obesity function in humans and animals, but substantial amounts of the fatty 
acid would be needed. For most red meat consumed today, there is little Δ10-trans Δ12-cis CLA 
observed and, depending on the animal’s diet, much more rumenic acid will occur. Nevertheless, 
understanding that both isomers, and very likely others yet to be discovered, play a very significant 
role in animal food production is imperative for the successful meat scientist. For advances in meat 
nutritional quality, there have been numerous attempts to increase CLA. However, by feeding CLA 
to ruminants, the fatty acid would be saturated and stearic acid would be the absorbed product. 
Protecting the CLA from further saturation would allow for more of it to be absorbed and deposited 
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within the fat of the meat but this would be quite costly to achieve. By feeding CLA to non-rumi-
nants, for example, pigs and poultry, more CLA can be realized because no pre-duodenal saturation 
would occur. Watkins and Li (2003) have summarized efforts to accomplish CLA enrichment in 
non-ruminant meat products. In ruminants, efforts to increase CLA in meat have included feeding 
supplemental vegetable oils rich in linoleic acid. When growing lambs were fed a diet based on beet 
pulp pellets and supplemented with safflower oil, meat contained increasing concentrations of both 
TVA and CLA as the dietary level of oil was increased (Bolte et al. 2002). In cattle, most efforts 
seldom yield CLA greater than 1% of the total fatty acids, indicating that species differences exist 
in the ability to raise the concentration of this fatty acid. Other post-harvest strategies to augment 
CLA, as well as polyunsaturated fatty acids, in beef are presented later in this chapter.

13.3.3  MetaBolisM oF Fatty aCids in sKeletal MusCle

Fatty acids utilized by muscle can arise from several possible sources: uptake of circulating free 
fatty acids and lipoprotein TAG, and mobilization of fatty acids within lipid droplets associated 
with the muscle cell. If the animal is not fasting, muscle energy substrates will arise from the diet. In 
cattle and other ruminants, the energy substrates will consist primarily of acetate; whereas, in non-
ruminants, such as hogs, glucose will constitute the bulk of energy substrates. If primary energy 
substrates are adequate, dietary fat in most species will be stored in adipocytes. Excess energy 
substrates will be converted to fatty acids and stored in adipocytes as a survival tactic to attempt to 
ensure ample nutrients for ATP production during times of inadequate energy intake. Consider the 
fat depth over the rump in wild ungulates after a spring, summer, and fall in non-drought conditions 
where lush forages are available. Fat depths of 5 cm or more are not uncommon. Following a typical 
winter, especially in the inter-mountain West, this animal will have very little of this fat left by the 
onset of the subsequent spring. The reduction of the fat depth was a direct result of mobilization 
of fatty acids from adipocytes, which were transported to the various organs, including muscle, for 
uptake and eventual oxidation to provide metabolic intermediates needed for ATP synthesis within 
the mitochondria. Thus, fat tissue serves as the primary repository of energy substrate reserves and 
can mobilize the fatty acids within seconds of the appropriate metabolic stimulus.

Fatty acids stored in fat cells arise from deposition or by de novo synthesis. In ruminants, absorbed 
acetate is the major starting material, whereas in non-ruminants, glucose produces the acetate after 
glycolysis and pyruvate dehydrogenase activities. Fatty acid synthesis in adipocytes yields mainly 
three fatty acids: palmitic, stearic, and oleic acids (see Figure 13.13 for structures). The biochemi-
cal process of fatty acid biosynthesis is well documented in most biochemistry and nutrition text-
books. The process involves converting acetate to longer-chain fatty acids by sequentially adding 
two-carbon units originating from acetyl-CoA until a 16-carbon product, palmitic acid, is formed. 
The initial reaction converts acetyl-CoA to malonyl-CoA in a carboxylation reaction catalyzed by 
acetyl-CoA carboxylase, which in many species is the rate-limiting step in this process. An acetyl-
CoA and malonyl-CoA are converted to acetyl-ACP and malonyl-ACP (acyl-carrier protein) before 
interacting with the multi-enzyme complex called fatty acid synthase, which is composed of seven 
enzymes. The incoming two-carbon units occur as malonyl-ACP. The initial condensation of two-
carbon units consists of the first bond, followed by modifications to yield a four-carbon fatty acid 
product that remains attached to fatty acid synthase and is ready to condense with another two-
carbon unit entering again as malonyl-ACP as shown in Figure 13.15. After enough cycles to yield a 
16-carbon fatty acid, the palmitic acid is released, activated, and then either esterified to the glycerol 
backbone of a developing TAG or elongated to stearoyl-CoA; the latter also can be either esterified 
to the developing TAG backbone or desaturated to oleoyl-CoA. Elongation of palmitic acid typically 
results in desaturation of the stearic acid but the oleic acid cannot be elongated further or desatu-
rated further out toward the methyl end of the fatty acid because of the lack of appropriate enzymes. 
As a result, oleic acid accumulates; however, the intermediates can also be esterified, which seques-
ters the fatty acids. Consequently, the fatty acids of bovine subcutaneous adipose tissue contain the 
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following profile: palmitic, 30%; stearic, 15%; oleic 48%; with the remainder consisting of shorter-
chain saturated intermediates of 12 and 14 carbons, as well as some shorter chain mono-unsaturated 
fatty acids such as 14:1 and 16:1. Dietary and bacterial fatty acids, along with biohydrogenation 
intermediates, also contribute to the fatty acid profile in ruminants. In non-ruminants, a diet rich 
in fat would depress de novo synthesis, resulting in an adipose tissue fatty acid profile similar to 
the dietary source. This is not possible to the same extent in ruminants because too much fat in the 
diet depresses feed intake; and because of biohydrogenation, most of the unsaturated fatty acids 
are converted to their saturated counterparts and then deposited. Moreover, typical ruminant diets 
are quite low in fat. The profile of fatty acids in muscle and adipose tissue lipids of meat animals is 
influenced by diet and other factors, which has been previously reviewed (Christie 1981; Rule et al. 
1995). Current efforts to modify the fatty acid composition of beef adipose tissue and muscle lipids 
are discussed in the final section of this chapter.

The location of adipose tissue depots varies with species, diet, and genetics, especially in ungu-
lates. For example, beef cattle have been selected for a number of production traits, including mar-
bling. Marbling adipose tissue can be readily observed as visible fat deposits within a given muscle, 
which the M. longissimus dorsi typically constitutes the industry standard for grading purposes. 
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Variation in the amount of marbling within cattle, per se, continues to be an issue of economic 
importance to the beef industry. Nutritionally induced marbling is possible if enough dietary energy 
excess is provided for a long enough period of time. However, dietary influences that affect the 
availability of glucose for absorption by the small intestine could impact the development of mar-
bling. Texas A&M University research (S.B. Smith, personal communication) has suggested that 
corn processing that increases ruminal fermentation could reduce the amount of marbling because 
less starch would be available for small intestinal digestion and glucose absorption compared with 
feeding cracked corn. Glucose is a preferred substrate for fatty acid synthesis in marbling adipo-
cytes, whereas acetate is the preferred substrate in the other depots. Thus, greater glucose availabil-
ity could induce greater marbling, given that the adipocytes are present within this depot. Genetics 
also likely plays a role in the development of marbling. Currently, grass-fed beef has been gaining 
in popularity, and many grass-fed beef producers are directing their herd genetics toward smaller 
framed cattle that could develop marbling during grass fattening. Changes in herd genetics seem at 
present to be a retrograde type of selection for frame sizes popular during the mid-twentieth cen-
tury. At present, documentation in the meats literature on carcass composition of these grass-fed 
cattle is lacking, leaving conclusions more appropriate for later reviews. In other ungulate species 
(e.g., deer, elk, and bison), marbling does not occur, indicating that marbling fat is not necessary for 
the success of the muscle or the animal. Delivery of nutrients to muscle for continued contractile 
activity would provide the muscle with its needs during stress, exertion, and fasting.

Under conditions of stress, exertion, and bouts of fasting, muscle will rely on the oxidation of 
stored fatty acids for ultimate generation of ATP. Fatty acids mobilized from adipocytes are deliv-
ered to the muscle cell bound to albumin. Muscle-associated LPL also contributes to the fatty acid 
pool available to muscle cells during these conditions. Fatty acids are taken up and transported 
through the muscle cell by several mechanisms to be metabolized first by activation and second by 
transport into mitochondria for oxidation and conversion to acetyl-CoA. The Krebs cycle completes 
the oxidation process, and the reduced proton carriers, NADH and FADH2, interact with the elec-
tron transport system where protons are “pumped” from the mitochondrial matrix to the intermem-
brane space as part of the complex oxidation and reduction pathway. As the protons flow back into 
the matrix through specialized gates associated with ATP synthetase, the energy of the H+ (proton, 
or hydrogen ion) flow powers phosphorylation of ADP to produce the ATP.

Important aspects of fatty acid metabolism in ruminant skeletal muscle were reviewed by 
Drackley (2005). Fatty acid oxidation requires mitochondria; thus, red muscle fibers (high mito-
chondrial concentrations) utilize fatty acids as opposed to white muscle fibers, which are consid-
ered glycolytic (low mitochondrial concentrations). Within the red muscle fiber, more fatty acid 
oxidation occurs in the intermyofibrillar mitochondria than in the subsarcolemmal mitochondria. 
Because fatty acid oxidation occurs in the mitochondria, the fatty acids must traverse both the sar-
colemmal and mitochondrial membranes. An overview of fatty acid transport into the muscle cell 
and mitochondria along with points of regulation are shown in Figure 13.16.

The first step in fatty acid metabolism in muscle cells is the uptake of the fatty acids and transport 
through the cell membrane. This step has long been thought to occur by diffusion of the fatty acids; 
however, a large body of evidence supports the presence of fatty acid transport proteins that facili-
tate their uptake, especially under the influence of several stimuli. This topic was recently reviewed 
by Koonen et al. (2005). Regulation of long-chain fatty acid transport through acute stimuli, such 
as muscle contraction or insulin, involves at least one such transport protein, fatty acid translocase 
(FAT)/CD36. This protein resides within the cytosol, and under the appropriate stimulus it is trans-
located to the plasma membrane where it facilitates fatty acid transport. There are several other 
fatty acid transport proteins that have been discovered besides FAT/CD36, and include plasmalem-
mal fatty acid binding protein (FABPpm) and fatty acid transport protein (FATP). Interestingly, 
FABPpm is identical to mitochondrial aspartate aminotransferase, and FATP1 has acyl-CoA syn-
thetase activity, making it a bifunctional protein. The relationship between the two functions is not 
known; however, that fatty acid acyl-CoA cannot diffuse back across the plasma membrane suggests 
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intriguing possibilities. FAT/CD36 is also homologous to other proteins, for example, human glyco-
protein IIIb and IV. Moreover, FAT/CD36 may influence mitochondrial acyl-CoA uptake.

Regarding fatty acid uptake by muscle cells, it is plausible to suggest that fatty acids will diffuse 
through the lipid bilayer readily because of the hydrophobic nature of both structures. However, 
facilitation of fatty acid transport is now generally accepted, and several proteins have been identi-
fied in this role as indicated already. An alternative role of FAT/CD36 and FABPpm, as indicated 
by Koonen et al. (2005), is to accelerate fatty acid dissociation from albumin as well as stimulate 
integration of long-chain fatty acids into the outer membrane layer. These factors would serve to 
concentrate long-chain fatty acids in the outer transmembrane layer creating a diffusion gradient. 
Coupled with the acyl-CoA synthetase activity of FATP1, a clearer picture emerges of plasma mem-
brane fatty acid transport of long-chain fatty acids. Another important element in the acylation of 
fatty acids upon transport is that the fatty acid becomes “trapped” because this form does not dif-
fuse out back across the plasma membrane.

An interesting model of regulation of long-chain fatty acid uptake in muscle involves transloca-
tion of FAT/CD36 from cytosolic compartments to the plasma membrane, as pointed out by Koonen 
et al. (2005). Bonen et al. (2000) showed that long-chain fatty acid uptake was regulated by the 
amount of FAT/CD36 occurring at the plasma membrane surface. In skeletal muscle, contraction 
causes a shift in location of FAT/CD36 from intracellular to plasma membrane regions.

Muscle contraction is associated with numerous intracellular events affecting fatty acid metabo-
lism, which are influenced by intracellular signaling pathways involving several kinases. Protein 
kinase A (PKA), adenosine monophosphate activator protein kinase (AMPK), protein kinase C 
(PKC), and mitogen-activated protein kinase (MAPK) have been studied in relation to muscle 
metabolism. PKA and PKC have been shown to affect Ca2+, and PKC (a family consisting of numer-
ous isoforms) itself is regulated by upstream DAG and/or Ca2+, which serve to activate the kinase. 
The downstream effect of activation of these kinases involves phosphorylation of acetyl-CoA car-
boxylase (ACC), which decreases its activity (discussed further below). Uptake of long-chain fatty 
acids mediated by FAT/CD36 could also be affected by MAPK because physical exertion stimulates 
this signaling pathway.
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Contraction-induced as well as hormonal stimulation of AMPK increases long-chain fatty acid 
uptake and oxidation in muscle cells. Translocation of FAT/CD36 from the intracellular region to 
the plasma membrane occurs in response to AMPK activation. This concept was recently illustrated 
by Habets et al. (2007) using cardiac myocytes of mice that were either CD36 +/+ or CD36 −/−. 
Upon contraction, mimetic stimulation with oligomycin, a 2.5-fold increase in long-chain fatty acid 
uptake occurred in the CD36 +/+ mice myocytes, whereas long-chain fatty acid uptake stimulation 
was lost in the CD36 −/− mice myocytes, even with intact AMPK signaling.

Cytosolic transport of fatty acid and fatty-acyl-CoA is accomplished with intracellular fatty acid 
binding protein (FABP). For review of FABP the reader is referred to Storch and Thumser (2000) and 
Storch and Corsico (2008). Numerous isoforms of FABP have been discovered during the past three 
decades. Isoforms specific to some tissues have been identified, including skeletal muscle. Structurally, 
the isoforms of FABP belong to a 14- to 15-kDa FABP gene family. In skeletal muscle, heart (H)-FABP 
occurs, as well as in cardiac muscle, brain, mammary gland, kidney, adrenals, ovaries, and testes. The 
function of FABPs has been developed with a large body of indirect and direct evidence associating it 
with cellular metabolism. Binding affinity studies have shown that different fatty acids bind with more 
or less affinity, depending on fatty acid size and degree of saturation. Acyl-CoA also binds to FABP 
with a net effect of long-chain fatty acids and fatty acyl-CoA being “shuttled” to points of further 
metabolism. For muscle cells, this would be to mitochondria for oxidation, as well as to the endoplas-
mic reticulum for TAG biosynthesis. The latter occurs through the glycerolipid biosynthesis pathway, 
in which fatty acyl-CoA is esterified to glycerol-3-phosphate, sequentially followed by hydrolysis of the 
sn-3 phosphate, and finally esterification of a fatty acid at the sn-3 position to yield TAG. This pathway 
occurs in response to insulin in contrast to the effect of contraction or catecholamines. During fasting, 
for example, hormone-sensitive lipase (HSL) would be stimulated, which then would catalyze hydroly-
sis of the carboxyl esters of the intracellular TAG (Jeukendrup 2002).

Functionally, FABP not only would bind to fatty acids for “shuttle” purposes, but would also encour-
age the concentration gradient needed for optimal uptake of long-chain fatty acids by the muscle cell. 
Thus, as fatty acids diffuse into the cell, along with fatty acids transported by membrane fatty acid trans-
port proteins that also catalyze acyl-CoA formation, FABP will bind and sequester the fatty acids.

The primary need for fatty acids by muscle cells is for a source of energy substrates. Once trans-
ported across the plasma membrane through the cytosol, and to activation to the acyl-CoA, the fatty 
acid must be transported into the mitochondria for oxidation (termed β-oxidation because of the 
carbon position relative to the carboxyl group). Transport into the mitochondria represents the most 
prevalent point of regulation of fatty acid metabolism in the muscle cell. This topic was discussed 
in detail for liver by Odle (2005) and other tissues in numerous reviews and textbooks. However, 
by summarizing much of the information on transport of fatty acids, an interesting picture develops 
about fatty acid transport/metabolism in muscle cells.

The key enzyme involved in mitochondrial uptake is carnitine-palmitoyl-CoA transferase 1 
(CPT-I). This enzyme is regulated through inhibition by malonyl-CoA, the product of carboxylation 
of acetyl-CoA and catalyzed by acetyl-CoA carboxylase-2 (ACC2; ACC1 is the adipocyte isoform). 
As introduced in Figure 13.17, CPT-I catalyzes transfer of carnitine for CoASH of the fatty acyl-
CoA. The acyl-carnitine then translocates into the mitochondria where CPTII catalyzes transfer of 
CoASH for carnitine. Because CPT-I is regulated by malonyl-CoA, factors influencing ACC2 will 
be important to understand in order to appreciate fatty acid metabolism in muscle cells.

Hormonal effects (for example, when insulin secretion occurs in the fed state) will impact ACC 
in both adipose tissue and muscle. In both tissues, malonyl-CoA will be produced; however, the 
purpose for malonyl-CoA is different. In adipose tissue, it serves as a substrate for fatty acid syn-
thase during elongation of the growing fatty acid chain. During feeding when energy substrates are 
in excess, de novo fatty acid synthesis would be expected to occur. Under fed conditions, dietary 
energy substrates (for example, acetate in ruminants or glucose in non-ruminants) will be used 
by muscle cells for energy needs. At rest, when the muscle cellular energy charge is high (high 
ratio of ATP:ADP and NADH:NAD+), dietary energy substrates will be diverted further to adipose 
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tissue for fatty acid synthesis and subsequent storage. Under this condition, it is unnecessary for 
adipose tissue to mobilize fatty acids and for muscle cells to be oxidizing them. In the muscle cell, 
malonyl-CoA produced from highly active ACC2 will inhibit CPT-I such that little, if any, fatty acid 
transport into mitochondria occurs. Furthermore, under these conditions, FAT/CD36 will be greater 
in its intracellular compartment than the plasma membrane, further reducing fatty acid uptake. 
Generally, the environment established discourages fatty acid uptake and oxidation.

During fasting (when insulin is low) or stress, sensitivity to catecholamines is greatest. 
Phosphorylation cascades occur in response to elevated cAMP and numerous kinases become acti-
vated. Under these conditions, especially with fasting, storage of nutrients decreases and the need to 
mobilize fatty acids from adipose tissue increases. Acute regulation of ACC occurs through inhibi-
tion by phosphorylation. In adipose tissue, phosphorylation of ACC decreases its activity; phospho-
rylation of HSL increases its activity, resulting in low fatty acid synthesis and increased fatty acid 
mobilization. In addition to HSL, a recently discovered lipase called desnutrin — an adipose tissue 
triglyceride lipase — contributes significantly to fatty acid mobilization in adipocytes and may 
play a role in myocyte intracellular lipolysis along with HSL (See Duncan et al., 2007 for review).
In muscle, ACC activity is also decreased by phosphorylation, causing malonyl-CoA production to 
decline substantially, which removes inhibition of CPT-I activity. In addition to the down-regulation 
of ACC by phosphorylation, increased intracellular fatty acids stimulate expression and activity 
of malonyl-CoA decarboxylase, which catalyzes conversion of malonyl-CoA back to acetyl-CoA, 
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thereby providing additional down-regulation of malonyl-CoA (Young et al. 2001). Phosphorylation 
of muscle cell HSL would likely occur, resulting in hydrolysis of fatty acid esters from an intrac-
ellular TAG. The overall effect would be increased mitochondrial transport of fatty acid through 
greater production of acyl-carnitine. Moreover, the phosphorylation cascade would result in greater 
translocation of FAT/CD36 to the plasma membrane, where it interacts with FABPpm to facilitate 
uptake of fatty acids.

Muscle contraction also stimulates fatty acid uptake and oxidation. Rasmussen and Wolf (1999) 
discuss a plausible model. In this model, muscle contraction stimulates AMPK activity, which 
stimulates phosphorylation of ACC, resulting in lower malonyl-CoA concentrations. Moreover, 
AMPK signaling increases translocation of FAT/CD36 to the plasma membrane to facilitate fatty 
acid transport into the cell. A potential pitfall in this model is related to the level of malonyl-CoA 
occurring after fasting or contraction, which remains high enough to completely inhibit CPT-I. 
Kim (1997) reviewed regulation of ACC and proposed that malonyl-CoA can be produced near 
the CPT-I binding site for malonyl-CoA. This would suggest that an increase in malonyl-CoA can 
be regulated near CPT-I to provide tight control of fatty acid uptake. Figure 13.17 summarizes the 
concepts outlined above.

13.4  Pre-Harvest strategIes to InCrease ω-3 
Fatty aCIds and Cla In meat

Red meat is a very good source of valuable nutrients, especially protein. Lean meat offers con-
sumers the opportunity for a high-protein food source that also contains important vitamins and 
minerals. The fat associated with red meat, especially beef, also provides consumers with valuable 
unsaturated fatty acids; however, as depot fat increases in the meat, so do the amounts and propor-
tions of less-desirable saturated fatty acids. Fatty acids of particular interest currently include the 
ω-3 fatty acids and CLA, which occur to a modest extent in beef and can be influenced by the diet 
the animal has consumed. The ω-3 fatty acids must come from the diet because the animal lacks 
enzymes needed to synthesize them de novo. Similarly, CLA — in particular, rumenic acid — 
requires precursor fatty acids that originate in the diet, as discussed previously in this chapter. The 
only viable strategy to increase the concentrations of these fatty acids in meat, therefore, is through 
dietary manipulation. Conventional feedlot-type diets contain modest levels of fat. For example, a 
feedlot finishing diet based mostly on corn could contain 3% fat, with most coming from the oil 
associated with the corn. This would provide these animals with nearly 60% of their fat as linoleic 
acid (18:2 Δ9 cis, Δ12 cis). However, because of biohydrogenation, most of the linoleic acid will be 
converted to stearic acid (18:0). Nevertheless, enough linoleic acid will bypass rumen microbial bio-
hydrogenation to provide the animal with adequate amounts of this essential fatty acid. Moreover, 
a portion of the biohydrogenation intermediate, trans-vaccenic acid, will be converted to rumenic 
acid in adipose tissue, allowing for the appearance of this fatty acid in the intramuscular fat. By 
increasing the dietary intake of linoleic acid, greater trans-vaccenic acid and rumenic acid will be 
deposited in the intramuscular fat; however, not all studies show marked increases in CLA.

Increasing the concentration of ω-3 fatty acids poses similar challenges because of biohydroge-
nation; however, like linoleic acid, linolenic acid can also be increased by dietary means. Although 
linolenic acid provides important anti-cholesterolemic protection, this effect is not considered much 
greater than that provided by linoleic acid. The greatest benefit of linolenic acid is as a precursor for 
the long-chain polyunsaturated fatty acids, EPA and DHA. Unfortunately, the conversion of lino-
lenic acid to EPA or DHA is not very great, as discussed further below. Supplementation of cattle 
diets with high-linolenic acid sources (for example, safflower or linseed oil) has merit; however, the 
current trend in cattle nutrition to increase ω-3 fatty acids is production of grass-fed beef. Scollan 
et al. (2005) provided a review that discusses grass-fed beef and the impact of grass feeding on fatty 
acids, CLA, and effects on the eating quality of the meat. Of significant interest to meat scientists is 
the observation that meat with elevated ω-3 fatty acids often tastes fishy, likely because of oxidation 
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of the polyunsaturated fatty acids that occurs with cooking. Indeed, this area of endeavor by signifi-
cant numbers livestock producers will provide interesting challenges to meats researchers. Another 
purpose for production of grass-fed beef, in addition to the purported nutritional benefits, is that it is 
appealing to the ever-increasing population of organic food consumers because of the more natural 
appearance of the production style, as well as the impression of environmental compatibility. In the 
interest of the topic of this book and the focus of this chapter, discussion will be limited to grass-fed 
beef and the impact on muscle and meat composition. The following discussion provides the reader 
with a general view based on the scientific literature. However, the reader is also encouraged to read 
the reviews of Scollan et al. (2005, 2006) as well.

Beef represents one of just a few sources of long-chain ω-3 fatty acids (seafood and eggs are also 
good sources). However, lean meat from grass-fed beef can provide appreciable amounts of ω-3 fatty 
acids (Scollan et al. 2006). A study by Rule et al. (2002) indicated that the proportion of total fatty 
acids represented by long-chain ω-3 fatty acids was substantially higher in the rib-eye steak of grass-
fed beef compared with feedlot-fed beef (2.90% vs. 0.64%) and bison (5.35% vs. 1.51%), but the con-
centration of total fatty acids in the meat was substantially lower for the grass-fed animals. Moreover, 
recent reports on fatty acids in meat of grass-fed beef clearly illustrate that ω-3 fatty acids will increase 
by dietary inputs. Compared with concentrate-finished cattle, grass-fed beef had substantially greater 
proportions of all ω-3 fatty acids in the meat, with differences as high as eightfold reported (Lorenz 
et al. 2002; Nuernberg et al. 2002; Dannenberger et al. 2004; Nuernberg et al. 2005).

Differences in fatty acids between grass-fed beef and feedlot-fed beef notwithstanding, levels of 
ω-3 fatty acids in grass-fed beef are subject to variation depending on if the forage was grazed or fed 
after harvested, as well as variation in forage fatty acids due to plant genetics and season of the year 
(Dewhurst et al. 2003). In a review, Dewhurst et al. (2003) revealed that levels of 18:3ω-3, the pri-
mary fatty acid in forage, decreased in the forage when harvested, and animals that grazed the for-
age deposited more 18:3ω-3 in the meat and milk than when they consumed harvested forage. For 
example, the rib-eye steaks of grass-fed cattle that grazed had higher proportions of 18:3ω-3 (1.13%) 
compared with cattle fed the silage (0.71%; French et al. 2000). Elgersma et al. (2003) reported that 
when perennial ryegrass is ensiled, most of the fatty acids are hydrolyzed from the plant’s lipids, 
forming free fatty acids, which are oxidized. Elgersma et al. (2003) concluded that 18:1ω-9 and 
18:3ω-3 were the fatty acids primarily lost after ensiling. Moreover, as forages mature through the 
growing season, levels of 18:3ω-3 change. Dewhurst et al. (2001) reported that in ryegrass, levels 
of 18:3ω-3 decreased from 12.9 g/kg of dry matter in April to 4.4 g/kg in June, but then increased 
to 10.4 g/kg by November. These authors attributed the change in fatty acid composition to con-
version to vegetative stages in which flowering caused reduced fatty acid levels. The magnitude 
by which 18:3ω-3 decreased during the forage growing season was illustrated by Weston (2007), 
where up to twofold decreases in concentration of 18:3ω-3 in Western Wheat Grass, Needle and 
Thread, Needle Leaf Sedge, Blue Grama, Dalmation Toad Flax, and Scarlet Globemallow from 
May through October were observed.

Clearly, the proportion of ω-3 fatty acids in the meat lipids of grass-fed beef increases because of the 
18:3ω-3 consumed with the forage. Nutritionally for humans, ω-6 fatty acid intake levels are adequate, 
if not excessive, and deficiency is not a problem. However, consumption of ω-3 fatty acids generally 
should be increased (Scollan et al. 2001a; Wijendran and Hayes 2004). Consumption of 18:3ω-3 is 
equally effective as ω-6 fatty acids for cardiovascular health (Sanderson et al. 2002); however, con-
sumption of ω-3 fatty acids as EPA and DHA should be increased. Fish oil is rich in these fatty acids, 
and their health benefits have been well documented. Also, these fatty acids are commercially produced 
using marine algae, which does not have the negative attributes of fish oil (odor, fishy flavor, etc.).

When an animal consumes and deposits 18:3ω-3 in tissues, EPA and DHA can be detected 
without consumption of the latter two fatty acids because of elongation and desaturation of some 
of the 18:3ω-3 (Kinsella et al. 1990). However, the efficiency of conversion of 18:3ω-3 to EPA and 
DHA is about 20% at best (Kinsella et al. 1990). Nonetheless, recent reports showing increased 
18:3ω-3 in grass-fed beef also show increased EPA + DHA (Dannenberger et al. 2004; Nuernberg 



Lipids in Muscle 267

et al. 2005). In view of the low conversion of 18:3ω-3 to the longer-chain ω-3 fatty acids, enhanc-
ing EPA and DHA concentrations in beef muscle would occur most efficiently by feeding EPA and 
DHA directly. However, feeding unsaturated fatty acids to ruminants results in the loss of many of 
these fatty acids because of biohydrogenation. To restate this phenomenon, the rumen is the part 
of the stomach that first encounters consumed feeds, and harbors the bacteria and protozoa that 
produce the enzymes needed to catalyze the breakdown of the nutrients consumed by the animal. 
The microbes also produce enzymes that catalyze the saturation of unsaturated fatty acids, or bio-
hydrogenation. The reason for this is not clear but it is known that unsaturated fatty acids can be 
toxic to ruminal microorganisms. Biohydrogenation has also been thought to provide a means to 
sequester excess hydrogen ions in the anaerobic rumen environment. Biohydrogenation is a multi-
step process that converts 18:2ω-6 into 18:0 if the process goes to completion. Biohydrogenation 
of 18:3ω-3 also occurs and results in the loss of much of this fatty acid when consumed by rumi-
nants because it is converted to 18:0. When sheep consumed high-forage diets, the flow of 18:3ω-3 
through the rumen and into the small intestine was quite low (Kucuk et al. 2001). Work with beef 
heifers grazing brome grass pasture showed that intake of 30 g/d of 18:3ω-3 was associated with a 
duodenal flow of 5.5 g/d (Lake et al. 2002) in one study and an intake of 17 g/d was associated with 
a duodenal flow of 2.4 g/d in another study (Carter et al. 2002). Wachira et al. (2000) reported val-
ues for biohydrogenation of 18:3ω-3 of 80.2% in sheep fed a basal diet of only pelleted dried grass, 
but when the pelleted grass was supplemented with linseed to provide 3% of dry matter intake as 
18:3ω-3, biohydrogenation was 92.4%. It can be concluded that feeding 18:3ω-3 from intact forage 
allows for a greater percentage of the fatty acid to escape ruminal biohydrogenation. On the other 
hand, supplementing linseeds provided about 10% more 18:3ω-3 flowing to the small intestine than 
without the supplement, indicating that not all of the 18:3ω-3 will be lost, and some will be absorbed 
and deposited in the muscle lipids of the animal. Wachira et al. (2000) suggested that 18:3ω-3 in 
plant lipids occurs as glycolipids, which are less susceptible to ruminal biohydrogenation than when 
fed as an oil (triacylglycerols). In addition to the chemical form of the ω-3 fatty acid, other aspects of 
plant biochemistry have been shown to affect the stability of unsaturated fatty acids. For example, 
red clover contains an enzyme, polyphenol oxidase, that is thought to provide some protection 
from biohydrogenation and was proposed to contribute to a doubling of 18:3ω-3 in grass-fed beef 
M. longissimus dorsi compared with cattle fed grass silage (Scollan et al. 2006). Also discussed in 
the review by Scollan et al. (2006), sheep raised on alpine pasture in Norway produced milk with 
25% greater 18:3ω-3 compared with sheep raised on low-land pastures; thus an “alpine factor” that 
decreases ruminal biohydrogenation has been proposed.

The question of current relevance is whether biohydrogenation of ω-3 fatty acids, in particular 
EPA and DHA, is influenced by consumption of grass at different times during the forage growing 
season. In a report by Ashes et al. (1992), biohydrogenation of EPA and DHA was very low when 
assessed in vitro. Later, Gulati et al. (1999) reported that biohydrogenation of EPA and DHA was 
not substantial, implying that supplementation would result in significant deposition of these fatty 
acids in muscle lipids of cattle. Additional evidence that EPA and DHA are relatively resistant to 
ruminal biohydrogenation was provided by Kitessa et al. (2001), who observed substantial amounts 
of EPA and DHA in abomasal contents of sheep fed supplemental tuna oil. Moreover, Wachira et al. 
(2002) observed increased proportions of EPA and DHA in muscle of sheep fed 3% fish oil. Scollan 
et al. (2001b) supplemented the diets of beef steers with 3% of diet dry matter as linseed oil or fish 
oil and found 18:3ω-3, EPA, and DHA to be increased in muscle by up to twofold. However, results 
of Scollan et al. (2001b) indicated that biohydrogenation of EPA and DHA was over 90% in cattle 
supplemented with fish oil. On the other hand, Wachira et al. (2000) reported biohydrogenation of 
EPA at 76% and of DHA at 72% when 3% of the dietary dry matter as fish oil was fed to sheep 
consuming a diet of pelleted dried grass. Both Wachira et al. (2000) and Scollan et al. (2001b) attrib-
uted the differences between their results and the results of previously published data to the greater 
dietary fiber fed by Wachira et al. (2000) and Gulati et al. (1999). Apparently, variation exists in 
the biohydrogenation of these long-chain ω-3 fatty acids, and it may be related to the basal diet 
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consumed by the animal. Scollan et al. (2001b) suggested that the higher fiber diets supported less 
biohydrogenation of these fatty acids, which is interesting because on a high-fiber (high-forage) diet, 
the ruminal microorganisms responsible for producing the biohydrogenation enzymes are highest 
(Latham et al. 1972). However, no mention was made of possible associative effects with the forage 
at particular phenological stages of forage maturity and the potential impact on biohydrogenation 
of unsaturated fatty acids. Of the grass-fed beef literature currently available, only the study of 
Noci et al. (2005) has evaluated length of time grazing on intramuscular fatty acids in cattle with 
particular emphasis on ω-3 fatty acids. In this study, grazing for 158 days resulted in increased ω-3 
fatty acids from 0.66% to 0.96% of intramuscular lipids. Cattle were grazed for 0, 59, 118, and 158 
days but the animals grazed for 59 and 118 days were started on pasture later in the season, and all 
tissues were obtained when the cattle were harvested. Research is needed to determine if changes 
in ω-3 fatty acids can be monitored throughout grazing. If resistance to biohydrogenation is possible 
during the early grazing season, then increased ω-3 in general, and further increases in EPA and 
DHA in the supplemented cattle could be expected.

Substantially increasing ω-3 fatty acids in beef could be negatively impacted if the rate of trans-
fer of dietary ω-3 fatty acids into muscle cell membranes is very tightly regulated. These fatty acids 
would be found in greatest abundance in the polar lipids of muscle cell membranes (Scollan et al. 
2001a). Dietary ω-3 fatty acids would have to replace existing fatty acids in the cell membranes or 
become part of newly developing membrane lipids. Generally, 18:2ω-6 in meat is found in muscle 
cell membranes (Marmer et al. 1984), and transfer of ω-3 fatty acids tends to replace the 18:2ω-6 
but they will replace other fatty acids as well (Scollan et al. 2001a). However, the cell membrane 
must regulate a characteristic known as membrane fluidity, which must be maintained at specific 
levels to ensure proper cell function. Thus, transfer rates probably will not reflect total intake of ω-3 
fatty acids by cattle.

The above discussion suggests the potential for grass-feeding along with appropriate supple-
ments fed at critical times to augment ω-3 fatty acids, as well as CLA in beef. This information 
should be reviewed by meat scientists to remain current with new trends (or old systems revisited) in 
livestock production. Of particular importance to understanding lipids in meat is for meat scientists 
to evaluate composition on a true concentration basis. As illustrated for much of the literature on 
fatty acids in meats, especially in grass-fed beef literature, the proportion of a particular fatty acid 
could be high, while at the same time the concentration of this fatty acid in the meat product to be 
consumed remains quite low. This is illustrated in Figure 13.18.

In this example, the beef samples represent a steak from a steer that graded USDA Choice and 
contained 3% fat within the fat-trimmed core muscle. The sample on the right represents a steak 
from a grass-fed steer with minimal fat and very slight visible marbling, and would be typical of a 
piece of meat containing 1.5% fat. Each steak sample represents a 226-g sample (8 oz.), resulting in 
a fat pool of 6.8 and 3.4 g of fat, respectively. Based on data published from the author’s laboratory 
(Rule et al. 2002), values typical for total saturated, ω-3, ω-6, and CLA fatty acids are shown as 
percentages (weight percentages, or grams of each type of fatty acid per 100 g of total fatty acids 
in the analysis), as well as amounts to indicate the contrast in results, which can create confusion 
with interpretation of the data. Percentages of total saturated fatty acids was 2.3 percentage units 
lower for the grass-fed beef sample, whereas ω-3 fatty acid percentages were 4.5-fold greater and 
ω-6 fatty acids were 1.5-fold greater for the grass-fed than for conventionally fed beef samples, 
respectively. Percentages of CLA also were greater for the grass-fed beef example and ranged from 
1.5- to 2.7-fold higher than for the conventional beef example. When the data are viewed on a con-
centration basis, the differences change quite significantly. The amount of total saturated fatty acids 
is about double for the conventional beef compared with the grass-fed beef example. The amount of 
ω-3 fatty acids is now twofold greater in the grass-fed sample but the ω-6 fatty acids were 1.4-fold 
greater in the conventional beef sample than in the grass-fed sample. Amounts of CLA were similar 
for both types of meat. Greater total saturated fatty acids would be expected in the higher fat cut 
simply because this type of fat was of similar proportion for each type compared. The ω-3 fatty 
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acids are a membrane fatty acid and tend to not deposit as much into the adipose tissue. Therefore, 
greater intake of ω-3 fatty acids by grass-fed beef would be expected to increase these fatty acids 
into the muscle cell membranes. However, because the amount of fat in the grass-fed sample was 
much lower than the conventional meat sample, representing this type of fat as a percentage inflates 
the true difference between the two types of meat. The same principle holds for ω-6 fatty acid 
amounts; however, in this example, the amounts were greater for the conventionally fed beef. This 
would be expected because on corn-based finishing diets, intake of linoleic acid would be quite high 
within the dietary fat, and this fatty acid will deposit in the adipose tissue lipids. The amount of 
CLA was not different for the two cuts of meat in this example. Because CLA tends to be associated 
with adipose tissue (neutral lipids such as TAG), the leaner cuts would be expected to contain less 
concentration, but when expressed as a percentage, the value for this fatty acid also can be inflated. 
Scollan et al. (2005) discussed a similar comparison between concentrate- and pasture-fed German 
Holstein and German Simmental bulls from data published by Nuernberg et al. (2004). These data 
showed that percentages of CLA (rumenic acid) were about 1.2% higher for the pasture-fed bulls on 
average, but the concentration within the muscle was slightly lower for the samples of pasture-fed 
bulls compared to concentrate-fed bulls.

Another current trend in sales of grass-fed beef is to market ground meat with quite high propor-
tions of fat, with 25% to 30% fat product common. Grass-fed beef producers suggest, anecdotally, 
that the ω-3 and CLA contents of ground meat of grass-fed beef are high and the elevated level of 
total fat provides a nutritional advantage for consumers. This author heard one producer admit that 
he indicates to his customers that the nutrition in grass-fed beef “is not in the lean but its all in the 
fat.” If a similar evaluation of the composition of ground beef is done, there are increases in ω-3 
fatty acids and CLA because of the extra fat that is added to the lean, as shown in Figure 13.19.

In this example, a ¼ pound sample of 30% ground beef, purchased from a mail-order and Web 
based grass-fed beef supplier, contained a total fat pool of 33 g raw and 22 g after cooking. About 
one third of the fat was lost during cooking, not uncommon for high-fat ground beef. As a percent-
age, ω-3 fatty acids were not high, but not uncharacteristically because this would be a muscle cell 
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membrane associated fatty acid, and would have been somewhat diluted by the excess fat. Notice 
how the percentage of CLA for cooked and raw ground meat did not change. Because CLA would 
be associated mostly with the fat, the lack of change in CLA percentage would not be surprising. 
Regarding the suggestion by grass-fed beef producers that the increased ω-3 fatty acids and CLA 
should support much greater intake of this beef fat, these claims have not been tested to date in con-
trolled biomedical studies with human or animal subjects. Until tested by nutrition researchers, these 
claims should not be given much credence. The primary reason for caution here is that compared with 
total saturated fatty acids, intakes of the ω-3 fatty acids and CLA are still quite low. The ratios of total 
saturated fat to ω-3, ω-6, and CLA in this example are: 74, 21, and 39, respectively. If we evaluate the 
actual intake of the ω-3 and ω-6 fatty acids compared with current recommendations, the grass-fed 
beef will not be sufficient but it will contribute to the dietary intake of them. Current recommendations 
are based on modest fat intakes; and if fat intake increases, especially saturated fatty acids, then the 
intake of ω-3 and ω-6 fatty acids will have to increase further. Wajendram and Hays (2004) provided 
some guidelines for this in their review. For the ω-6 fatty acids, intake should be 5 to 8 en% (percent-
age of daily dietary metabolizable energy) or 5 to 8 g per 2000 Cal. For ω-3 fatty acids, intake should 
be about 1 en% or 2.2 g per 2000 Cal of energy intake with EPA + DHA intake at 0.5 to 1 g. However, 
if saturated fatty acid intake is high, then more of the unsaturated fatty acids should be consumed.

13.5  summary

This chapter was designed to provide students of meat science with a direction toward understand-
ing the lipids associated with muscle and how they impact the animal, pre-harvest, and how they 
might impact consumers of the meat we all work so hard to provide for them. Understanding the 
biological phenomena in which lipids contribute to the functions of meat allows us to understand 
the limits by which we could manipulate meat lipid composition. Examples of current interest in 
grass-fed beef should be reviewed when this type of beef becomes an issue for you, the meat scien-
tist. Can we “improve” on the inherent nutritional quality of beef by increasing the ω-3 fatty acid 
concentration? Can we even increase the ω-3 content to a point where the meat’s lipid profile would 

Saturated ω-3 ω-6 CLA
15.7 0.22 0.67 0.42Amount, g 
47.4% 0.70 2.0 1.30
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% 47.0 0.60 2.30 1.30

22 G Fat Pool

33 G Fat Pool

FIgure 13.19 Cooking increases ω-3 fatty acids and CLA in ground beef.
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contribute significantly to the consumer’s desired endpoint for this fatty acid? What are the mecha-
nisms controlling the biological limits to this goal? Furthermore, the meat scientist must also be a 
student of nutrition in order to understand the research needed to ascertain the impact of changing 
the composition of meat. Will the subtle changes — or even the large changes for that matter — that 
we can create in meat lipid composition be advantageous to consumers? Or, will they be harmful? 
What kinds of nutritional studies should be conducted to test hypotheses regarding new develop-
ments in the composition of meat? From my experience, I would predict that most assumptions are 
wrong, or at least extremely weak; therefore, the need for research to test the nutritional ramifica-
tions of altered meat must be integrated into meat science research. As consumers become more 
educated, it will become more important to provide advice that is based on research data rather than 
on assumptions from tenuous extrapolations.
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14 Fish Muscle

Peng Zhou and Joe M. Regenstein

14.1  IntroduCtIon

In fish there are two major muscle fiber types, which are normally classified by their color: (1) white 
muscle fibers and (2) red muscle fibers. Unlike other vertebrates, the fiber types in fish are present in 
different positions within the myotome and are easy to distinguish. The white fibers are employed 
for high-speed, short-time swimming using anaerobic metabolic pathways to provide energy; while 
the red muscle fibers are employed for routine activity such as migration using aerobic metabolic 
pathways to provide sustained energy (Johnson 1999).

In addition to water, fish muscles are composed mostly of proteins and lipids. The content 
and composition of these components are very critical for the quality and stability of fish flesh. 
However, the composition of fishes varies, depending on species, seasons, life cycle, and many 
other factors. Thus, this chapter provides a brief review of the literature for the following main 
topics: the composition of fish muscle and its importance to the quality of fish meat, together 
with factors causing the variation in fish muscle composition; and effects of various storage and 
processing conditions on the quality of fish flesh. This chapter does not discuss surimi technol-
ogy as several good reviews of this field have already been published (Lanier and Lee 1992; 
Park 2000).
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14.2  tHe ComPosItIon oF FIsH musCles

14.2.1  Fish MusCle Proteins

Fish muscles mainly contain three classes of proteins: (1) myofibrillar proteins, (2) sarcoplasmic 
proteins, and (3) stroma proteins.

14.2.1.1  myofibrillar Proteins
Myofibrillar proteins constitute more than 60% of the total muscle proteins and include mainly 
myosin and actin. Together with collagen, they control the structure and the specific rheological 
properties of fish muscle (Dunajski 1979). Myosin comprises approximately 55% to 60% of the 
myofibrillar protein, and is the major component responsible for the texture properties of fish flesh 
(Lanier et al. 2005; Park et al. 2006). It contains two identical heavy-chain subunits of approxi-
mately 200 kDa and two pairs of light-chain subunits ranging from 17 to 22 kDa (McLachlan and 
Karn 1982; Craig and Woodhead 2006). An excellent and more detailed review of myosin filaments 
was prepared by Craig and Woodhead (2006).

There are various myosin isoforms in muscle tissues from different origins (Schiaffino and 
Reggiani 1996; Carpene et al. 1998). Myosins from fish species closely resemble those from white 
and red mammalian muscle (Rowlerson et al. 1985; Martinez et al. 1990). However, compared to 
myosin from mammals, fish myosin is less thermostable.

Although there are about 20,000 different species of fish living at a variety of environmental tem-
peratures (Kawabata et al. 2000), based on their living environments, they can be subdivided into 
several groups: hot-water fish such as tilapia, warm-water fish such as freshwater mullet, cold-water 
fish such as cod and haddock, and ice-water fish such as Arctic char (Regenstein and Zhou 2007). 
Previous studies suggest that the thermostability of fish myosin correlates well with the habitat tem-
perature of fish (Rodgers et al. 1987; Matsuura et al. 1988; Hamai and Konno 1990; Kawabata et al. 
2000; Iwami et al. 2002), and these fish myosin isoforms differ mainly in the content and position 
of specific amino acid residues such as Pro and Gly (McLachlan and Karn 1982; Iwami et al. 2002). 
This adaptation of fish myosins to their living conditions allows the muscle to function efficiently 
without denaturing under the fish’s normal environmental temperatures (Kawabata et al. 2000).

Another important myofibrillar protein is actin, which is a globular protein of about 40 kDa. It 
is the monomeric subunit and major component of thin filaments. Unlike myosin, actin is one of the 
most highly conserved proteins in the animal kingdom.

14.2.1.2  sarcoplasmic Proteins
Sarcoplasmic proteins are a group of muscle proteins that are soluble in water or salt solutions of 
low ionic strength. Many metabolic enzymes and myoglobin belong to this class. These sarcoplas-
mic proteins have significant effects on the texture, flavor, and color of fish flesh (Chen et al. 1997; 
Haard et al. 1994; Chaijan et al. 2004; Chaijan et al. 2007).

The fresh quality of fish flesh is related to the biochemical changes taking place during the 
postmortem period, with endogenous enzymes playing a very critical role in many of these 
early changes. Unlike mammalian muscle, postmortem tenderization of fish muscle by pro-
teases is one of the most unfavorable quality changes, as fish generally do not need to be more 
tender (Haard et al. 1994; Bigelow and Lee 2007). Although there is still debate about the 
particular role of each specific protease in postmortem changes, it is generally agreed that 
the breakdown of fish muscle proteins is synergistically caused by the involvement of several 
categories of proteases. Two major types of proteases have been widely studied: namely, the 
calpains and the cathepsins (Ladrat et al. 2003). Other proteases, such as a myofibril-bound 
serine protease, also participate in postmortem fish muscle changes (Cao et al. 1999). Calpains 
are involved in postmortem tenderization through a cytosolic calcium-dependent degradative 
pathway (Ladrat et al. 2003). These enzymes initiate the disintegration of myofibrils and make 
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them more susceptible to other proteases (Goll et al. 1992; Papa et al. 1996; Lamare et al. 
2002; Delbarre-Ladrat et al. 2004; Michalczyk and Surówka 2007). Cathepsins are a group of 
proteases located in the lysosomes. Cathepsins B, D, L, and H are the major cathepsins found 
within the fish lysosomes (Yamashita and Konagaya 1990; Aoki and Ueno 1997; Ogata et al. 
1998; Hopkins and Thompson 2002; Ladrat et al. 2003), and previous studies have suggested 
that they can cause the degradation of myosin, α-actinin, desmin, actin, troponin-T, troponin-I, 
and tropomyosin as part of the muscle softening process (Jiang et al. 1992; Ladrat et al. 2003; 
Delbarre-Ladrat et al. 2004).

Transglutaminase is a Ca2+-dependent enzyme that catalyzes an acyl transfer reaction between 
the γ-carboxy amide groups of glutamyl residues as the acyl donor and primary amines as the acyl 
acceptor (Folk 1980), which if this reaction occurs between two peptide chains results in the cova-
lent crosslinking of muscle proteins (Hemung and Yongsawatdigul 2005). Transglutaminase has 
been found and characterized in fish muscle, and was found to mediate the cross-linking of myosin 
heavy chains (Kamath et al. 1992; Araki and Seki 1993; Benjakula et al. 2003). It contributes to the 
improved gel quality during surimi manufacture (Benjakula et al. 2003), and possibly, the polymer-
ization of fish muscles during storage.

In addition, collagenases, nucleotide-degrading enzymes, and phospholipases are also important 
in the quality and stability of fish flesh. Collagenases contribute to the process responsible for the 
gaping phenomenon in which the muscle fibers are gradually disconnected from the myocommata 
(the unique collagen structure between myofibers of fish) during chilled storage resulting from col-
lagen fibers breaking down. The latter two enzymes were found to participate in nucleotides break-
down and lipid hydrolysis/oxidation, respectively, in fish muscle, causing the loss of fresh fish flavor 
and the production of off-flavor (Sato et al. 1991; 1997, Yata et al. 2001), although initially the break-
down of nucleotides leads to a desirable flavor, particularly with the accumulation of IMP, which is 
a positive flavor potentiator associated with the fifth flavor, unami.

Myoglobin is a 17 kDa globular protein made up almost exclusively of α-helices with a heme pros-
thetic group. As a pigment protein in the sarcoplasmic fraction (Hashimoto et al. 1979; Chaijan et al. 
2007), total myoglobin content has a significant impact on muscle color. The relative proportions of 
oxymyoglobin/oxyhemoglobin (bright red), myoglobin/hemoglobin (dark red), and metmyoglobin/
methemoglobin (gray-brown) produce various colors in fish flesh. It was suggested that denaturation 
of these proteins would significantly affect fish muscle color (Yagiz et al. 2007). Fish myoglobins 
are more readily oxidized than mammalian myoglobins, resulting in the more rapid discoloration of 
fish muscle during frozen storage. In fresh fish, myoglobin can be partly removed from muscle by 
various washing processes, especially when comminuted, resulting in an increased whiteness of the 
final minced products (e.g., surimi). However, the denaturation of myoglobin and the interaction of 
myoglobin with myofibrillar proteins during fish storage make myoglobin less soluble and harder to 
remove.

14.2.1.3  stroma Proteins
Collagen is the most important stroma protein. Compared with the muscles from mammals, the 
collagen content in fish muscles is relatively low; however, the content and composition of collagen 
still contributes greatly to the texture of fish muscle. Its content in muscle is well correlated with 
the firmness of the raw fish flesh (Hatae et al. 1986; Sato et al. 1986); and after heat processing, the 
texture of cooked fish meat with a high collagen content was more elastic than those of species with 
relatively low collagen content (Sato et al. 1986; Mizuta et al. 1999). Two genetic types of collagen, 
Type I and V, have been identified in the intramuscular connective tissue of fish muscles. The pro-
portion of these two types of collagens is important for the thickness and stability of collagen fibril 
in fish muscle. The higher proportion of Type V collagen in fish muscle results in the formation of 
thinner collagen fibrils (Adachi and Hayashi 1986; Birk et al. 1990; Ando et al. 1999). The diameter 
of collagen fibrils in the pelagic fish was smaller than those in the demersal species, which was 
believed to result from more Type V collagen in pelagic fish pericellular collagen fibrils (Adachi and 
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Hayashi 1986; Birk et al. 1990; Ando et al. 1999). In addition, compared with Type I collagen, Type 
V is more labile to enzymatic degradation during cold storage and causes postmortem softening in 
fishes such as rainbow trout and sardine (Sato et al. 1991; 1997; Yata et al. 2001). On the other hand, 
collagen may undergo aggregation during long-term frozen storage, and can then contribute to the 
hardening of fish flesh (Borderías and Montero 1985; Montero et al. 2003).

14.2.2  liPids in Fish MusCle

Compared with mammals, fish have a high concentration of polyunsaturated fatty acids (PUFAs). 
Fatty fish species like mackerel contain more PUFAs than lean fish species such as pollock (Chopin 
et al. 2007), and red fish muscle has a higher amount of unsaturated lipids and is more suscep-
tible to lipid oxidation than white muscle (Yagiz et al. 2007). Lipid oxidation is one of the main 
processes contributing to the deterioration of fish flesh during storage and processing. It is related 
to negative changes in flavor, texture, nutritional value, and protein functionality (Erickson 1997; 
Tironi et al. 2002). Lipid oxidation products can react with proteins and polypeptides, and form 
large, covalent crosslinked structures (Aubourg 1993; Aubourg et al. 1998; Tironi et al. 2002; 
Chopin et al. 2007) that have an impact on the properties of proteins, including their solubility 
and state of aggregation. These processes result in changes in muscle structure and texture (Saeed 
and Howell 2002; Chopin et al. 2007). This deteriorative effect is more important in fish muscle 
than in mammalian muscle, mostly due to the high PUFA and low collagen contents in fish muscle 
(Chopin et al. 2007).

Malonaldehyde (MDA) is a major lipid oxidation product, and its effects on the chemical, physi-
cal, and textural changes of muscles have been investigated. Study on trout myosin found that MDA 
reacted preferentially with basic amino acids on proteins and the reaction rate was faster at room 
and freezing temperatures rather than at 0°C (Tironi et al. 2003). Using a model system containing 
myofibrillar proteins of sea salmon and MDA, the formation of protein aggregates occurred mainly 
through non-disulfide covalent crosslinks involving the myosin heavy chain. The solubility of col-
lagen decreased and a different muscle network with the appearance of big filaments was observed 
(Tironi et al. 2002; 2003). In addition, formaldehyde (FA) and dimethylamine (DMA) can also be 
formed from trimethylamine oxide during frozen storage of fish, and the FA causes denaturation 
and aggregation of the myofibrillar proteins, resulting in changes in the structure and texture of fish 
muscle (Careche and Li-chan 1997; Barroso et al. 1998).

14.2.3  FaCtors Causing the variation in Fish MusCle CoMPosition

The compositions of fish muscles differ from one another, due to the variation in fish species, 
the specific muscle type, the seasonal changes, the physiological state, and many others factors 
(Guillerm-Regost et al. 2006).

14.2.3.1  Fish species and muscle types
There is a difference between fish species living at different temperatures. Fish myosins from fish 
species living in warm water and hot water contain higher proportions of Gly but less Pro than 
cold-water fishes in their primary amino acid sequence. In addition, myosins in hot-water fishes 
and warm-water fishes have a high probability of forming coiled-coil structures around the COOH-
terminal end of the rod, which enable them to adapt to a living environment with relatively higher 
temperatures than cold-water fishes (McLachlan and Karn 1982; Kawabata et al. 2000; Iwami et al. 
2002). In the same fish, the red muscle fibers contain more PUFAs, more myoglobin, as well as more 
trimethylamine oxide, which make them less stable compared with the white muscle (Martinez 
et al. 2007). The red muscle is firmer than the white muscle in the raw salmon flesh but this differ-
ence is not significant in heated samples (Kong et al. 2007).
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14.2.3.2  seasonal Changes
Seasonal change is another important factor for the composition and properties of fish muscle. 
Studies on silver carp have suggested that there are at least two types of myosin in the muscle that 
are seasonally dependent, and the summer-type myosin is much more stable than the winter-type. 
With an increase in the environment temperature, the proportion of summer-type isomer increases 
and dominates in the summer season from July to September. On the contrary, the expression of 
winter-type myosin increases from summer to winter, and is the dominant type of myosin during 
the winter season (Yuan et al. 2006). This expression of myosin isomers with different thermal 
stabilities as a result of temperature acclimation/seasonal changes was also observed with common 
carp (Hwang et al. 1990; Guo and Watabe 1993; Imai et al. 1997; Watabe et al. 1998; Yuan et al. 
2006).

14.2.3.3  Physiological state
The biochemical, physicochemical, and functional properties of fish muscles were also affected by 
the physiological state of fish. The isoforms of the myofibrillar proteins, particularly myosin, are 
usually expressed in a developmental-stage-specific manner. During studies on the developmental 
changes in fish myofibrillar protein composition of the African catfish, it was observed that “the 
synthesis of certain myofibrillar protein isoforms at the given developmental stage reflected the 
functional requirements of swimming muscles in the course of fish development” (Huriaux et al. 
1999). Both the total lipid content and the proportion of nonpolar lipids in muscle were higher in 
the pre-spawned hake than those from post-spawned hake (Busalmen et al. 1995). In addition, acto-
myosin from pre-spawned hake had a lower relative percent of myosin and a decrease in the affinity 
between myosin and actin, which resulted in the loss of the filamentous structure of actomyosin in 
pre-spawned hake (Beas et al. 1988; Montecchia et al. 1990; Roura et al. 1990; Roura et al. 1992; 
Roura and Crupkin 1995; Montecchia et al. 1997).

14.2.3.4  Wild, Farm-reared, and ocean-ranched Fishes
With the demand for more fish products and proteins, the proportion of fish from aquaculture is 
increasing (Sigurgisladottir et al. 1997; Gómez-Guillén et al. 2000). Wild fish usually contains less 
fat than fish from aquaculture. Wild cod also has a different protein expression pattern than farmed 
cod, which could cause differences in postmortem muscle tenderization (Martinez et al. 2007). 
Ocean-ranched salmon (a branch of aquaculture involving the cultivation of marine organisms in 
the open ocean or in an enclosed section of the ocean) contains higher levels of salt-soluble protein 
and has significantly higher water-holding capacity than farmed fish. The muscle is firmer in farmed 
salmon than in ocean-ranched salmon, due to the fact that myofibrillar protein aggregation and 
collagen content are relatively higher in farmed fish (Borderías and Montero 1985; Montero et al. 
2003). However, a study by Sigurgisladottir et al. (2000) showed no significant differences in the 
texture between ocean-ranched and farmed salmon.

14.2.3.5  Pre-slaughter starvation and Handling stress
Pre-slaughter starvation and handling stress are observed to have significant effects on the chemi-
cal composition of fish muscle and its protein functionalities. Starvation causes the increase of 
intermolecular crosslinks in collagens, resulting in an increase in the insoluble fraction of col-
lagen (Gómez-Guillén et al. 2000). This increase in collagen crosslinks, together with the change 
in muscle composition (increase in the relative ratio of collagen compared with myofibrillar and 
sarcoplasmic protein content), cause Atlantic salmon and brown trout muscle hardening, with shear 
strength significantly higher in starved specimens than in the equivalent non-starved lots (Gómez-
Guillén et al. 2000; Bugeon et al. 2004). Pre-slaughter handling stress causes the denaturation of 
myofibrillar proteins, which has negative effects on the texture properties of muscle and results in a 
more rapid softening of flesh during postmortem tenderization (Gómez-Guillén et al. 2000).
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14.3  eFFeCts oF varIous storage and ProCessIng CondItIons 
on tHe ProPertIes and QualIty oF FIsH musCles

14.3.1  Cold storage in iCe

Following the death of fish, the muscles pass through several stages: rigor mortis, dissolution of 
rigor mortis, autolysis, and bacterial spoilage. Compared with mammalian muscles, the muscles 
of fish are more susceptible to microbial contaminants and autolysis by endogenous proteases in 
muscles (Lambert et al. 1991; Ashie and Simpson 1996; Simpson 1998; Yongswawatdigul and Park 
2002; Yagiz et al. 2007). To slow down this undesirable process, fish are usually kept in ice to sus-
tain the best quality during a relatively short-term fresh storage period.

Fish muscle has a particular structure, different from mammals. The muscular sheets, called 
“myotomes,” are separated, and thereby defined by the myocomatta containing collagen. During 
post-harvest storage in ice, the pressure introduced by the contraction of fish muscle myotomes may 
cause the separation of these myotomes from the myocomatta, which is usually referred as “gaping” 
(Bremner and Hallett 1985; Hallett and Bremner 1988; Lavety et al. 1988; Bremner 1992; Chéret 
et al. 2005). Another important deterioration during ice storage of fish is the enzymatic degrada-
tion of myofibrils and collagen. Myofibrils of fish are liable to the action of endogenous proteases, 
primarily calpains and cathepsins (Montero 1997; Chéret et al. 2005), while the disintegration of 
the extracellular matrix structure mainly results from the function of collagenases (Bremner 1992; 
Ando 1997; Montero 1997; Chéret et al. 2005). The biochemical changes caused negative changes 
in fish muscle structure and texture, and may also facilitate the growth of microorganisms.

In addition to the breakdown in primary structure, changes in actomyosin conformation in fish 
muscles were also observed during ice storage (Yongswawatdigul and Park 2002), which resulted 
in an increased surface hydrophobicity and decreased Ca2+–ATPase activity. Moreover, during this 
cold storage, discoloration of the muscle may also occur due to the oxidation and denaturation of 
myoglobin (Ladrat et al. 2003).

14.3.2  FroZen storage

Freezing is an important method for maintaining the quality of fish for long-term storage. During 
the freezing and frozen storage of fish, the growth of microorganisms is inhibited, the chemical and 
biochemical reactions are significantly slowed down;many enzymatic rate constants approach zero, 
depending on the temperature of frozen storage. However, there is still some progressive deteriora-
tion in the textural and sensory properties of fish muscles during frozen storage due to changes in 
lipids and proteins, and the increased concentration of solutes in the unfrozen water (Reynolds et al. 
2002).

Fish muscle proteins are less stable during frozen storage than muscle proteins from other ver-
tebrates such as poultry and mammals (Ramírez et al. 2000). The aggregation of proteins during 
frozen storage causes the increased toughness in muscle structure and the loss of water-holding 
capacity (Montecchia et al. 1997). The formation of insoluble aggregates follow two steps: (1) the 
formation of soluble aggregates due to protein denaturation, and (2) the further crosslinking of 
these soluble aggregates to give insoluble aggregates (Montecchia et al. 1997). Protein denaturation 
during long-term frozen storage may be attributed to several possible causes: cell disruption by ice 
crystal formation, increased solute concentration, and change in pH (Jittinandana et al. 2005). For 
fatty fish, the products of lipid oxidation accelerate the formation of high-molecular-weight poly-
mers through covalent crosslinks during frozen storage (Ang and Hultin 1989; Careche and Li-chan 
1997). Transmission electron microscope results show that the protein aggregates grow in both 
number and size during frozen storage (Tejada et al. 1996; Careche and Li-chan 1997).

Intermolecular crosslinks, including hydrophobic interaction, hydrogen bonds, disulfide bond, 
and/or non-disulfide covalent bonds, are involved in the aggregation of muscle proteins during the 
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frozen storage of fish (Huidobro et al. 1998; Bigelow and Lee 2007). A study of the structural 
changes of hake muscle during frozen storage also illustrated the increase in the relative content of 
β-sheets at the expense of α-helices in the secondary structure of the proteins (García et al. 1999; 
Careche et al. 2002).

14.3.3  high-Pressure ProCessing

Among the nonthermal processing techniques, high-pressure processing (HPP) is a promising sea-
food preservation method that has the advantages of destroying microorganisms with limited degra-
dation of heat-labile compounds. High-pressure treatment induces a reversible pH fall (Hayert et al. 
1999) and changes in protein structure through modification of hydrogen and hydrophobic bonds. 
The modifications of water bonds, protease activity, aggregation, and/or gelation of myosin and the 
sarcoplasmic proteins further affect the texture and other properties of seafood (Heremans 1982; 
Anguspanish and Ledward 1998; Chéret et al. 2005). Pressure treatment above 300 MPa improved 
the textural quality of chilled, stored fish fillets and resulted in higher fish hardness during refriger-
ated storage than in the untreated samples (Chéret et al. 2005). A cooked appearance of fillets is very 
common in the HPP of muscle systems, and the denatured sarcoplasmic and myofibrillar proteins in 
muscle may serve as catalysts (pro-oxidants) for lipid oxidation (Angsupanich and Ledward 1998).

The impact of HPP on seafood processing is dependent on the species and processing param-
eters. HPP at 150 MPa resulted in a completely cooked appearance in cold-water species such as 
rainbow trout but not in warm-water species. It seems that the proteins in warm-water species are 
more tolerant of HPP than proteins in cold-water species (Hastings et al. 1985; Yagiz et al. 2007). 
The conditions for HPP affected the discoloration mechanism for fish muscle. It was suggested that 
in the range of 200 to 350 MPa for HPP, the discoloration of muscle was due to the denaturation 
of myoglobin proteins and heme displacement/release; whereas above 400 MPa, oxidation of fer-
rous myoglobin to ferric metmyoglobin was the major cause of the discoloration (Carlez et al. 1995; 
Yagiz et al. 2007). HPP in the range of 50 to 150 MPa resulted in the unfolding of tilapia myosin 
and formation of inseparable network structures. At HPP of 200 MPa, the myosin formed irregular 
aggregates (Hsu and Ko 2001).

14.3.4  heat treatMent

About 40% of the salmon harvested in the United States is canned or pouched using con-
ventional retort processes. During retorting, the packaged salmon meat is heated around 
120°C for various time periods ranging from 20 to 90 min, depending on the package size and 
shape (Kong et al. 2007). During cooking (<100°C), the shear force increased as temperature 
increased, and a higher number of fibers with smaller diameters were found in the cooked 
muscle compared to the raw muscle (Skrede and Storebakken 1986). Increases in the visual 
lightness and reduction in both the redness and the yellowness of muscle were observed during 
cooking (Bhattacharya et al. 1993; Kong et al. 2007). Juice expulsion typically occurs during 
heating of fish muscle as the heat-denatured actomyosin and collagen lose their ability to hold 
water in muscle (Bircan and Barringer 2002). Muscle from the central dorsal region had a lower 
cook loss and less shrinkage than samples from either the anterior or posterior region follow-
ing heating (Sigurgisladottir et al. 1999; Kong et al. 2007), possibly because the overall heat 
treatment is lower.

14.4  summary

Compared to mammalian muscles, fish muscle has its own characteristics, including (1) a lower 
stability of the muscle myofibrillar proteins, particularly myosin; (2) a lower content of connective 
proteins, especially collagen; and (3) a higher proportion of polyunsaturated fatty acids. Moreover, 
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the composition of fish muscle varies, depending on fish species, muscle type, seasonal changes, 
physiological state, and many others factors. Therefore, all of the above factors need to be taken into 
consideration during the storage and processing of fish and related products.
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15.1  IntroduCtIon

Cattle coat color traits were selected for by the Romans, and ancient Egyptians were known to 
have polled cattle (Castle 1920). Selection for meat quantity and quality has probably occurred 
to varying degrees in domesticated meat animal species during the past 10,000 years, although 
identification of animals to be selected was a more difficult task than a simple choice of coat color. 
The effects on meat quality after selection of double-muscled animals to increase hindquarter size 
was discussed in the literature as early as the beginning of the nineteenth century ((Cully 1807; 
Youatt 1834) as reviewed in (Oliver and Cartwright 1969)). Bradford (1967) suggested that selection 
methods would be driven more by the availability of measurement techniques than by the size of 
the heritability coefficient, and that prediction seems to have held true. Cover et al. (1956) tested 
the belief that the tenderness and juiciness of steaks from yearling steers resulted from the fatness 
of the animal. In this particular study, estimated carcass fat was not associated with tenderness, 
although ether extract of fat from the ribeye was correlated. The authors determined, however, that 
fatness alone was not responsible for all of the variability observed in tenderness and juiciness. A 
subsequent investigation (Cover et al. 1957) demonstrated the influence of heredity on tenderness, 
but the authors noted that “the evaluation of breeding animals is a problem since no suitable, quick 
method of live animal evaluation for tenderness is now available.” Now, more than half a century 
later, a relatively small but still growing number of DNA marker tests can be utilized for selection 
of breeding stock for traits including meat quality. The molecular tools and gene maps that can be 
used for marker-assisted selection and breeding strategies to improve meat production have only 
developed over the past 25 years, especially during the past decade (reviewed in Womack 2005). 
In cattle, for example, initial efforts began with construction of synteny maps to identify groups of 
genes located on the same chromosome (e.g., Womack and Moll 1986). These early maps were later 
combined with physical maps generated by in situ hybridization (ISH) or other techniques (e.g., 
Fries et al. 1986; Gaye et al. 1986), and linkage maps that were constructed as polymorphic markers 
and hybridization probes became available (e.g., Hallerman et al. 1987).

15.2  PrInCIPles oF gene maPPIng

Although Hutt initially published a chicken gene map in 1936, few additional genes were mapped in 
meat animal species until somatic cell hybridization techniques were exploited for mapping some 50 
years later (reviewed in Womack 1996). With the advent of somatic cell mapping, gene maps were 
initially built with enzyme markers. Subsequently, additional genes were placed on maps as then new 
recombinant DNA technology resulted in the availability of cDNA, cosmids, or bacterial artificial 
chromosome (BAC) probes for those genes. In other cases, genes were chosen to be mapped because 
of an investigator’s specific interest in a disease state, phenotypic trait, or physiological investigation.

15.2.1  soMatiC Cell and radiation hyBrid Panels

Synteny mapping, assignment of genes to the same chromosome, can be accomplished by somatic 
cell hybrid panel mapping and, more recently, radiation hybrid panel mapping. Both methods have 
been used for gene mapping in numerous mammalian species. For construction of the Bos taurus 
somatic cell hybrid panel, bovine leukocytes were fused in the presence of polyethylene glycol with 
mutant rodent cell lines deficient for a necessary enzyme (Womack and Moll 1986; Womack 1988). 
In general, cells are grown in a selective culture medium in which the rodent cells require comple-
mentation by the appropriate chromosome from the species of interest for survival. With continued 
proliferation, some of the bovine (or other species of interest) chromosomes are lost from the hybrid 
cells. In this example, cloning of individual hybrid cells results in a panel of clones that segregate dif-
ferent bovine chromosomes. Each cell line can be karyotyped to identify which bovine chromosomes 
or chromosome fragments are retained. DNA or protein homogenates can be extracted from the cell 
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lines and screened for the presence or absence of individual genes or gene products. Pairs or sets of 
genes can be used to screen each cell line clone for “presence” or “absence” and analyzed for concor-
dance of retention to identify unordered groups of genes that are present on the same chromosome.

Radiation hybrid (RH) mapping panels are similar to somatic cell panels but the cells of interest 
are exposed to x-ray or gamma-irradiation prior to fusion (Cox et al. 1990). This technique results in 
the fragmentation of chromosomes of the species of interest so that smaller fragments are retained 
in each hybrid clone, allowing ordering of gene maps at greater resolution. RH panels are currently 
popular tools for genome mapping, and are often the first step in the development of a genome 
map. In some species whose genomes have been sequenced, RH maps have provided the reference 
framework necessary for assembling genome sequence data. Whole-genome RH mapping panels 
have been produced for livestock animals, including pig (Hawken et al. 1999), chicken (Morisson 
et al. 2002), horse (Chowdhary et al. 2002), cattle (Womack et al. 1997), sheep (Wu et al. 2007), and 
river buffalo (Amaral et al. 2007). The basic method of RH mapping (also applicable to somatic cell 
hybrid mapping) is illustrated in Figure 15.1.

Irradiation of donor cells
fragments chromosomes

Mutant hamster
cell line

Diploid donor cell line

Each clone retains different portions of donor cell line

PCR analysis

D
on

or Hybrid clones

Ro
de

nt

Recipient
cell line

Fusion of parental
cell lines in PEG

Irradiation

FIgure 15.1 Radiation hybrid mapping schematic drawing. In this example, donor cells from a bull are 
irradiated then fused with a mutant hamster cell line. Individual hamster cells retain different portions of the 
bovine genome. This method results in a panel of cell line clones, each representing a proportional fraction 
of the bovine genome. After subsequent screening of DNA from individual clones, genes can be mapped by 
concordance analysis. (Source: Image modified from figures kindly provided by Dr. James E. Womack and 
Dr. M. Elisabete J. Amaral.)



290 Applied Muscle Biology and Meat Science

15.2.2  In SItu hyBridiZation

Fluorescence in situ hybridization (FISH) is a method of choice for mapping genes cytogeneti-
cally. A DNA probe for the gene or genomic region of interest is labeled with a modified nucleotide 
such as digoxigenin-d-UTP and hybridized to denatured metaphase chromosomes on a glass slide. 
Following hybridization, the hybridized signal is detected by subsequent binding of a fluor-labeled 
anti-digoxigenin antibody (Riggs and Hahn 1998). Mapping by FISH allows direct microscopic 
visualization of hybridization to a specific chromosomal location. This technique is also useful for 
integrating genetic and physical maps when markers present on a linkage map are also mapped by 
FISH. An example of comparative FISH mapping (Perucatti et al. 2006), illustrating mapping of the 
same gene in several species, is shown in Figure 15.2.

15.2.3  linKage analysis

One disadvantage of early physical gene maps was that many of the genes were placed on the 
map, but not ordered. Genetic mapping by linkage analysis is a well-established technique accom-
plished in part by observation of meiotic recombination events between genes or markers of interest 
(Sturtevant 1913). This method of analysis requires that genetic variation in the genes of interest 
exists between the parents of families of animals studied. Prior to the availability of sequence data, 
polymorphisms or sequence variations could be revealed in genes based on restriction fragment 
length polymorphism (RFLP) analysis (Botstein et al. 1980). For example, the restriction enzyme 

C D

A B

MUC1 (OAR1p13)MUC1 (CH13q13)

MUC1 (BBU6q13)MUC1 (BTA3q13)

FIgure 15.2 Fluorescence in situ hybridization. Details of cattle (a), river buffalo (b), goat (c), and sheep (d) 
metaphase plates showing the simultaneous visualization of R-banding and FISH mapping of MUC1 to cattle, 
river buffalo, sheep, and goat chromosomes (BTA3q13, BBU6q13, OAR1p13, and CHI3q13, respectively). 
Arrows denote hybridization signal. (Source: Image obtained from Perucatti et al., Cytogenet. Genome Res. 
2006. 112:103–105. With permission of S. Karger AG, Basel.)
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BamHI cuts DNA anywhere the specific sequence pattern GGATCC is found. In a pedigreed family 
of animals, one could extract genomic DNA from a blood sample of each individual and digest the 
DNA with restriction enzymes. By gel electrophoresis, the fragments can be separated by size and 
charge. If a gene has two alleles, or variations of the same gene, that differ at the BamHI recognition 
site, different fragment sizes would be observed between the allele that was cut by the restriction 
enzyme and the allele that was not cut. The electrophoresed products can be transferred from the 
gel to a nylon membrane. The RFLP can be visualized by autoradiographic detection following 
hydridization with a gene-specific probe. Similarly, as shown in Figure 15.3, PCR products can be 
digested to reveal amplified fragment length polymorphism (AFLP). Patterns of inheritance of the 
alleles from different genes can be analyzed, and the frequency of recombination, or rearrangement 
of the inheritance pattern due to non-random segregation of markers at meiosis, is proportional to 
the distance between genes. By convention, map distances are reported in centiMorgans.

Following the advent of the polymerase chain reaction (PCR; Saiki et al. 1985; Mullis et al. 1986), 
it became common to use highly polymorphic genetic markers such as simple tandem repeats, or mic-
rosatellites (Tautz 1989), that are distributed throughout the genome for linkage analysis to increase 
representation of the genome on linkage maps. Most recently, single nucleotide polymorphisms (SNPs) 
identified through genome sequencing initiatives have become a popular marker because they occur 
about once every 100 to 300 nucleotides in mammals and genotyping of them is easily automated. In the 
past 10 years, the density of markers on the linkage maps of meat animal species has increased mark-
edly. There are now more than 7400 markers on the linkage map of cattle (Ihara et al. 2004), more than 
3500 in swine (reviewed by Rohrer 2004), over 1880 in chicken (Groenen et al. 2000), and more than 
1200 in sheep (reviewed by Cockett 2003). Assays of tens of thousands of SNP markers are now com-
mercially available for cattle, chicken, sheep, and swine, so the density of linkage maps will continue to 
dramatically increase.

15.2.4  qtl analysis

Many measurable phenotypic traits reflect the cumulative influence of the inheritance of combina-
tions of multiple genes or regions of DNA known as quantitative trait loci (QTL). Some traits, such 
as the meat phenotype observed in porcine stress syndrome, are affected by a single, major gene. 
Other traits, such as meat tenderness, for example, are affected by the DNA sequence composition 
at multiple locations across the genome. For QTL mapping of traits, one needs a population of 
animals that expresses variability for a quantitative trait and a linkage map for the population, with 
markers dispersed across the genome. A common procedure to identify QTL is to scan the entire 
genome at centiMorgan intervals using multiple linear regression (Haley and Knott 1992) and test 
for statistical significance of the trait at each position conditional on the genotypes of the flanking 

ALLELE 1

ALLELE 2

FIgure 15.3 AFLP. The α-actin gene (ACTA1) was digested with restriction enzyme HinF1. The dam’s 
ACTA1 allele is digested by the enzyme, resulting in two DNA fragments. In contrast, the sire has two alleles: 
one is digested by the enzyme and the second, larger fragment is not digested by the enzyme, indicating that a 
sequence polymorphism has eliminated the enzyme recognition site. Two offspring inherited the second allele 
from the father, while the remaining offspring are homozygous for the allele containing the restriction site. 
(Source: Image provided by P.K. Riggs.)
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markers (as represented graphically in Figure 15.4). This approach results in a good approxima-
tion to maximum likelihood estimates of the QTL location but is less computationally intensive. 
Empirical significance thresholds can be established by permutation (Churchill and Doerge 1994), 
with confidence intervals determined by non-parametric bootstrapping (Lebreton and Visscher 
1998). To be able to detect QTL, the population must be segregating for the genetic markers and 
the genes responsible for the observed variation in the phenotype. Consequently, in the meat ani-
mal species, crosses between breeds that are widely divergent for traits of interest have often been 
used in QTL mapping. This approach identifies QTL alleles that differ in frequency between the 
two breeds, rather than within the breeds. Although numerous QTL studies have been reported 
in the literature, the confidence intervals associated with QTL locations are typically very broad, 
spanning many centiMorgans or even entire chromosomes. This has limited progress toward iden-
tifying the underlying genes. Causative mutations, or quantitative trait nucleotides (QTNs), have 
been identified in only a few cases (reviewed by Ron and Weller 2007). Recently, approaches that 
combine linkage and linkage disequilibrium (association) methods in a single analysis (Meuwissen 
and Goddard 2002; Uleberg and Meuwissen 2007) have become popular because they facilitate 
the use of non-structured, outbred populations for QTL mapping and typically result in narrower 
confidence intervals (e.g., Olsen et al. 2005).

15.2.5  MarKer-assisted Breeding and seleCtion

Historically, selection decisions have been made on observable phenotypes. For traits that are not 
easily observable in an individual prior to the time that selection decisions are made, like meat 
quality, this means that little progress has been made to improve the trait. Genetic markers that 
are predictive of an animal’s breeding value for a trait of interest have utility in selective breeding 
programs because DNA can be collected and tested early in life (reviewed in Dekkers and Hospital 
2002). Despite the considerable progress that has been made in developing the genome maps of 
meat animal species, there are still very few commercially available genetic tests for traits of eco-
nomic importance in meat animal species (reviewed in Dekkers 2004). The majority of these tests 
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FIgure 15.4 QTL analysis. Example of a QTL scan for Warner-Bratzler shear force tenderness on bovine 
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indicates P < 0.05 significance threshold. (Image provided by C.A. Gill.)
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are for mutations in major genes. For example, in Hampshire swine, a dominant arginine to glu-
tamine mutation in the PRKAG3 gene causes about a 70% increase in muscle glycogen and results 
in meat with low ultimate pH (acid meat), low water-holding capacity, and reduced yield after cook-
ing (Milan et al. 2000). This mutation increased in frequency in the Hampshire breed because of 
beneficial effects of the gene on growth rate, which is easy to select for based on phenotype. This 
is an example of where selection for a gene with antagonistic, pleiotropic effects on two different 
traits can have unintended consequences. A direct test of the causative mutation is commercially 
available to select against those swine that carry the R200Q mutation.

The general lack of availability of commercial genetic tests for quantitative traits to date has 
stemmed from the difficulty in progressing from a QTL location to a direct or indirect test of 
the underlying causative mutation (reviewed in Dekkers 2004). Causality is difficult to prove so 
most commercial tests for QTL will use markers that are in linkage disequilibrium (non-randomly 
associated) with the causative mutation (QTN). Because many studies utilized between-breed dif-
ferences in gene frequencies to identify QTL, additional research is typically needed to identify 
markers that are associated with the QTL on a within-breed basis so that these markers can be 
applied in selective breeding programs. In swine and cattle, commercial populations have been used 
to verify the significance of QTL identified using divergent intercrosses (e.g., Evans et al. 2003; 
Moser et al. 2004). These studies demonstrated that some of the QTL, including some for carcass 
and meat traits, do segregate in commercial populations so markers associated with these QTL 
could be used for selection. The predictive ability of these indirect tests is dependent on the strength 
of the association between the marker and underlying gene, which typically implies that the marker 
is very close to the true location of the causal gene. If single gene tests are used in selection, then the 
improvement in the selected trait will be proportional to the variation accounted for by that single 
gene, which may only be 5% to 10% for a quantitative trait. In cattle, a number of commercially 
available tests for carcass quality traits have been independently validated to verify company claims 
regarding the efficacy of the tests (Van Eenennaam et al. 2007).

Now that commercial assays of thousands of SNP markers are becoming available for meat 
animal species as an outcome of genome sequencing projects, the expectation is that many mark-
ers associated with QTL will be commercialized. How to simultaneously incorporate information 
from multiple markers into selection decisions to capture the majority of genetic variation in traits 
of interest is the next challenge. Genomic selection, or marker-assisted selection on a genome-wide 
scale (Meuwissen et al. 2001), is starting to be implemented and will enable the prediction of accu-
rate breeding values for young animals, which will lead to increased genetic gain for traits that are 
difficult to select for, like carcass quality.

15.3  maPPIng musCle-sPeCIFIC genes

Of genes specific to, or affecting skeletal muscle traits, one of the earlier investigations was the 
assignment of the halothane sensitivity locus (HAL) in swine to a genetic linkage group including 
several enzyme markers (Hanset et al. 1983; Gahne and Juneja 1985; Grashorn and Muller 1985). 
The locus associated with muscular hypertrophy in sheep was mapped when the callipyge gene was 
assigned to sheep chromosome 18 (Cockett et al. 1994). Mapping of skeletal muscle-specific genes 
followed in cattle. For example, skeletal muscle alpha-actin (ACTA1) was assigned to chromosome 
28 by synteny mapping (Threadgill et al. 1994) and by linkage analysis (Riggs et al. 1997). Myogenic 
factor 5 (MYF5) was mapped by linkage to bovine chromosome 5 (Bishop et al. 1994), and the 
skeletal muscle-specific isoform for cytochrome c oxidase subunit VIII (COX8B) was mapped to 
chromosome 29 (formerly linkage group U7; Lomax et al. 1995). Most notably during the same year, 
the locus for double-muscling in cattle was mapped to chromosome 2 by linkage analysis (Charlier 
et al. 1995). Other muscle-related genes included MRF6 (aka MYF4 and herculin) mapped to bovine 
chromosome 5 (Riggs 1996), and myogenin (MYOG) mapped to cattle chromosome 16 (Beever et al. 
1997a, b). Numerous related genes have been added to the genome maps of cattle and other species 
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during the past decade. Now that whole genome sequences are available for many species, all known 
muscle-related genes are essentially “mapped” for those species. The current challenge is to identify 
how genetic variation in the gene coding and regulatory sequences affects phenotypes, and how net-
works of genes and gene products work together in an interrelated fashion.

15.3.1  MyogeniC transCriPtion FaCtors

In a review of potential methods for optimizing production of lean meat, Wray-Cahen et al. (1998) 
discussed nutrients, hormones, and genes in meat production, and examined the possibility of genome 
alteration for improvement of muscle traits. Suggested candidates for control of muscle development 
in the prenatal environment included the family of myogenic regulatory factors, including MYOD1, 
MYF5, MYOG, and MYF6. While direct genomic modification of genes associated with myogenesis 
has not presently become a method of choice for altering muscle characteristics of food animal 
species, polymorphisms that result in altered skeletal muscle phenotypes have been identified for 
many myogenic transcription factors and could potentially be utilized in marker-assisted selection 
of breeding stock. Commercial tests for transcription factor DNA variants, such as the inhibitor of 
myogenic differentiation, myostatin (MSTN), are currently marketed to animal breeders.

15.3.1.1  myogenin
In two lines of Yorkshire pigs, variability at the MYOG locus was estimated to account for 4% of 
the total phenotypic variance of birth weight, carcass weight, and growth rate (te Pas et al. 1999b). 
The authors hypothesized that regulation of MYOG expression was altered by SNPs. Delays in the 
onset of MYOG gene expression could increase the number of myoblasts, ultimately increasing the 
number of myofibers and overall birth weight. For this population of Yorkshire swine, selection for 
the favorable homozygous MYOG genotype increased growth rate, lean weight, and birth weight, 
thus reducing perinatal mortality without affecting backfat thickness. Delays during myogenesis 
resulting in increased myofibers have also been observed in other species, including quail (Coutinho 
et al. 1993). Additional evidence for the importance of timing of muscle regulatory factor expression 
was demonstrated in a study where satellite cells were collected from embryonic turkey pectoralis 
major muscle at different stages of development. Compared to an unselected control population, 
cells from turkeys selected for increased breast weight had an altered pattern of expression of both 
MYOD1 and MYOG that likely contributed to the phenotypic differences (Liu et al. 2005).

15.3.1.2  myF5
In contrast, a study of genetic variation in the porcine MYF5 locus did not show an association with 
meat traits (te Pas et al. 1999a). Although three microsatellites and two RFLPs were identified in the 
promoter or near the coding sequence of porcine MYF5, no association was found with birth weight, 
growth rate, carcass weight, or backfat thickness.

15.3.2  Myostatin

15.3.2.1  myostatin and double-muscling in Cattle
The double-muscled phenotype in cattle has been widely studied, and these animals are known to 
possess approximately twice as many myofibers as other cattle (Swatland and Kiefer 1974). Mice 
with a knockout mutation of the GDF-8 gene were produced and the animals exhibited greatly 
increased skeletal muscle mass. The GDF-8 transcription factor was renamed myostatin because 
of its effect on myogenic differentiation (McPherron et al. 1997). The muscular phenotype of the 
myostatin knockout mice was not unlike that of double-muscled cattle, and the search began for 
mutation in the bovine myostatin gene. A deletion in the MSTN gene was described as the causative 
mutation for the muscular hyperplasia in Belgian Blue cattle (Grobet et al. 1997; Kambadur et al. 
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1997), and additional mutations in other European breeds were suggested as an explanation for the 
genetic heterogeneity observed in the double-muscling phenotype (Grobet et al. 1998). In Belgian 
Blue double-muscled cattle, an 11-bp deletion of the coding sequence results in a premature stop 
codon and loss of functional MSTN activity (Grobet et al. 1997). The mutation in Piedmontese cat-
tle was identified as a G-A transition that converted a critical cysteine residue to a tyrosine, resulting 
in disrupted MSTN function (Kambadur et al. 1997). The MSTN gene was characterized in other 
vertebrates, including pig, sheep, turkey, and chicken, as well as 11 breeds of cattle, and mutations 
reported for Belgian Blue and Piedmontese cattle were verified, but no loss of function mutations 
were observed in the other species (McPherron and Lee 1997).

Other myostatin mutations have also been identified in cattle. Association of MSTN and MYF5 
polymorphisms with growth traits was observed for three Chinese cattle breeds: Nanyang, Qinchuan, 
and Jiaxian cattle (Zhang et al. 2007). Significant QTL affecting growth and carcass traits were 
identified in a Wagyu-Limousin F2 population (Alexander et al. 2007). Included in this study was 
a QTL for longissimus muscle area on chromosome 2 that had been previously identified near the 
MSTN gene (Casas et al. 1998). The authors suggested that the Limousin MSTN F94L amino acid 
substitution (Grobet et al. 1998; Dunner et al. 2003) was a likely candidate for the QTL on the 
Wagyu background. The effect of the same amino acid substitution on carcass yield was examined in 
another study (Sellick et al. 2007). A major QTL for meat percentage was found on bovine chromo-
some 2 in a genome scan of a Limousin-Jersey backcross population, and four haplotypes of differ-
ent MSTN SNPs segregated in the six sire families in the study. Estimation of genetic effects of the 
MSTN haplotypes and the haplotype combinations indicated that one haplotype found only within 
Limousin cattle had the largest effect on the observed traits. One SNP (g.433C>A) caused substitu-
tion of a leucine for a phenylalanine at amino acid position 94 (F94L). This substitution was believed 
to be a conservative change, leaving the MSTN gene functional. However, evidence from this study 
indicated that the F94L MSTN, or a closely linked mutation, is responsible for a least a partial loss 
of MSTN function in Limousin, resulting in a more muscular phenotype that is intermediate to the 
double-muscling phenotype (Sellick et al. 2007). A different study suggested that South Devon cattle 
in the UK have also been selected for an intermediate phenotype despite a relatively high incidence 
of the MSTN deletion observed in Belgian Blue cattle (Smith et al. 2000a).

15.3.2.2  myostatin in sheep
A search for carcass trait QTL associated with the MSTN gene region on sheep chromosome 2 led to 
the identification of a QTL affecting muscle and fat traits (Johnson et al. 2005a). This QTL was asso-
ciated with increased muscling and decreased fat content in Texel sheep, and MSTN was proposed as 
the candidate gene for the traits. Meat quality, as assessed by ultimate pH, color, and Warner-Bratzler 
shear force measurements, was not affected by this QTL (Johnson et al. 2005b). A point mutation was 
identified in the 3′ UTR of the MSTN gene in Texel sheep that created a target site for two microR-
NAs that are abundant in skeletal muscle. The mutation resulted in translational inhibition of MSTN 
and was believed to contribute to the muscular hypertrophy observed in the Texel sheep (Clop et al. 
2006). Six SNPs associated with MSTN were observed in a survey of 326 sheep, including several 
Australian breeds (Kijas et al. 2007). The previously described loss of function mutation had the 
greatest effect on carcass traits. While no effect was observed on physically measured quality traits, 
the mutation was not favored in a consumer sensory test. Zhou et al. (2008) also identified sequence 
variation within the coding region and found three MSTN alleles in crossbred Romney sheep.

15.3.2.3  myostatin in Poultry
Polymorphic DNA markers for MSTN have been identified in poultry. Breast muscle weight was 
shown to be affected by variation in the chicken MSTN gene in F2 populations of Broiler-Silky chick-
ens (Zhiliang et al. 2004). In other studies, SNPs were identified in MSTN across nine breeds of indig-
enous Indian chickens and red jungle fowl (Kumar 2007) and in Wenling grass chicken (Zhu et al. 
2007). Additional SNPs were also observed in the MSTN gene in three commercial broiler chicken 
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lines, and five SNPs were associated with body weight and other traits (Ye et al. 2007). A preliminary 
study also identified polymorphisms in the MSTN gene of domestic geese (Yang et al. 2007).

15.3.2.4  myostatin dna tests
DNA tests for myostatin functional status are commercially available for cattle. The North American 
Piedmontese Cattle Association requires documentation of MSTN gene status for animal registra-
tion [http://www.piedmontese.org/NAPAservices.html]. Despite the current understanding of how 
MSTN loss of function mutations result in increased muscularity and the trait’s popularity in cer-
tain European markets, beef producers have not necessarily rushed to introduce this mutation into 
herds of cattle. Along with increased muscularity and yield of lean beef, fat is decreased — effec-
tively reducing the meat quality grade. Double-muscled animals can exhibit increased birth weight 
along with elevated incidence of dystocia in some breeds. Casas et al. (1998) suggested that utiliza-
tion of breeding schemes that maximize production of double-muscling heterozygotes and mini-
mize homozygotes may be useful if production of leaner, heavily muscled carcasses are desired. 
Assuming the accessibility of high-throughput genotyping, Keele and Fahrenkrug (2001) developed 
a series of mating systems designed to utilize MSTN-defective genotypes. Depending on variables 
including combinations of biological and economic factors such as genotype and costs associated 
with genotyping, assisted calving, loss of quality grade due to leanness, and other factors, these 
schemes were optimized to maximize potential profit. Because meat from double-muscled animals 
tends to be more tender, the authors suggested that selection for nonfunctional MSTN alleles could 
be profitable to producers in a market that values a tenderness-based meat grading scheme, or in a 
situation where prices for marbling-based USDA Standard and Select grade beef approach the price 
for Choice grade.

15.3.3  CalliPyge

A ram with low body fat and muscular hypertrophy of its hindquarters was identified in a production 
flock of Dorset sheep. Initial breeding studies were conducted with affected rams, and the phenotype 
of these animals was different from double-muscling observed in cattle. The mode of inheritance 
appeared to be dominant, and the myofiber hypertrophy restricted mainly to the pelvic limbs became 
evident only after birth. This mutation was dubbed “callipyge,” from the Greek for beautiful buttocks 
(Cockett et al. 1994). The callipyge mutation (CLPG) was mapped to sheep chromosome 18. Additional 
studies revealed an unusual pattern of inheritance described as polar overdominance. The callipyge 
phenotype is only observed in heterozygous offspring who inherited the paternal CLPG allele. All 
other combinations of alleles at this locus appear normal (Cockett et al. 1996; Freking et al. 1998a). 
Eventually, the CLPG mutation was identified as an A-to-G transition within a 12-bp sequence motif 
found in an imprinted gene cluster (Freking et al. 2002; Smit et al. 2003). The imprinted gene cluster 
is characterized by both maternally and paternally imprinted genes, including BEGAIN, DLK1, DAT, 
MEG3, RTL1, PEG11AS, and MEG8, and the paternal allele up-regulates expression of DLK1 and 
RTL1 (reviewed in Cockett et al. 2005; Fleming-Waddell et al. 2007; Vuocolo et al. 2007). While the 
mechanism by which the mutant phenotype develops is not yet fully understood, it appears that up-
regulation of DLK1 expression may alter signaling networks associated with skeletal muscle satellite 
cells, ultimately giving rise to muscular hypertrophy in affected animals (Vuocolo et al. 2007; White 
et al. 2008). Interestingly, polar overdominant inheritance of a DLK1 variant was associated with 
lean muscle mass in swine (Kim et al. 2004). Paternal expression of DLK1 and maternal expression 
of MEG3 was also observed in crosses of Korean native pigs with Yorkshire pigs, although polar 
overdominant transmission was confirmed only for DLK1 (Li et al. 2008).

Despite more than a decade of continued research effort from the initial linkage mapping of the 
CLPG locus to some understanding of a unique genetic mechanism, selection for the callipyge trait 
is not widely utilized by producers in the United States. Callipyge lambs appear normal at birth, and 
hypertrophy can be observed beginning around 3 weeks of age. Although overall animal size is not 
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changed, CLPG animals have 30% to 40% more muscle mass, less fat, and more compact skeletal 
structure (Koohmaraie et al. 1995; Jackson et al., 1997a,b; Freking et al. 1998b). The mutation does not 
convey any apparent negative reproductive consequences (Freking and Leymaster 2006). Unfortunately, 
the increased muscularity is also associated with tougher meat and reduced consumer acceptance 
(Koohmaraie et al. 1995; Goodson et al. 2001; Bunch et al., 2004; Abdulkhaliq et al. 2007).

15.3.4  CalPain and CalPastatin genes

Although many different factors affect the tenderness of meat, the calcium-dependent protease system 
is believed to play a significant role in postmortem tenderization and also affects myoblast proliferation 
and fusion (reviewed in Goll et al. 1998). The system consists of calcium-activated proteases, micro-
molar calpain or µ-calpain (CAPN1), and millimolar or m-calpain (CAPN2), along with calpastatin 
(CAST), which inhibits calpain activity. A skeletal muscle isoform (CAPN3) has also been identified, 
along with many other forms (reviewed in Goll et al. 2003)). In skeletal muscle, the activated proteases 
degrade structural substrates, and also undergo autolysis. CAPN1 also autolyzes in postmortem muscle 
and is associated with postmortem tenderization (reviewed in Koohmaraie and Geesink 2006).

A number of commercial DNA tests for meat tenderness in cattle are based on polymorphisms 
in CAPN1 and CAST. CAPN1 was mapped to bovine chromosome 29 (Smith et al. 2000b) in a 
region associated with meat tenderness. Polymorphisms within exons 9 and 14 of CAPN1 have been 
demonstrated to predict tenderness phenotypes in Bos taurus cattle (Page et al. 2002; 2004). An 
additional CAPN1 tenderness marker was identified that segregates in both Bos taurus and Bos indi-
cus cattle (White et al. 2005; Casas et al. 2006). A study of Korean Hanwoo cattle suggested that a 
polymorphism in the 3′UTR of CAPN1 was associated with marbling score (Cheong et al. 2008). In 
chickens, three SNPs were identified in three exons of the CAPN1 gene. Specific haplotype combi-
nations of these SNPs were associated with live weight, carcass weight, breast muscle weight, and 
leg muscle weight. The effect of CAPN1 haplotype was also influenced by the strain-specific genetic 
strain background of the birds (Zhang et al. 2008b).

A tenderness test based on polymorphisms in CAST, which inhibits calpain-induced protein deg-
radation and tenderization during postmortem ageing, was patented by Barendse (2002). Subsequent 
studies have also associated CAST variations with tenderness. An SNP resulting in a G-to-C sub-
stitution in the CAST gene was identified in crossbred beef cattle in commercial feedlots in a study 
of multiple carcass traits (Schenkel et al. 2006). In this study, the CAST SNP affected shear force 
during postmortem ageing. Schenkel et al. (2006) determined that the CC genotype was associated 
with beef that was more tender than the GG genotype, and the CG allele resulted in an intermediate 
phenotype. CAST is also a candidate gene for tenderness in pork based on QTL analysis and fine 
mapping of pig chromosome 2 (Ciobanu et al. 2004; Meyers et al. 2007).

The function of CAPN3 is not clear (Sorimachi et al. 1989). Originally believed to be a skel-
etal muscle-specific isoform of calpain, CAPN3, was mapped in the pig to SSC1q15-17 (Briley 
et al. 1996), and in cattle to BTA10 (Riggs 1996). The bovine and ovine skeletal muscle calpain 
genes (CAPN3) were cloned and characterized. The mapping to bovine chromosome 10 was con-
firmed and the sheep CAPN3 was mapped to chromosome 7 (Nonneman and Koohmaraie 1999). 
A restriction-fragment polymorphism in the pig CAPN3 gene was associated with tenderness 
(Larsen et al. 1998). More recently, an additional tenderness QTL for cattle has been mapped to 
bovine chromosome 10, and CAPN3 is a putative gene candidate (Davis et al. 2008).

15.3.5  PorCine stress syndroMe

The incidence of “watery pork” was known to be variable among different breeds of pigs long 
before its genetic cause was known (Bendall and Lawrie 1964). Stress was shown to contribute to 
unsatisfactory meat condition described as pale, soft, exudative (PSE) musculature (Briskey 1964; 
Butterworth et al. 1967; Gahne 1968). Harrison (1972) suggested that porcine stress syndrome, 
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malignant hyperthermia (or halothane sensitivity), and PSE meat all reflected the same disorder. 
Sensitivity to halothane was shown to be inherited as a recessive trait (Minkema et al. 1977). Genes 
for several enzymes were shown to be linked to the HAL locus in swine, and one closely linked 
gene, glucosephosphate isomerase (GPI), was mapped by in situ hybridization to chromosome 6 
(Davies et al. 1988).

The ryanodine receptor gene (RYR1) was proposed as a candidate for malignant hyperthermia in 
humans because RYR1 was mapped near GPI, and both a linkage study and physiological data supported 
an association between the disorder and a potentially defective calcium release channel (MacLennan 
et al. 1990). A point mutation in the pig skeletal muscle ryanodine receptor (RYR1) was associated 
with porcine stress syndrome in five breeds of lean, heavily muscled swine (Fujii et al. 1991), as well 
as British Landrace pigs (Otsu et al. 1991). The RYR1 gene was assigned to the HAL linkage group 
(Mariani et al. 1992) and was mapped to chromosome band SSC6q12 (Chowdhary et al. 1994).

Phenotype screening for halothane gene-negative pigs had been inefficient because the HAL 
gene frequency was low and most animals were heterozygotes (Van Arendonk and Kennedy 1990). 
Selection for animals heterozygous for the HAL gene continued because the locus was also associ-
ated with increased lean meat quantity (Rothschild et al. 2004). Currently, commercial tests are 
available for assessment of RYR1 gene status, and the National Swine Registry of the United States 
requires negative stress test status as a condition of animal registration (http://www.nationalswine.
com/rulesandregulations/dnastresstestpolicy.html).

In poultry, a meat quality issue similar to PSE pork exists. While slaughter age, increased body 
weight, and feed conversion rates have improved in poultry, selection for these traits has affected 
muscle texture and flavor to reduce meat quality (Anthony 1998). Unlike genetic analysis useful for 
eradicating PSE in the pork industry, such DNA tests currently seem to lag behind for poultry spe-
cies. Ottini et al. (1996) showed that chicken alpha- and beta-isoforms of the ryanodine receptor are 
orthologs to mammalian RAR1 and RAR3. Wang et al. (1999) demonstrated differential ryanodine 
binding capacity between commercial turkeys and a genetically unimproved population. Transcript 
variants were characterized in the turkey skeletal muscle ryanodine receptor alpha-isoform (α-RYR) 
(Chiang et al. 2004). Later, additional alternative splicing variants were identified (Chiang et al. 
2007). Ten alternative splicing transcript variants were found in α-RYR, and for β-RYR, Chiang and 
colleagues identified ten SNPs and eight haplotypes. These synonymous SNPs resulted in altered 
predicted secondary structures of the corresponding mRNAs. Expression of one variant was also 
associated with heat stress. These data suggested divergent mechanisms might affect calcium chan-
nel activity of either of these receptor isoforms, but show promise for potential molecular marker 
tests for stress syndrome in poultry.

15.3.6  rendeMent naPole (Rn−)

Another type of poor meat quality in pork distinct from PSE was described as the Hampshire effect 
due to its incidence in the Hampshire breed (Monin et al. 1984). Postmortem meat samples from 
affected animals have a low ultimate pH (“acid pork”) and an increased glycogen content. Cooked 
meats, particularly noted in ham, suffer water loss and a reduction in yield. It appears that this muta-
tion was originally selected for when producers selected animals for increased lean meat quantity. 
However, the meat quality was reduced in heterozygous RN− carriers, and various enhancement 
procedures reduced the quality even further (Carr et al. 2006).

The napole technological yield method was used for measuring the post-cooking meat weight 
to fresh weight (Naveau 1986), and the “rendement napole locus” (RN−) most likely represented a 
dominant gene with unfavorable effects on meat quality (Le Roy et al. 1989). These reports led to 
the initiation of linkage studies in families of pigs in which the RN− locus was segregating, and the 
trait was soon mapped to chromosome 15 near marker Sw936 (Milan et al. 1995; Mariani et al. 
1996; Milan et al. 1996). Potential candidate genes were suggested based on the position of markers 
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and comparative gene maps. However, identification of the gene required additional fine mapping 
within a 2.5-Mb region on chromosome 15. A substitution of glutamine for arginine at position 
200 of PRKAG3, a muscle-specific isoform of the gamma-subunit of adenosine monophosphate 
activated protein kinase (AMPK), was identified as the causative mutation in RN− pigs (Milan et al. 
2000). Additional mutations in the PRKAG3 gene that also affect glycogen quantity in pork were 
subsequently identified (Ciobanu et al. 2001). DNA tests for RN gene status are available through 
the National Swine Registry (USA).

15.3.7  Boar taint

Off-flavor in pig meat from boars also affects pork quality. High levels of skatole have been shown 
to accumulate in the fat of boars, resulting in off-flavor in pork, or boar taint (Babol et al. 2004). 
Babole et al. (2004) observed significant differences between breeds, demonstrating the existence 
of genetic effects on skatole levels in uncastrated pigs. A candidate gene that may influence skatole 
levels is CYP2E1 (cytochrome p450 2e1), located on pig chromosome 14. Some association was 
found between an SNP in the CYP2E1 promoter and skatole deposition in a commercial population 
(Skinner et al. 2005). In another report, five SNPs were identified in the coding region of CYP2E1 
(Lin et al. 2006). One SNP resulted in an amino acid substitution (A475T) that reduced CYP2E1 
expression. Lin and colleagues also identified a frameshift mutation in the CYP2A6 gene (Lin et al. 
2004a) and a substitution mutation in the SULT1A1 coding region (Lin et al. 2004b), and suggested 
that both could be associated with increased skatole in fat tissue. A PCR test was developed for 
an SNP in the cytochrome b5A (CYB5A) gene correlated with reduced androstenone levels in pigs 
(Peacock et al. 2008). The test developers found that a G>T polymorphism had modest effects on 
androstenone in fat of Landrace, Yorkshire, and Large White × Duroc crossbred pigs, as well as on 
fat skatole in Duroc and Sire Line pig breeds. A study conducted in Swedish pig populations indi-
cated that the effect of CYB5A genotype was only observed in pigs greater than 115 kg live weight 
(Zamaratskaia et al. 2008). Like many meat quality traits, boar taint is likely a multigenic trait 
influenced by breed-specific genetic background. These candidate genes may eventually be used as 
selection tools for reducing off-flavor in pork.

15.4  marblIng and otHer meat QualIty traIts

Many genome scan analyses have been conducted, typically relating genetic markers to a battery of 
carcass and meat quality traits. Several companies market DNA tests based on QTL marker combi-
nations that have been strongly associated with meat quality. For many meat characteristics, however, 
the specific mechanisms and genes controlling these traits remain unclear at this time. Typically, 
multiple QTLs have been identified as significantly associated with meat quality in genetic analyses 
of carcass traits. Likely, many gene products interact, each contributing small effects to the overall 
genetic component of the ultimate tenderness, tastiness, and juiciness of meat.

15.4.1  qtl dataBases

All the QTLs associated with meat traits cannot be adequately reviewed in this chapter because 
of the sheer volume and constant addition of new data. A variety of reports are briefly discussed, 
and the reader is referred to species-specific QTL databases for current catalogs of traits and asso-
ciated QTL markers. QTL browsers for swine and cattle were developed to make data from the 
literature widely accessible (Hu et al. 2005; Polineni et al. 2006). A review noted the establishment 
of a chicken QTL database containing about 700 curated QTLs from previously published works 
(Abasht et al. 2006). A multi-species QTL database for livestock has also been reported (Hu et al. 
2007; Hu and Reecy 2007).
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A listing of QTL databases follows:

Chicken: http://www.animalgenome.org/QTLdb/chicken.html
Cattle: http://genomes.sapac.edu.au/bovineqtl/
 http://www.vetsci.usyd.edu.au/reprogen/QTL_Map/
 http://www.animalgenome.org/QTLdb/cattle.html
Sheep: http://sphinx.vet.unimelb.edu.au/QTLdb/
Swine: http://www.animalgenome.org/QTLdb/pig.html

15.4.2  qtl studies

Hundreds of QTL studies for meat quality traits can be found in the scientific literature. For exam-
ple, a genome scan of a Meishan × Yorkshire F2 swine population confirmed a number of previous 
genome-wide significant QTLs (Paszek et al. 2001) for pork traits. QTL markers affecting carcass 
traits have been identified on nearly every pig autosome. A few QTLs were associated with known 
gene loci, such as the growth hormone locus on chromosome 12 that is associated with loin eye area 
and percentage lean meat, and a QTL on chromosome 6 near the heart fatty acid binding protein 
that is associated with intramuscular fat (Paszek et al. 2001). In another study, a QTL for linoleic 
acid percentage was identified on pig chromosome 4 (Clop et al. 2003). Polymorphisms were identi-
fied for DECR1, a mitochondrial 2,4-dienoyl CoA reductase gene located within the QTL region. 
These SNPs appeared to be in linkage disequilibrium with the trait but did not appear to be the 
causal mutation (Amills et al. 2005).

In a bovine QTL study of fatty acid composition, a candidate gene was identified in Angus cattle, 
as well as in a Jersey × Limousin backcross population (Morris et al. 2007; Zhang et al. 2008a) 
Polymorphisms were identified in the thioesterase domain of the bovine fatty acid synthase (FASN) 
gene. In both studies, variations in FASN affected the fatty acid composition of phospholipids. In 
another study typical of QTL analyses in cattle (a population produced by a Brahman × Hereford 
sire on Bos taurus cows), QTLs were identified for hot carcass weight, weaning weight, marbling, 
loin area, and Warner-Brazler shear force (tenderness) (Casas et al. 2003).

Demonstrating the concept that multiple genes likely interact to result in the final meat qual-
ity phenotypes, Wimmers et al. (2007) examined ten genes for association with carcass traits in 
1700 performance-tested fattening pigs of commercial purebred and crossbred herds of Duroc, 
Pietrain, Pietrain × (Landrace × Large White), Duroc × (Landrace × Large White), as well as in 
an experimental F2 population based on a reciprocal cross of Duroc and Pietrain pigs. The genes 
tested for association included ankyrin1, a non-coding STS, carbonic anydrase III, erythropoietin 
receptor, high-mobility group AT-hook 2, myopalladin, non-metastatic cells 1 protein, platelet-
derived growth factor receptor, ELKS/RAB6-interacting/CAST family member 1, and titin (ANK1, 
bR10D1, CA3, EPOR, HMGA2, MYPN, NME1, PDGFRA, ERC1, TTN), for association. Nine of 
these genes showed association with meat-quality and carcass traits at a nominal P-value of 0.05. 
The remaining gene, PDGFRA was not significantly associated with any of the measured traits. The 
genes HMGA2, CA3, EPOR, NME1, and TTN affected meat color, pH, and conductivity of loin 24 
hr postmortem. Ham weight and lean content were associated with CA3 and MYPN at P-values of < 
0.003. None of the genes showed significant associations for a particular trait across all populations 
of animals. These data show that effects of individual genes may or may not influence the measured 
phenotype, depending upon genetic background of the animal.

15.4.3  thyrogloBulin

One of the first bovine commercial meat-quality DNA tests to arise from QTL analyses was the 
TG5 gene test (Barendse et al. 2004). This test is based on an SNP in the 5′ upstream region of 

http://www.animalgenome.org/QTLdb/chicken.html
http://genomes.sapac.edu.au/bovineqtl/
http://www.vetsci.usyd.edu.au/reprogen/QTL_Map/
http://www.animalgenome.org/QTLdb/cattle.html
http://sphinx.vet.unimelb.edu.au/QTLdb/
http://www.animalgenome.org/QTLdb/pig.html
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the thyroglobulin (TG) gene and was associated with marbling scores. In a different population 
of cattle representing diverse breeds, the authors failed to associate TG with marbling except in 
Wagyu-derived animals (Casas et al. 2007). In a validation of several commercial DNA tests for 
beef quality traits, the TG5 SNP did associate with meat quality grade (Van Eenennaam et al. 
2007).

15.5  global exPressIon

15.5.1  Mrna ProFiling

Whole genome sequences are now available for several meat animal species. With these genetic 
roadmaps, research can begin to explore the mechanisms behind the interaction of networks of gene 
products and regulatory molecules that contribute to the overall phenotype of an animal. Whole 
genome oligo microarrays are one tool for rapid assessment of global gene expression profiling. 
A typical microarray consists of thousands of unique oligonucleotides located in individual spots 
on a glass slide. RNA from a test sample can be reverse-transcribed and labeled with a fluorescent 
dye (e.g., Cy3), and RNA from a control sample can be labeled with another dye of a different 
fluorescent wavelength (e.g., Cy5). Both labeled samples are co-hybridized to the array slide and 
fluorescence is detected after laser excitation of the dyes, producing a pseudo-colored image as in 
Figure 15.5. The quantity of mRNA for each “probe” sequence can be estimated by relative fluo-
rescence intensity of the two dyes. For example, a spot that contained abundant mRNA signal from 
the test subject and little mRNA from the control might be visualized as a green spot on the slide, 
and the opposite case would be represented as a red spot. Genes that are approximately equal in 
expression for the two samples would be visualized as a yellow spot. This technique can be used 
to profile expression across developmental timepoints or for comparison of different treatments or 
phenotypes. More specialized arrays can be used to profile specific targets such as individual exons 
for examination of alternative splicing patterns. Microarrays can also be useful for candidate gene 
discovery and system-wide signal transduction pathway analysis, especially when utilized in con-
junction with QTL analysis.

Mechanisms by which muscle-related phenotypes develop are gradually beoming more clear. 
Studies of global expression profiles in the context of whole-animal physiology should enable 

FIgure 15.5 (see color insert following page 148.) Microarray. This image represents a two-color 
bovine oligo microarray. RNA samples were obtained from skeletal muscle from two different steers. One 
sample was labeled with Cy3 and the second was labeled with Cy5 and co-hybridized to the array. Genes that 
were expressed at a greater level in the first animal are pseudo-colored green, and those expressed higher in 
the second animal are red. Genes expressed at equivalent levels are yellow. (Source: Image provided by R.N. 
Vaughn and P.K. Riggs.)
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methods for the selection of breeding animals based on systems genetics. Recent reviews indicate 
examples of how integrated efforts might be utilized, particularly for elucidation of myogenesis 
and other developmental pathways important for meat quality (Lehnert et al. 2006; te Pas et al. 
2007). Several microarray studies have focused on gene expression during myogenesis. Deato and 
Tjian (2007) found that during differentiation of myoblasts to myotubes, a switch occurs that alters 
the composition of binding proteins in the promoter transcriptional complex. This finding demon-
strates the complexity of gene regulation important in skeletal muscle development. In addition, 
gene expression profiles in developing longissimus muscle tissue in both pig (te Pas et al. 2005) and 
bovine (Lehnert et al. 2007) fetuses have been described. Lehnert and colleagues identified differ-
entially expressed genes related to different sire breeds. In another study, Yu and colleagues (2007) 
compared gene expression between longissimus and semimembranosus muscles in Korean cattle at 
slaughter to identify several genes that were differentially expressed between the two muscle types 
that may be important for muscle growth and fat metabolism.

15.5.2  Protein ProFiling

As tools have become available to allow association of muscle phenotypes with genetic variation, 
rapidly improving proteomics tools are likely to play an important role in efforts to understand the 
complex networks of developmental signals that ultimately determine the meat phenotype of an 
animal. Proteomics techniques ranging from well-established two-dimensional gel electrophoresis 
(2DGE) methods to sophisticated mass spectroscopy efforts have research applications ranging 
from early growth and development to postmortem events (reviewed in Bendixen 2005). These 
techniques involve isolation of proteins from muscle tissue. The total cellular protein can be iso-
lated from the entire cell or from subcellular compartments, and can be further fractionated to 
reduce complexity. Differential protein expression and/or protein modification can be identified by 
comparing protein 2DGE profiles from different animals, or the protein profiles can be analyzed 
directly by mass spectroscopy. As a step toward understanding proteins associated specifically with 
meat quality, a reference map of proteins of bovine semitendinosus muscle from Charolais cattle 
at slaughter was generated from 2DGE experiments (Bouley et al. 2004). In total, 129 variants of 
75 different proteins were identified in samples obtained from muscle. Later improvements in char-
acterization of alkaline proteins allowed identification of 32 additional gene products (Chaze et al. 
2006). Global proteomics methods are gradually being applied to meat animal research and, along 
with mRNA profiling, will become important tools for dissecting molecular mechanisms related to 
muscle growth and development.

15.6  summary

It will be important for animal breeders to consider individual genes in the context of the entire 
genotype of an animal. As our understanding of how sequence variations within a given gene, or 
regulatory region of that gene, ultimately result in individual phenotypic differences for a particular 
trait, we can begin to explain mechanisms underlying those variations. For multigenic traits, the 
task is more complicated because each associated gene contributes only a portion of the phenotype, 
and these genotypic differences may result in different outcomes in different genetic backgrounds 
or breeds. Understanding the implications of a particular genotype will require an understanding of 
the whole animal system and genetic interactions across diverse gene signaling pathways. The new 
era of systems genetics, combining informatics with functional genomic and proteomic research, 
is just beginning. As we begin to understand the genes that regulate biological and physiological 
mechanisms underlying phenotypes of interest, we should be able to go back to the DNA to develop 
DNA tests for specific genes. These tests should be more specific than many current marker-based 
tests for beef cattle, and should result in better selection tools for producers.
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16 Animal Agriculture and 
Animal Welfare
An Essay on How They Benefit Each 
Other in the Twenty-First Century

Joe M. Regenstein

16.1  IntroduCtIon

Believe nothing that you think.
—Contemporary bumper sticker

In recent years, animal welfare has become more important to consumers, both in the U.S. and 
in many other developed (and also in some developing) countries. I make this distinction because 
some commentators have postulated that only in societies with enough wealth and leisure do issues 
like animal welfare even arise. In addition, animal welfare and its relationship to animal agricul-
ture have become part of the “environmental/sustainability” dialog that is characterizing the larger 
social/political fabric of twenty-first century living.

As a food scientist, I believe that it is important to look critically at the long-term issues that are 
being raised in these discussions, as the choices we make concerning animal agriculture and its 
role in society will strongly impact the nature and amount of food in the future. Those of us whose 
subspecialty is in the area of meat science are often on the front line with respect to many of these 
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controversial issues. Teaching courses in Food Law, Managing Food Waste without Trashing the 
Environment, and Environmental Stewardship on the Cornell Campus, along with responsibilities 
in the introductory meat science course, has helped me to develop a more holistic view of the issues 
challenging animal agriculture that need to be addressed and has even given me some ideas of how 
I might consider addressing these issues. Teaching a unique course in kosher (Jewish) and halal 
(Muslim) dietary laws, which focus on animal issues, including slaughter, has provided me with the 
opportunity to focus on some different aspects of the debate, especially as I have been asked to par-
ticipate in national (U.S.) animal welfare standards development efforts that are described below. 
In 2006, working with a number of colleagues at Cornell, we initiated an animal science course on 
Animal Welfare. And, the previous year (2005), I had the honor of being a judge at the National 
Intercollegiate Animal Welfare Judging Contest held at the University of Wisconsin, Madison. This 
is an excellent program designed to help students on campuses around the country focus critically 
on evaluating animal welfare concerns using a set of detailed paired comparisons of information 
obtained from two facilities using very different production systems producing the same agricul-
tural animal.

This chapter focuses on a number of different issues that are part of debate and, I believe, can 
contribute to reasoned thinking about the problem. Looking at all of these together will also, I 
hope, help increase the sophistication of the discussion. This chapter’s goal is to help the general 
public understand many of the issues involved in this debate. Hopefully, readers will glean some 
new perspectives that will, hopefully, help them think about the issues in a less simplistic mode. As 
this chapter is targeted at a general audience, I have chosen not to include references and footnotes, 
except for direct quotes.

How to begin? I would like to start by framing the chapter within an ethical framework. All of us 
like to think of ourselves as ethical persons; yet, even when each of us works hard to be ethical, we 
cannot always agree on what is right and what is wrong. Why? Because we must remember that our 
ideas about right and wrong are formed not solely from our scientific and technical training, but also 
just as importantly, from our total education, both formal and informal. Our ethical beliefs reflect 
who we are and reflect both our formal and informal education — that is, life experiences.

However, as a society, we need to address ethical issues using rational arguments and reasoning. 
Thus, the rationale must be stated. We must place these ethical concepts into the “Marketplace of 
Ideas” to ensure that they meet a higher standard than simply reflecting our own “thinking” as chal-
lenged in the starting bumper sticker quote above. A look at some materials from a formal ethics 
text might also be helpful.

“Philosophy, like morality itself, is the first and last an exercise in reason — the ideas that should 
come out on top are the ones that have the best reasons on their sides” (Rachels, The Elements of 
Moral Philosophy, 1999, p. xii). So the challenge for all of us is to truly use rational arguments when 
discussing controversial ethical principles.

But what are rational arguments? This is not always easy to determine because even this simple 
idea requires judgments on which we can disagree. However, one common approach to framing 
arguments definitely does not meet the rational standard. That is, if something specific is wrong 
with a particular system (i.e., such as the food system), how do we address it? I believe that it ratio-
nally means that we will need to work harder to correct the specific problem identified as a problem. 
That is, the first approach is correction. What it does not mean is that the particular system is fatally 
flawed and should not exist, and/or that another system is the obvious replacement. If all attempts at 
a solution fail, then we might have to consider one of possibly many drastic alternatives.

For example, if there are problems with our food system, specifically with animal agriculture, the 
people involved in animal agriculture need to address these issues and find rational, acceptable solu-
tions. Pointing out these specific problems, even if there are a large number of such problems, does 
not provide a reasonable argument for accepting alternative agricultural systems, such as veganism, 
which is the absence of all products of animal agriculture. The alternative system(s), which might 
in fact be a better alternative for all or some people, must stand on its (their) own merit as the most 
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rational choice. So, if veganism is the answer, it must show that it is the best choice in its own right 
and that the problems that cannot be solved with respect to plant-based agriculture are smaller and 
have less long-term impact than those that cannot be solved by animal agriculture.

So, in light of the above discussion, I would like to propose an ethical statement that I hope is 
general enough to provide an acceptable framework for this chapter: The responsibility to treat ani-
mals properly (which eventually needs to be defined carefully) is an ethical responsibility that falls 
to all humans, but most particularly to those who actually are directly involved with animals. My 
hope is that although we may disagree with the details of how to carry out this ethical charge, we all 
can accept this as an umbrella within which animal agriculture can be expected to operate.

As a member of the broadly defined animal agriculture community, I hold myself and those I 
work with accountable for the welfare of farm animals, and hope that others who are more removed 
from direct animal involvement will be supportive of a stronger effort toward rational, scientifi-
cally based animal welfare improvements through their actions. One of the best ways to support 
improved animal welfare of farm animals is by learning more about animal welfare and then pur-
chasing products that have met appropriate standards. At present there are definitely practices used 
by commercial animal agriculture that do not meet a minimal scientifically defined animal welfare 
standard. So, the goal is to use education of both those involved and of the public, along with 
appropriate market-driven actions to bring about the necessary changes. (I also believe that plant 
agriculture will need to go through a similar process to determine the appropriate standards for 
plant production systems.)

The idea behind a scientifically based animal welfare standard is to start by focusing on those 
procedures that can be measured and critically evaluated so that their benefits and cost or other 
downside impacts can be determined. Other issues of concern are often treated as ethical mandates, 
sometimes because they cannot be evaluated scientifically, and may, in fact, represent a personal 
or group’s belief system. Some of these concerns reflect an attitude toward a specific issue or to a 
broader framework of the nature of animal agriculture that may not meet a “reason-based” standard. 
They are, therefore, “anthropomorphic” (i.e., human) choices based on feelings and perceptions. 
There is nothing wrong with these concepts, and they may be powerful motivators for individual 
or group purchasing or political action. But that still does not mean that they meet the standard of 
being “the ideas that should come out on top [as they] are the ones that have the best reasons on 
their sides.”

At this point I would like to address a series of relevant issues as rationally as possible, under-
standing that they often engender strong emotional responses, and I, like all of us, have a point of 
view that you may not agree with but I will try to present a balanced perspective.

By way of an apology: I realize that many of my examples in this chapter are coming from the 
poultry industry. There are two reasons for this situation. First, having spent five summers on a 
poultry farm and as a former member of a poultry department, I know more about chickens than 
other animals. And second, poultry production is often the most intensive form of animal agricul-
ture, so they are often the first to deal with some of the more controversial issues associated with 
intensive indoor animal agriculture, i.e., what some people call “factory farming.”

16.2  anImal beHavIor

The concerns for the welfare of animals are often summarized by “The Five Freedoms for Animals” 
originally put forth by the Bramble Commission (1965) in the UK:

 1. Freedom from hunger, thirst, and malnutrition
 2. Freedom from fear and distress
 3. Freedom from physical and thermal discomfort
 4. Freedom from pain, injury, and disease
 5. Freedom to express normal patterns of behavior
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Many of us probably wish we could be assured of all of the above for ourselves. Some research, 
however, suggests that some stress (in moderation) may actually be beneficial. In the future, we may 
actually breed for better adjustment to stress. The first four ideas certainly represent reasonable goals 
and ideals for animals under the stewardship of humans. However, it is probably impossible to meet 
all four of these goals all the time, and there does remain the challenge of defining when one has 
stepped over the line. Obviously, an animal in the wild is certainly not assured of any of the above!

But what constitutes natural or normal behavior? Some normal animal behaviors are based on 
the need for the animal to protect itself in the wild. So, these behaviors may become unnecessary 
and may not make sense in the environment of commercial agriculture, especially if the husbandry 
is able to meet the first four concerns.

The issue of animal behavior might be better thought about in terms of what does the animal 
want and need? Which behaviors does it wish to express within the circumstances it finds itself? 
And how do we determine these wants and needs? Animals can often tell us when something is 
wrong. Sometimes in animal agriculture it takes the form of productivity decreases, i.e., fewer eggs, 
less milk, less weight gain, etc. In other cases, it may lead to questionable types of behavior, i.e., 
those that are referred to as stereotypies — they represent active manifestations of abnormal behav-
ior generally because an animal has some need that has not been fulfilled. For example, an animal 
that is constantly biting a metal pipe is not happy.

Modern research methods are beginning to develop even more sophisticated measures of animal 
behavioral needs. This research will need to be incorporated into our thinking about these issues.

In general, as suggested above, production variables decrease when an animal is stressed. So as a 
working hypothesis, I would suggest that an unhappy animal showing decreased productivity is coun-
terproductive to the goal of modern commercial animal agriculture to optimize productivity. Note 
that the baseline for optimal productivity must be based on the specific animal’s potential — if it is 
not meeting its potential, then something is not right. For example, if particular strains of egg-laying 
chickens normally produce an average of 300 eggs per year per bird housed under the best available 
commercial practice, then any lesser production suggests that the optimum has not been reached. (I 
am using best available commercial practice as a standard. This is more realistic than production 
in an isolated, ideal academic or research setting, where expensive and specialized approaches are 
possible but not realistic for commercial practice — many of which may in fact underestimate pro-
ductivity in some animals that are now specifically bred to thrive in commercial situations.) Given 
the reality of striving for maximum productivity, farmers should have a strong incentive to minimize 
these stresses. Other factors — ranging from economics to the willingness to make an effort to 
improve their operations, to a lack of knowledge of how to optimize their systems — are preventing 
some farmers from obtaining maximum productivity. So improvements are needed.

I would also like to explore a component of the natural behavior argument with which I am 
still struggling. According to what I have learned about animal rights advocates, the neutering of 
animals is acceptable to many of them because it, in fact, makes the animal’s life better (less fight-
ing, less stress, less being “raped”) and appears to reduce certain cancer risks. And, I believe this 
analysis of the animal welfare implications is correct. Yet, taking away the sex drive and act seems 
to violate the ultimate in natural behavior. I also wonder if our pet animals, which are naturally 
predators, rather than farm animals, which are naturally prey animals, are often kept indoors most 
of their lives, not permitted to hunt or function in packs also violated natural behavior. So I find that 
I must question the basic “rational” basis of this standard of the Bramble Commission. Are natural 
behavior and best animal welfare in conflict? However, I also want to be clear that animal behavior 
is a powerful tool to evaluate animal welfare, and more good research in this area is needed.

16.3  breedIng
In discussing the potential of an animal, a key component underlying that potential is the “genetics” 
of the animal, i.e., what it brings to this world from its parents. The environment can build on this 
base but cannot undo inherited problems.
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One of the legitimate criticisms leveled against some modern animal agriculture systems, which 
also applies to some companion animals, is that the animals have been over-bred. That is, some of 
the traits the animal displays are counter-productive to animal welfare and/or to productivity. In 
breeding for a limited number of characteristics using classical breeding (i.e., carefully choosing 
which animals breed with each other), we may end up with animals that are not ideal for modern 
animal agriculture. For example, we have bred broiler birds that are too heavy for their leg structure. 
We also have bred animals that no longer can mate!

Why does this happen? With classical breeding, even in the computer age, a few key traits that 
are considered important are monitored by the breeders and the selection of “successful” animals 
(i.e., those animals that will be permitted to reproduce) is based on having the desired version of 
these traits. But when one selects for any one trait, which is controlled by either one or a few genes, 
one is also always selecting a chromosome that holds the gene. A gene can be thought of as the 
basic unit of biological information for a particular reaction; i.e., one gene provides the informa-
tion to make one protein, usually an enzyme. Many genes are found on one chromosome without 
any obvious relationship to each other, so the chromosome is much larger than the gene. Thus, the 
breeder’s desirable gene may also bring along with it some other very undesirable traits (genes) that 
are on the same chromosome and that, therefore, were brought along. And when there is too much 
focus on breeding for one or a few traits over a number of generations, classical breeding leads to 
problems with the “brought along” traits. And if these “brought along” traits get bad enough, their 
negative impact on productivity may finally create incentives to fix them. But by then they have 
to be pretty bad! However, sometimes another fix, less animal welfare friendly, may be used as a 
temporary (although often this turns into a long-term) solution. Social and political pressures, such 
as those related to animal welfare, could eventually force these changes to be dealt with even if the 
agricultural or pet breeder does not want to address them.

To illustrate an example of where the social/political needs for improved animal welfare led 
to a change in the breeding paradigm shows that surprising results can be obtained more easily 
than breeders and farmers might want to believe. A recent set of experiments at Purdue University 
described below demonstrates what can be done if one is serious about improving a particular situa-
tion that is rooted in poor selection criteria in conjunction with classical breeding. In all cases, care-
ful attention by the breeder is needed that one is not improving one trait while negatively impacting 
one or more other traits.

Two of the issues being debated with respect to the animal welfare of egg-laying chickens are the 
issues of whether debeaking should be permitted and the issue of whether it is acceptable to have 
extreme feather loss by the end of a single lay period. Hens have a peck order and use “pecking” to 
maintain this order. Sometimes this pecking will lead to bleeding. Once a chicken begins to bleed, 
the other birds will essentially peck it to death. Not a very pretty sight. So at a very young age, which 
is believed to be less stressful, the animal may have some part of its beak removed with a hot, cau-
terizing knife. If done properly, the acute stress is believed to be minimal and the communal ben-
efits make the procedure acceptable to most animal welfare scientists. Please note that I believe as 
part of my original ethical framework that a most important point in evaluating any procedure done 
to animals is that when looking at the procedure, it must be done properly. If not, the issue is how to 
get it done properly. Doing it right means that the equipment needs to be functioning properly, that 
it must be used properly by the people who are trained to use it, and that a high level of success (i.e., 
minimal failures) must be obtained throughout the entire day through management attention.

The other issue of concern to some is feather loss. While living in cages, the hens lose and break 
feathers and thus look “awful” after a while. Now this is an interesting issue — the birds’ productiv-
ity and chemical stress indicators do not seem to change, so it is not an animal welfare problem. This 
appears to be mainly a “human” perception problem, not a “reasoned” animal-focused problem. But 
the researchers chose to tackle this issue also because the feather loss does bother many people.

Researchers noted that the chickens that are used for breeding purposes are considered very 
valuable and thus are given slightly larger housing than is typical for caged chickens, and they are 
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housed one bird per cage, which means that these birds have no opportunity to socialize and that 
there is no selection pressure put on the breeders for either feather retention or not pecking. So the 
researchers obtained some fairly high quality breeder stock and put them into typical multiple bird 
cages — and guess what — in five generations of classical selection for the two traits that we are 
discussing, they had a flock of hens that did not need to be debeaked and that had most of their feath-
ers intact when they finished the lay period.

This is exactly the type of breeding changes that we need to institutionalize as part of improv-
ing and changing animal agriculture. If a trait is undesirable, one needs to actively breed it out of 
the animal. It also illustrates that sensible solutions can be found to eliminate some of the animal 
welfare problems we may be concerned about.

What are some other areas of breeding that need to be worked on? The items below are just a few 
items that are worth noting. Pigs are often cruel to each other, which makes group housing more 
difficult. So a gentler pig would be beneficial, especially if group housing is a desired goal. There is 
the question of whether that arrangement is the pig’s preference or if they care about whether they 
are in group housing or single housing. This has not been determined thus far.

Dairy cows have probably been over-bred with respect to milk yield versus their body conformation. 
Such a high milk yield often means that the cow’s udders are too big for her body and this causes prob-
lems in mobility — so we may have to back off from the highest possible milk yields to produce health-
ier cows. Lameness in milking cows is another problem that may be amenable to improvement through 
breeding, although management remains an important component of dealing with this problem.

The inability of turkeys to breed on their own may reflect an excess of breeding that ought to be 
reversed, although this may not in itself be an animal welfare issue. Leg weaknesses in chickens 
(broilers) and turkeys used for meat are certainly a reflection of a larger bird whose total biology 
has not kept up with the increased productivity traits and should be subjected to genetic selection 
for stronger legs.

To Believe With Certainty, We Must Begin With Doubting.

—king stanislaus (I) of Poland

16.4  grouP versus IndIvIdual oPtImIzatIon

The above changes brought about through breeding example indicated the potential benefit of put-
ting breeding birds together in cages. Let us now look at one of the other issues that the use of group 
cages for egg layers has generated. In this case, we need to consider the issue of group optimization 
measurements versus individual optimization measurements. The paradigm used by many farmers 
at this point is that the overall agricultural endeavor should be optimized, usually meaning that 
productivity is optimized based on an economic model. I believe that this paradigm has to change 
within the ethical framework I have set out for animal agriculture.

One of the key concepts emerging from various animal welfare efforts is that each individual 
animal needs to be permitted to optimize his/her productivity. To illustrate: one of the most com-
mon laying cages for chickens in the U.S. was originally designed for five laying hens. Using such 
a cage system, each hen can lay about 300 eggs per bird per year. (That may seem like a lot of eggs 
for one bird but it is a realistic figure in modern agriculture, and so we will use that number for the 
“model birds” we are discussing. This will be taken as the potential productivity of a laying hen 
when she is not stressed.) But given the economic investment in facilities (i.e., buildings, cages, ven-
tilation systems, etc.), some farmers figured out that if they put a sixth bird into that cage, they could 
make more money. Now, instead of getting 1500 eggs per cage, they get (as an example) 1700 eggs 
per cage, but not the 1800 eggs that would be expected of six happy hens. So at least the lowest bird 
or two in the peck order is demonstrably stressed — and they are not producing at their optimum. So 
this is where a major paradigm shift is needed — by implementing animal-by-animal optimization, 
the acceptable situation changes. If farmers want to put six birds in a cage, it would require doing 
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some serious breeding of the birds for the many traits that will make this possible — that is, to yield 
1800 eggs per cage in this example. Otherwise, at this time, it is clear that for the above example, 
five birds is acceptable in these cages but putting in a sixth bird is simply unacceptable.

I therefore expect that an emphasis on social traits related to group behavior will become a more 
important selection criterion for a number of agricultural animals. To illustrate how I believe a sci-
entific standard for animal welfare might operate in this situation is that the standard would support 
the use of cages for egg layers, but oppose the current practice of putting six birds in the standard 
U.S. cage that is designed for five birds! And if we use hens that have been bred in conjunction with 
the earlier successful research example, we may not need to de-beak the birds and even their feath-
ers may look nicer in the future.

As a bit of an aside, I want to comment on the issue of cage versus cage-free egg layers. The latter 
involve more elaborate (read expensive) housing, which takes up more space, still does not guaran-
tee access to the outdoors, and uses more building materials, thus raising challenges of keeping the 
eggs and the birds out of manure, that is, which if not successful can possibly increase the presence 
of pathogenic bacteria on the eggs, and make heating/cooling less efficient. With larger groups, the 
peck order can also become more detrimental to hens on the lower end of the scale. So, the eggs are 
more expensive and it is not clear that either the birds or humans actually benefit from the change.

16.5  Indoor agrICulture

The previous example leads naturally to a broader discussion of the issue of indoor agriculture. This 
may lead us to an important paradigm shift, this time a need for an attitude shift by consumers. This 
may be difficult to accept for the many people brought up on the idea of the ideal farm being “Old 
MacDonald’s” multi-species outdoor farm. By this, I simply mean the farm that is thought about in 
the children’s song. A farm with a few each of many different animals wandering around outdoors 
is often the image associated with the traditional “family” farm.

The move to indoor agriculture is a profound change that has occurred in the past century but 
it is a much more positive change than perceived by most consumers. Bringing animal agriculture 
indoors permits the farmer to control many more environmental factors for the benefit of both the 
animal and the owner. It permits the farmer to “see” his/her animals more regularly, to optimize 
feed (often at the individual or small group level rather than the herd level, which means fewer ani-
mals are excluded from obtaining proper feed), to obtain proper medical care for the animals, and 
to protect the animals from predators and disease transmission. With this increased control through 
indoor agriculture came not only higher productivity, but also a much greater responsibility for the 
complete stewardship of the animals. However, from the animal’s point of view, it creates an envi-
ronment that is less stressful for animals than outdoors — e.g., fewer predators and better tempera-
ture control. (Do we really want to be outdoors when it is −20°F or 105°F?) So, several “survival” 
behaviors may simply become completely unnecessary! The decrease in stress has led to productiv-
ity increases related to environmental improvements separate from any genetic improvements in the 
animals. So, from an animal’s point of view, going indoors may be a good thing.

Let me elaborate a bit on “productivity” as an animal welfare criterion. Although productivity 
is not a direct measure of animal welfare, it does seem that in most cases it correlates with animal 
welfare. The less stressed an animal is, the better its productivity. Until it can be proven that some 
forms of productivity increase with stress, the canons of science dictate that we go with the simplest 
explanation, i.e., increased productivity equals decreased stress. (This is “officially” referred to as 
Okham’s razor.)

In trying to determine the animal’s stress level, there are chemical measures (e.g., blood chem-
istry) that can be looked at; however, these suffer from a few major concerns. The first is that the 
very act of making the measurement (e.g., drawing blood) may be a stressor. However, some of these 
markers do require finite response times before they are seen, although this can be both an advan-
tage and a disadvantage. The second is that to really be meaningful, a time course of these chemical 
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markers is needed, and this adds to both the stress on the animal and the cost of such measurements. 
And third, these are subject to other confounding aspects such as the animal’s daily circadian (24-
hr) clock and the impact of feeding and other short-term changes in their conditions. It should be 
noted that there is a hypothesis suggesting that a little stress might be beneficial. So, the question of 
whether no stress is actually the best goal remains.

I also want to elaborate a bit more on the issue of “anthropomorphizing.” We must be wary of 
“anthropomorphizing” issues of animal welfare. What looks bad to people may not be stressful to 
animals. Just because we do not like the way something looks, does not mean that the animal is being 
stressed by that situation. So one has to think about the standards one wants to use to evaluate animal 
welfare. Our evaluation must be guided by the animals’ behavior, as understood by properly trained 
experts, plus chemical and physical (physiological) measurements, such as the level of stress hormones 
in the blood — and not by our intuitive reactions. One example of where this conflict may arise is the 
issue of light levels in indoor, closed poultry housing. The major reason these houses are closed (i.e., 
light tight) is to be able to control lighting. Egg-laying birds will only lay eggs when the amount of 
daylight is either increasing or unchanged. They will stop laying eggs when the daily amount of light is 
decreasing. But what is the amount of light they need to continue to lay eggs? It turns out to be a very 
low light, what to humans would still be considered darkness. But this is sufficient light to set their daily 
clock and the low level also minimizes pecking. So, most of the time, the house is kept at these low light 
levels and full lighting is only used when the human caretakers are present so that they can see.

It is also interesting that some farmers have gone to 24-hr lighting — this is believed to be det-
rimental to the birds and so most current animal welfare standards call for at least 4 hr of darkness. 
However, I understand that some scientists are revisiting this issue and suggesting that continuous 
lighting is acceptable.

My take on “factory farming” is that there are many good points about such a system — but that 
too many abuses have been allowed into the system and these must be addressed and corrected. I do 
not consider “factory farming” to be a dirty word, but I also recognize that the industry itself has 
been a part of the problem. Like everything else, factory farming must be done properly and well.

It Is Better To Know nothing Than To Know What Ain’t So

—Josh billings

16.6  PaIn and suFFerIng

When humans evaluate animal welfare, one of the issues of legitimate concern is pain and suffering — 
but these are both “loaded” words. As someone not in this field of research, I have tried to understand 
the issues using simplified definitions of these two key words that permit some important distinctions 
to be made. Pain is an immediate and acute response of the brain to negative stimuli. Suffering is a 
more complex brain processing operation that takes the pain information along with other informa-
tion where the brain uses prior knowledge to predict and be concerned with the future from a negative 
point of view, e.g., to realize that a bad situation (e.g., pain) may continue into the future.

The research data shows that higher animals feel pain. Mammals and birds certainly fall into 
the category of animals where pain is an issue. We are still learning where the line is between those 
animals that do and those animals that do not feel pain. For example, the research literature about 
the issue of whether fish feel pain is currently producing conflicting results, enough so that I do not 
believe a definitive answer is available at this time. However, prudence suggests that the possibility 
of their feeling pain be taken into account when designing new systems for handling fish, especially 
with respect to aquaculture. So, the animal welfare requirements for the care of mammals and 
birds need to take into account the role of both acute and chronic pain. However, whether pain is a 
concern with fish remains to be determined. Animals below fish in the animal classification scheme 
may not feel pain, and thus there is a rational basis for establishing a different set of animal welfare 
requirements for these animals.
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What, then, do we know about animal suffering? The first question is whether animals can suffer 
and, if so, which animals can suffer? The jury is also still out on this issue, although some research 
seems to suggest that primates may, in fact, suffer. But where this line will be drawn is not clear, i.e., 
which animals do or might suffer needs to be studied. Why? The standards for animals that suffer 
must, I believe, be higher than the animal welfare for animals that feel pain but do not suffer.

But let us look at a situation that has been presented to the public to suggest animal suffering 
but which is in fact being misused by organizations that find it convenient to show such pictures to 
humans for fund-raising purposes, even if they know these are not accurate depictions. They are 
playing to human emotions and not to human reason.

Are pictures of baby seals crying a reflection of suffering? Very possibly not! Because constant 
tearing is the way that they keep their eyes moist and clean, i.e., it is a normal routine biological 
function, it is not crying! To humans who do not understand this simple difference between us and 
seals, it makes for an emotionally wrenching picture, but one can get that picture with a baby seal 
that is with its mother and is totally happy. It is not a criterion for evaluating the humaneness of the 
seal hunt in Eastern Canada. This hunt has taken quite a beating over the years and has for many 
become so emotional that a rational discussion is not possible. The fact is that there are many other 
issues involved in evaluating seal hunting — most of these issues have been distorted by some of the 
“environmental groups” to serve their purposes.

Some of the other issues include (1) the impact of this hunt on the overall seal population, 
which is prone to getting too big and then crashing; (2) the impact on fish populations, which 
have been heavily impacted by both over-fishing, which is probably the major problem initially, 
but which is aggravated by the large amounts of these same fish consumed by seals and other 
marine mammals, and which is probably a major cause of the failure of the fish stocks to rebound 
after fishing has been stopped; (3) the impact of the hunt on the environment, where the ques-
tion of managing wildlife on the basis of a single species and/or as an ecological community 
continues to challenge wild-life managers; and (4) finally, the impact of the absence of the hunt 
on the human community’s social structure, where the hunt is an important source of income 
for a population trying to exist in a harsh environment. All these issues need to be considered 
in evaluating the pluses and minuses of the seal hunt. Overall, a controlled hunt might, in fact, 
be justified and the use of the wooden “club,” when done properly, is believed by many animal 
welfare experts to be a quick and humane form of stunning, as it is believed that a sharp blow 
to the head in the proper place with a properly designed instrument is a humane way of stun-
ning. The special wooden club used in this hunt, mainly by people who have hunted using this 
technique over centuries, is probably more humane than the typical death that occurs after being 
shot with a gun, and probably competes well with some of the official humane slaughter methods! 
So, as we learn more about these complex issues, we will have to make ethical value judgments 
but, hopefully, these will be well informed and will balance a wide variety of conflicting input 
information. We may not all agree about the seal hunt but it is certainly not the brutal, barbaric 
practice as it is often pictured.

16.7  anImal rIgHts

In looking at the needs of animals thus far in this discussion, the emphasis has been on animal wel-
fare. This orientation clearly affects my judgment of what is important. However, other people come 
at the same issues from different philosophical points of view. The more animal-centered view with 
respect to this topic is often referred to as the animal rights approach. I will try to raise a few points 
about animal rights that hopefully will help the reader think more about these issues. But recognize 
that I am much more pragmatic than philosophical, and I certainly cannot debate the validity of 
various philosophical constructs.

Tom Regan, a well-known North Carolina State University professor and animal rights philoso-
pher, wrote that “Species are not individuals…the rights view does not recognize the moral rights 
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of species.” What does this mean? It means that all individual animals are created equally and are 
potentially subjected to the same “rights.” First, this philosophical framework gives no rights to 
plants. So what might this mean? I take it to mean that a “Sequoia” tree has no rights, while a worm 
or a mosquito or a slime mold has significant rights. And a domesticated cow has the same individ-
ual rights as a Giant Panda. This is definitely a challenging concept to consider carefully. Actually, 
I suspect that Regan’s definition of animal may be more limited than that of a traditional biologist. 
However, I have problems dividing the world into species beyond humans that have individuals with 
rights versus those that do not. And do we really mean the same “rights” for all such species, or 
“rights” appropriate to the biological nature of the animal in question? And can one have “rights” 
without “responsibilities” — a concept that I believe applies uniquely to humans. And what exactly 
does “having rights” mean? Do humans have any right to use animals for food, for research, for 
recreation and companionship, etc.? It seems that their answer would be “no” — and I simply can-
not imagine a world without animals interacting with and being used by humans — and I certainly 
cannot picture a world where everyone is a vegan.

However, I should also indicate that Tom Regan, while philosophically committed to only doing 
for animals what is good for them, strongly supports practical animal welfare efforts as important 
steps in the right direction.

So, I return to my starting ethics of our responsibility to animals and note that even within the 
complex academic disciplines of ethics and philosophy, the issues are debated. For example, Jeremy 
Bentham, the philosophical father of Utilitarianism (i.e., the idea of providing the most good for 
the most people [and animals]), was a carnivore. And to quote him: “We are the better for it, and 
they are never the worse…The death they suffer in our hands commonly is, and always may be, a 
speedier and, by that means, a less painful one than that which would await them in the inevitable 
course of nature.” But I would argue that we can make it even less painful by paying attention to 
animal welfare. Next time you watch a wildlife program with a lion “bringing down” a zebra or a 
zebu on TV, remember that is what life in the wild is really like — not so idyllic! This is what it 
means to be a prey animal. Interestingly, all our farm animals are prey animals, yet our major pets 
(i.e., cats and dogs) are predators as we discussed earlier.

I would like to now share with you some text that was sent to me by an advisor to the group 
People for the Ethical Treatment of Animals (PETA). He introduced me to the pragmatic animal 
rights approach using the “Equality of Consideration” concept: “…each animal’s suffering should 
be equally considered in making ethical decisions. This does not entail the view that all animals 
suffer equally or have equal moral value. … As you can imagine, animal rights groups have to regu-
larly make decisions about what animals are most worth our time and so we are constantly making 
decisions that value one animal more than another. An animal rights ethic can be worked out in 
different ways, but I think it virtually always ends up that individuals reserve the highest degree of 
moral concern for the human animal.”

As suggested by a student, another point to consider when thinking about the potential equality 
of animals is the fact of their biological hierarchy that is evident in their development, anatomy, 
and physiology. This suggests we would be going against nature to say they are all created equal 
because they are not created equally.

We Fear Things in Proportion to our Ignorance of Them
—livy

At this point, I believe it would be helpful, having had a discussion of animal welfare/animal agri-
culture, to address some broader issues that need to be considered in evaluating the role of animal 
agriculture going into a, hopefully, more sustainable future. I define sustainability as the ability to 
continue to produce human needs from the environment with the least impact on the environment so 
that future generations can have the same opportunities as we have. The first of these considerations 
will be to think about human population changes and the implications that this will have. This will 
then move into considerations of other human needs, like diet.
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16.8  a PoPulatIon PersPeCtIve

The population of the world is currently a little over 6 billion people, and it is anticipated to grow to 
9 billion people during the next 50 years. The good news according to some population demogra-
phers is that it may possibly peak at just above 9 billion people rather than continue to grow — but 
that will take an improvement in a number of factors that are beyond the scope of this chapter. 
Others, who are less optimistic, predict that the future population could go as high as 11 billion 
people by the end of the century.

Regardless of the final figures, this population growth means that we will need to increase the 
efficiency of agriculture. We will have more people requiring more food but we will have less land 
available for agriculture. So, for example, I believe that indoor agriculture (factory farming?) can 
make a substantial contribution to the total food supply by increasing the yield per acre and by using 
marginal land rather than prime agricultural, residential, or park land. Indoor animal agriculture 
is also able to go multi-tiered; i.e., even the most efficient solar-based greenhouse system must be 
one “layer” tall — plant agricultural facilities can be put on top of a building (an important future 
resource in the urban area) but only one story at a time without needing very expensive and energy 
intensive grow lights. Obviously, in the future we will need to think about how to better integrate the 
two major agricultural systems, i.e., plants and animals. More water will need to be shared between 
plants and animals, and the delivery to both will need to be optimized to minimize waste. Dual use 
of water is actually being done now to a certain extent with aquaponics — combining hydroponics 
(raising plants in water) with aquaculture (raising fish).

16.9  sustaInable agrICulture and old maCdonald’s Farm

In a sustainable world, what will the farms of the future look like? I am concerned that for many 
folks, particularly those in urban areas, the only form of agriculture they think about is the Old 
MacDonald’s farm as their model and ideal, although this is often a highly inefficient form of 
agriculture. The multipurpose family farm was designed to feed the family — it struggled to 
feed a lot of people. It was a hard life, such that many of the young people left the farm to seek 
fame and fortune elsewhere. Yet it appears that this inefficiency is being replicated in some of the 
current “alternative” agricultural systems. It may be romantic to “return to manual farm labor” 
— but for most of society’s history, the goal has been to minimize hard labor. In California, 
they have passed a law that prohibits the use of human labor for weeding because it is so hard 
on the human body and no longer considered necessary — but the law has a specific exemption 
for organic farmers! Farming is very hard and dangerous work, and the drive has been to make 
it easier and safer.

So I hope to suggest that a sustainable agricultural system will be one that uses land, people, 
and resources in the best possible way to create a good life for animals, farmers, farm workers, 
and consumers. However, it is difficult to picture a planet-wide sustainable system without animal 
agriculture that is consistent with the lifestyle of those of us in the U.S. who are mostly in the top 
5% of the world’s income scale. In this sense, I believe a “right-sized” and better-operated animal 
agricultural system will be an integral part of sustainable agriculture for many years to come.

One area where we are currently failing to optimize animal agriculture is with respect to the col-
lection and use of manure. We are therefore creating some serious environmental problems rather 
than reaping the benefits that are there: Manure can be used for many different purposes — every-
thing from fertilizer, including for organic crops, to energy production. But the systems for handling 
manure need to be developed, optimized, and used. Ironically, the larger concentrated animal feed-
ing operations (CAFOs) are generally taking the lead in using new systems as they can generate the 
economy of scale needed to beneficially use these newer systems. Thus, I believe that in the future, 
the large factory farms will be more sustainable than many of the other models. We are already get-
ting reports that the total energy input for organic foods often exceeds those of regular foods.
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Another benefit we gain as we move animals indoors, particularly ruminants, is that we have the 
opportunity to capture the methane they generate and use the methane as a fuel or starting material 
for the synthesis of some of the chemicals we now make by using petrochemical feedstocks — so 
today’s problems with animals as methane generators become future opportunities. In a totally 
closed barn, the gas venting system might incorporate systems to capture the methane and use it as a 
fuel. Given that methane is about 21 times more detrimental than carbon dioxide, burning methane 
is a very viable option; i.e., if one molecule of methane gives one molecule of carbon dioxide, the 
planet is 20 times better off and we have obtained some useful energy besides! In bakeries, we are 
already capturing and re-using the carbon dioxide released during the baking process. But if this is 
ever to be realistically applied remains to be determined.

16.10  rumInants as Part oF a sustaInable Planet

What is the unique role of ruminants (cows, sheep, and goats — i.e., animals that chew their cud)? 
Ruminants are currently the only practical way to transform grassland into a useful resource for 
feeding people — and it is a very short food chain — grass to ruminant to people. Frances Moore 
Lappe actually pointed this out more than 35 years ago in her book Diet for a Small Planet by not-
ing that cattle (ruminants) can convert inedible plants to protein and may also neutralize human 
toxins in these plants. And a lot of the Earth’s surface is grassland — which can grow on a very 
“shallow” topsoil and which, if managed correctly, can limit erosion. Ruminants can also digest 
many other interesting by-products of modern plant-based agriculture (and even those from animal 
agriculture if the disease issues can be address, although some would argue that it is not ideal to 
feed waste from a particular species to animals of the same species). These might otherwise not be 
used as effectively. Ruminants can also, for example, be used to clear away underbrush in forests 
and other wilderness areas, possibly more efficiently overall than humans tramping the ground with 
gasoline-powered equipment. The key in many situations is to control grazing. To the extent that 
the charge of overgrazing, particularly on public lands in the U. S., is valid, this practice needs to be 
reigned in. But plowing up grasslands for crops may not be the most sensible thing to do.

Interestingly, in recent years some managers of modern pasture management systems are finding 
that growing the “pasture” and then harvesting it (with power equipment?) is actually more efficient 
than having the animals themselves harvest it — one does not have the problem of overgrazing but 
in the process more petroleum-based fuels are used. A benefit, however, is that the animals could be 
kept indoors and thus more of their methane and manure captured. Further analysis of this change is 
needed to determine if it really makes sense as a long-term sustainable practice. On the other hand, 
could we do more to harvest grass (e.g., grass clippings and yard trimmings) in urban and suburban 
areas and make these available as ruminant feed?

Knowledge Is Proud That She Knows So Much. 
Wisdom Is Humble That She Knows So Little.

16.11  land use Issues

The discussion of ruminants and their social role is part of the bigger question of land use around 
the world, i.e., what is the optimum use of any parcel of land?

Turning grassland into cropland can be very environmentally damaging. Turning other land use 
areas into pasture (like rain forests) I believe is wrong. We will need to determine how to address 
this on a global basis rather than allow local exploitive practices to harm the biosphere. How to do 
this, while still respecting many competing rights such as land ownership and job/wealth creation, 
remains a challenge.

By the way, the following numbers might be of interest as we think about land use specifically 
in the U.S.: Of the 2.3 billion acres of land in the U.S., 52% is used for agriculture, according to the 
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USDA’s Economic Research Service. Two-thirds (~34% of the total land in the U.S.) of this agri-
culture land is used for grazing. Of the remaining U.S. agricultural land, 29% (~14% of the total) 
is forests, 26% (~12% of the total) is grassland pasture and rangeland, and 20% (~10% of the total) 
is crops. So we certainly have a lot of land that is appropriate for animal agriculture and less so for 
food crops and it might be properly used in that capacity.

I also want to look at the broader issue of the appropriateness of different feeds for animals, 
whether they are ruminants or not.

16.12  Feed and sustaInabIlIty

Some of the “foods” fed to agricultural and companion animals are obtained from the by-products 
of modern food production. These by-products are not necessarily “grain” that could be fed to 
people in lieu of feeding it to animals. They are by-products of our plant-based agriculture — like 
wheat hulls, peanut shells, and brewers’ by-products and more recently distiller solids, a by-product 
of corn ethanol production. Like grass, the most valuable way to use these already created biological 
molecules is probably to feed them to animals, although more valuable uses may be discovered in 
the future. And looking at feeds obtained as by-products raises an interesting question: Should we 
be feeding these to pigs instead of dogs, to cattle instead of cats? If one looks at all the pet food in 
the modern supermarket, is that really the most efficient use of the resources they represent?

Some grain land that is used to produce food for animals might be better used for human food. 
What might some of the consequence of such a change be? Should we be going to more grass-fed 
beef, i.e., animals that are only raised on pasture crops? I would suggest possibly a partial yes 
answer. But grass-fed beef is not quite as tender or quite as “red” as grain-fed beef. Part of the expla-
nation is that it (grass-fed beef) is leaner (healthier for us to consume?) but not as tender. So, are we 
ready to make that compromise to improve the world and our health — instead of giving up beef? 
On the other hand, the by-products we mentioned might still permit some animals to be “finished” 
— but possibly for a much shorter time on the feedlot or maybe all those by-products might be best 
fed to animals like pigs and poultry that cannot exist on a grass-only diet.

Another way to look at feeding animals agricultural by-products is that by using these by-prod-
ucts for feed, we get a better use of cropland, i.e., we get more benefit per acre by feeding to animals 
the part that humans do not use. In other countries and even sometimes in the U.S., after the “cash” 
crop is harvested, food animals are allowed to “clear” the fields. This seems quite sensible. I think 
we need to work harder to develop the beneficial synergies between plant and animal agriculture.

It has been pointed out that my “Old MacDonald” farm discussion might suggest that I think 
farms should be specialized and single-crop. Specialized — yes; single crop – no. Often, the most 
efficient process would be one that has the right mix of crops, probably animal and plants together, 
as many farmers still do — but still limited to a small enough number of “crops/animals” that the 
farmer can be an expert on the crops he chooses to produce and can have the expertise to do a really 
good job.

I have been involved in both research and practical work on the composting of food waste. This 
process is certainly more beneficial than landfilling as a waste-management alternative for organic/
biological wastes. But again, is this the best long-term (i.e., sustainable) approach? What about 
feeding these organic wastes to pigs and poultry? These animals are capable of eating many of the 
organic wastes from human food production. That has been their traditional role in many different 
societies. Have you ever seen chickens go after potato peels — raw or cooked? They love them. That 
was one of my favorite tasks on my aunt and uncle’s chicken farm — it certainly made their day, a 
very anthropomorphic response.

And in modern times, the necessary heat treatment systems are available for use with organic 
waste to prevent pathogen problems. (Can we use a source of waste heat nearby to minimize the 
cost, i.e., co-generation heat?) Feeding food waste to animals was the traditional way of handling 
organic waste, so why not return to this practice? This might be a case where nostalgia for the past 
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coupled with modern knowledge can lead to a much better approach to handling these materials, 
specifically retaining and optimizing the use of complex organic molecules.

16.13  vegetarIans and vegans

Although I have argued that ruminants (and other animals) have important roles to play, some 
people feel strongly that we should not be using animals (vegetarians who usually do consume milk, 
eggs, and honey) or even animal products (vegans who eat no animal products) at all. Some extend 
this into concern for the use of leather, fur, and even animal-derived medicines.

Some folks object to the killing (slaughter) of animals for food and/or other purposes. That is a 
personal judgment reflecting an individual’s philosophy expressed through their food choices.

Interestingly, some recent research has appeared that suggests that developing croplands, with 
modern agricultural methods (i.e., heavy machinery) may actually lead to the killing of more animals 
than grassland or land used for animal agriculture. Running plows, disks, harrows, etc. through a 
field kills a lot of small animals and, sometimes, even birds. The point is that crop production comes 
with its own price in terms of killing animals — and it is often not as “nice” a death as slaughter.

In fairness, it should be noted that there seems to be a debate about whether these deaths should 
be measured as number of animals killed/acre (crops are higher) or whether we should consider 
the issue as the number of animals killed to provide food for one person (food animals are higher 
because so many broilers are slaughtered). Although this is a valid discussion point, it does not 
change the fundamental fact that all food for humans is likely to harm some other creatures, either 
directly or through loss of habitat.

The issue of whether, in fact, a vegan diet would be better for the planet is one that I will return to 
shortly. But first it may be useful to look at some overall issues of the human diet. As a food scientist, 
it would be great to do this in much more detail, but I am going to try to keep it to an overview that 
is relevant to this chapter.

16.14  Human dIet Issues

Animal food products, eaten in moderation, provide many essential nutrients, some of which are 
more difficult to obtain from a vegan diet with absolutely no animal products (e.g., easily absorbable 
iron, vitamin B12). Moderation in consumption of food in general, and of animal foods specifically, 
should be an educational and societal goal. Many medical conditions have been documented as due 
to excess consumption of animal products. However, that does not necessarily extrapolate to lesser, 
modest amounts. Furthermore, total abstinence from animal products requires a great deal of atten-
tion to one’s diet, a commitment that many people are not willing to make at this time.

For example, in the U.S. it is clear that we have an obesity epidemic, which is due to the fact that 
we eat too much food and do not get enough exercise, and this is probably exacerbated by the fact 
that in this country many of us probably eat more meat than we need to. The question is whether it 
is appropriate (ethical?) for us to insist that people in the developing world should not have access to 
animal agricultural products, even when their standard of living increases? Hopefully, a sustainable 
agricultural system will provide modest amounts of animal protein foods for everyone.

Having admitted that an excess of meat products may be unhealthy, it should also be noted that 
overeating sugar is unhealthy as well. Too many French fries in no-trans fatty acid soybean oil are also 
unhealthy. So we need to learn a lot more about human nutrition to create a healthy population, which 
should then play a much greater role in determining the mix of agricultural products that ought to be 
grown worldwide. But it is also important to recognize that we eat for more reasons than just health, so 
a range of options and daily choices, rather than a single perfect diet, will always be required.

It is unfortunate that too many individual examples of “bad practices” in animal agriculture do 
exist; these require correction in a timely fashion. But even many unacceptable practices in animal 
agriculture do not, per se, negate the value of animal agriculture. These concerns alone do not prove 
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that a vegan diet is better for people or the planet. That remains to be shown in much more detail 
before I believe such dramatic changes can be recommended. Plant agriculture will also need to 
deal with its own shortcomings. So in the meantime, we as a society continue to have an ethical 
responsibility to use animals in a wise and caring way.

16.15  anImal WelFare audItIng system

In moving toward the end of this chapter, I would like to sum up and give another example or two 
specifically focused on animal welfare.

Those of us in animal agriculture must be able to justify all of our animal welfare/animal care 
practices on a sound scientific basis and, where necessary, do the research to develop better meth-
ods. One recent example, where a focused effort to improve animal welfare has led to the research 
necessary to justify a major change in practice, has been with the practice of molting of chickens at 
the end of their first laying period (about 1 year). After a year of laying eggs, egg production drops. 
If the chicken is given a rest before starting another egg-laying cycle, egg production will increase. 
During molting, the birds lose all their feathers and grow new ones. (Molting occurs naturally in 
all birds at various times in their life cycles.) Molting has generally been done in commercial egg-
laying facilities using a practice of feed and water withdrawal for as long as 14 days. This length of 
starvation, especially water withdrawal, is simply unacceptable. Therefore, there has been pressure 
to ban the practice. But if this is the solution, each chicken gets slaughtered at a younger age and 
more chickens are needed to produce the egg supply. For example, in 3 years if a flock is slaughtered 
every year, three birds are slaughtered. If the life of each bird is extended to even 1.5 years, then 
over 3 years, only two birds are slaughtered. So there is a trade-off between the short-term stresses 
of molting versus the number of birds slaughtered. And this does not count the resources required 
in the first 20 weeks to raise each bird before she reaches sexual maturity. So again, the investment 
in resources is decreased by molting birds.

The industry and the research community, when seriously challenged by the supermarkets and 
chain restaurants (working through their trade associations [FMI, the Food Marketing Institute and 
the NCCR, National Council of Chain Restaurants], which have begun to develop an animal welfare 
purchasing specification program) developed a high-fiber diet that permits chickens to have some 
feed and unlimited water throughout the molting period. Thus, fewer egg-laying chickens need to be 
slaughtered each year and fewer replacement chickens need to be grown. The new solution, I believe, 
is a better long-term solution and is an example of pragmatically addressing the problem head-on.

The FMI/NCCR program, introduced in the previous paragraph, is also indicative of how the 
food industry, both representing the production side and the marketing side, can make a real impact 
for the benefit of all consumers. The retail world, acting nominally on behalf of the consumer, is 
asking animal agriculture to update and upgrade animal welfare standards to address many of 
the problems of modern animal agricultural practices from an animal welfare point of view that 
have been identified by various parties. MacDonalds started the process of meeting animal welfare 
standards as a purchasing requirement, and Burger King and Wendy’s have followed with strong 
standards, focused on the aspects of the production processes that are controlled by their immedi-
ate, direct suppliers.

How much did pressure from animal activists groups drive this agenda? Probably some, but we 
are also seeing that the animal agriculture and food industries are stepping up and trying to do bet-
ter in meeting the legitimate scientific issues related to animal welfare.

The FMI/NCCR program is currently establishing certification standards for individual produc-
tion units through the use of independent third-party audit systems (professionally trained auditors) 
that can be used by supermarkets and chain restaurants as part of their purchasing specifications. 
That is, unless an audit is passed according to the buyer’s requirements, the buyer (i.e., the super-
market or chain restaurant) will not buy the product. These standards are slowly being rolled out 
after a lot of work by both the buyers and the animal agricultural trade associations. Hopefully, 
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these new standards will contribute to better animal welfare and, with the support of consumers, 
animal agriculture can begin to improve on many of the practices that have been criticized, thus 
leading to significant progress in defining an animal welfare friendly, high production system, while 
simultaneously moving to a more sustainable animal agriculture. Support for these programs from 
consumers will be critical in moving the process forward.

16.16  summary

In many countries, various constituent (consumer) groups are making their requests for changes in 
animal agriculture based on their values, impressions, and ethical concerns. We must be prepared 
to correct the practices for which there are legitimate complaints and to provide good, clearly pre-
sented scientific information to explain to these stakeholders why some of their requests may not 
be the best choices. In other cases, the market has and will probably need to offer consumers the 
ability to select products that represent different production/processing systems, clearly and hon-
estly labeled. People, especially those who can afford it and feel strongly about one or more specific 
production practices, even if these practices do not meet a reasoned, rationale argument standard, 
need to be served. (The customer is always right!) This complex consumer marketing environment 
is the challenge that animal agriculture will continue to need to address.

Hopefully, this chapter has provided some new information to think about regarding these com-
plex issues.
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Figure 1.5 Myosin structure in vertebrate striated muscle. The myosin molecule (A) includes two heavy 
chains (rendered in light and dark green) and two light chains (magenta and cyan), and can be divided into 
three subfragments as shown. The crystal structure of S1 (B) shows locations of light chains and binding sites 
for actin and nucleotides. Images were rendered with MacPyMol using pdb file 2MYS for S1 and 2FXO for 
S2.



A

D

B

E

G

F

C

Figure 1.6 Actin monomer and polymer structure. The crystal structure of G-actin is shown in α-carbon 
cartoon view (A) and surface rendered views (B and C). The subdomains are noted, as well as the inner and 
outer domains. Tilting of the structure 90° into the page shows the bottom (subdomains 1 and 3) and that the 
molecule is mostly flat (C). The crystal structure of an F-actin filament containing four monomers is shown (D 
through F). Each subunit is colored differently and the subdomains and domains are noted. The C-terminal 
three residues for all monomers is colored in black for reference. View (D) shows the filament from the front, 
(E) from the side, and (F) from the barbed (+) end of the filament. A smaller view of a longer filament is shown 
in (G) with the α-actinin binding sites colored magenta. The barbed (+) end is to the left and pointed (-) end is 
to the right. Note the spiral of the binding sites resulting from the helical nature of the filament. Images were 
adapted from Pirani et al. (2006) supplemental files.
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Figure 1.7 Binding sites on the actin filament. The F-actin model from Figure 1.6 was modified by color-
ing the amino acid residues (dark blue) thought to be involved in the binding of tropomyosin in the blocked 
state, S1 in rigor, and α-actinin. Note that similar residues are involved for all three proteins. The residues 
involved are from McGough (1998) and images were rendered as in Figure 1.5.
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Figure 1.8 Tropomyosin structure. A low-resolution structure of tropomyosin in α-carbon cartoon view 
is shown in (A), and a higher-resolution structure of part of the molecule (B). The high-resolution structure is 
also shown in surface view in (C). One monomer is colored cyan and the other green. Note the coiling of the 
monomers to form the coiled-coil dimer.
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Figure 1.9 Structure of the troponin core domain. Most of TnC (green) and part of TnI (cyan) and TnT 
(magenta) are shown as α-carbon cartoon structures (A and C) or surface views (B, D, E, and F) The core 
domain without regulatory calcium bound is shown (A and B) and with regulatory calcium bound (C through 
F). Views (E) and (F) are viewed rotated 90° either out of (E) or into (F) the page. Note in (A) and (C) the 
greater amount of structure detected in the calcium-bound state as a result of calcium-dependent regulatory 
interactions between TnC and TnI.
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Figure 1.10 Structure of CapZ. The α-subunit is colored green and β-subunit cyan in carbon cartoon (A) 
and surface (B) views. Note the similarity in general structure between the subunits and the C-terminal exten-
sion in the β-subunit that is thought to be involved in binding to the barbed (+) end of actin filaments.
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Figure 1.11 Model structure and the domain organization of α-actinin dimer. One monomer is colored green 
while the other is colored cyan in the α-carbon cartoon (A) and surface (B) views. The complete domain structure 
of one of the monomers is shown (C) with the actin-binding domain in red, spectrin repeats in shades of green, 
and the calmodulin-like domain in blue. The actin-binding domain of the other monomer is shown in dark salmon 
to demonstrate its location opposite the calmodulin domain.
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Figure 1.15 Thin filament structure. Cartoons of the thin filament (A and B) and transmission electron 
micrographs (C and D) of thin filaments in the non-overlap region from plaice fin muscle after freeze fracture 
show the protein organization along the filament. Cartoons of the ends (Z-line and tip in the overlap region) of 
the thin filaments (A) show the capping of the filament. For the plus or Z-line end (leftmost), actin is colored 
blue and CapZ is colored red. For the minus or tropomodulin end, actin is blue, Tm is red, Tn is green, and 
tropomodulin is cyan. Arrows in D denote the troponin bulges. The rotation of each successive troponin pair 
around the filament axis has been omitted to simplify the rendering.
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Figure 1.16 Structure of the Z-line/Z-disc and M-band. A cartoon of the Z-line (A) was made using 
F-actin structures from Figure 1.8 and the α-actinin structure in Figure 1.13. F-actin is in blue, CapZ in red, 
and α-actinin in cyan and green. This zigzag appearance is evident in electron micrographs from negatively 
stained sections of frog semitendinosus muscle (B and C). The M-band as envisioned in cartoon form (D) 
was made using Fn and Ig domain models for myomesin and the thick filament cartoons in Figure 1.14. The 
general organization was interpreted from Lange et al. (2002). Myosin is colored green, titin blue, Ig domains 
magenta, Fn domains orange, and myosin binding domain black. Myomesin bridges are shown more widely 
spaced than expected for clarity. The M-lines (M4′, M1, and M4) are noted. Bar in (C) = 100 nm.
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Figure 1.17 Structure of the A-band. A cartoon of the A-band is shown (A) with thick filaments in green 
(from Figure 1.14C), M-line forming the M-band in cyan, MyBP-C in dark blue, and titin in red. A transmis-
sion electron micrograph of a negatively stained mechanically isolated A-band from goldfish bodywall shows 
the A-band structures noted in the cartoon (B). Bar = 100 nm.
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Figure 1.22 Tropomyosin position on actin filaments associated with thin filament regulation. Longitudinal 
(A) and cross-sectional (B) views of F-actin with bound tropomyosin are shown with actin in blue and tropo-
myosin in red, yellow, or green for the B-, C-, and M-states, respectively. Note that tropomyosin is mostly on 
the inner domain of actin for the B-state and on the outer domain for the M-state. (The cartoons were made as 
in Figure 1.5 using the supplemental files in Pirani et al., 2006.)
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Figure 5.1 Combined ATPase and SDH stain used to differentiate β R (brown), α R (blue), and α W (light) 
fibers in the longissimus lumborum muscle (80X magnification) of five different species.
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Figure 13.18 Fatty acid composition of choice and select beef.

Figure 15.5 Microarray. This image represents a two-color bovine oligo microarray. RNA samples were 
obtained from skeletal muscle from two different steers. One sample was labeled with Cy3 and the second 
was labeled with Cy5 and co-hybridized to the array. Genes that were expressed at a greater level in the first 
animal are pseudo-colored green, and those expressed higher in the second animal are red. Genes expressed 
at equivalent levels are yellow. (Source: Image provided by R. N. Vaughn and P.K. Riggs.)
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