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Preface 
 
 
Among many research topics, this book considers phytoestrogens, natural compounds 

found in plants that possess estrogen-like activity. Despite the growing evidence of the health 
benefits of phytoestrogens, further investigation is needed to better understand their 
mechanism of actions, the biological outcomes and possible adverse effects. This book 
chapter summarizes the most recent developments of lanthanide nanorods in the field of 
biomedical nanotechnology. The cellular uptake of nanoparticles as a function of several 
parameters, such as polymeric material and surfactant type are considered. Camptothecins 
(CPTs) are regarded as one of the most promising anticancer drugs of the twenty-first 
century. A further chapter describes SAR, QSAR, and the clinical chemistry of CPT 
derivatives to understand their chemical–biological interactions and side effects. This book 
addresses the biological and pharmacological significances of identification and analysis of 
effective components of natural medicines and describes methods and procedures for 
identification and analysis. Potential future prospects in the field are provided. The 
porphyrazines are an emerging class of compounds exhibiting tremendous potential for use as 
anti-tumor therapeutic agents and in imaging applications. This book reviews the initial 
structure-function studies that have been carried out to date on this little-studied class of 
compounds. A further study hypothesizes that the differences in the biology of breast cancers 
observed in women of different races are partially related to differences in the secretory 
activity of adipocytes in the breast tissue. The possible role of adipokines in breast 
malignancies of women of various races is reviewed. 

Chapter I - Phytoestrogens are natural compounds found in plants that possess estrogen-
like activity. The major classes of phytoestrogens are isoflavones, lignans and coumestans. 
Isoflavones are structurally similar to mammalian estrogen and are found in large amounts in 
soybean and soy products. Lignans are found in flaxseed, whole grain cereals, teas and some 
vegetables, and coumestans are mainly present in clover and alfalfa sprouts. The major 
isoflavones are genistein, daidzein and glycitein. These compounds are hydrolysis products 
of glycosides in plants, termed genistin, daidzin and glycitin, which, after oral ingestion, are 
metabolized by intestinal flora. In lignans, the plant precursors are matairesinol and 
secoisolariciresinol, which are also metabolized by the intestinal microflora to enterolactone 
and enterodiol, respectively. Phytoestrogens have been largely used throughout the world and 
during various time periods, and it has been observed that the incidence of hormone-
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dependent disease is reduced in countries, especially Asian countries, with a high dietary 
content of phytoestrogens. Animal models and clinical investigations have shown that 
phytoestrogens are protective in the prevention of hormone-dependent cancers—primarily 
breast and prostate cancers, cardiovascular disease and osteoporosis, and to alleviate the 
symptoms of menopause. The estrogenic effects of the phytoestrogens are mediated through 
the estrogen receptors ERα and ERβ, which function as ligand-inducible transcription factors 
for genes involved in cell growth, proliferation, and differentiation. Many mechanisms of 
action have been identified for phytoestrogen prevention of diseases, including 
estrogenic/antiestrogenic activity, antiproliferation, induction of cell cycle arrest and 
apoptosis, antioxidation activity, induction of detoxification enzymes, regulation of the host 
immune system, and changes in cell signaling. Despite the growing evidence of the health 
benefits of phytoestrogens, it is important to investigate further their mechanism of actions 
for a better understanding of the biological outcomes and possible adverse effects. 

Chapter II - Camptothecins (CPTs) are regarded as one of the most promising anticancer 
drugs of the twenty-first century. The structure–activity relationships (SAR) provide insight 
into the mechanism of topo I inhibition and helped in the synthesis of various CPT analogues 
by modifying the different rings of the original CPT molecule, giving each analogue a unique 
property. These modifications have resulted in various improvements in the parent molecule, 
including changes in bioavailability, stabilization of the lactone ring, and/or a decrease in the 
substrate recognition by drug-resistant proteins as well as improvements in the toxicity 
profile in preclinical studies. The quantitative structure–activity relationships (QSAR) have 
suggested that the hydrophobic and steric descriptors of CPT analogues are the two most 
important determinants for their activity. Currently, two anticancer CPT derivatives, 
topotecan and irinotecan are in clinical use. These analogues have shown tremendous 
promise as solid tumor drugs and become a part of the multi-million dollar industry, but 
suffer from low tumor response rates and dose-limiting toxicity. At present, the extensive 
clinical trials are continuing to describe the better picture of clinical chemistry of topotecan, 
irinotecan, and some other new CPT derivatives (which are in various stages of clinical trials) 
to determine their optimal dose, route of administration, schedules, and the possibility in the 
combination with other chemotherapeutic agents. In this chapter, we describe SAR, QSAR, 
and the clinical chemistry of CPT derivatives to understand their chemical–biological 
interactions and side effects, which may provide strategies that might aid in the development 
of outstanding antitumor agents belonging to this family. 

Chapter III - Lanthanides [especially Europium (Eu) and Terbium (Tb)] are not 
biometals, however lanthanide nanomaterials play an appreciable role in biology and 
medicine. Nanoparticles are at the leading edge of the rapidly developing field of 
nanomedicine and nanobiotechnology. Their unique size-dependent properties make these 
nanomaterials superior and indispensable in many biological and medicinal areas of human 
activity. Nanomedicine/nanobiotechnology is the medical/biological application of 
nanotechnology that will hopefully lead to useful research tools, advanced drug delivery 
systems, and new ways to detect and treat disease or repair damaged tissues and cells. In this 
particular chapter, we have discussed the most recent developments of lanthanide (especially 
europium & terbium) nanorods/nanoparticles in the field of fluorescent labeling and 
angiogenesis (the budding of capillaries that leads to the formation of new microvessels from 
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pre-existing vascular structures) in biology and medicine. Firstly, we have discussed the 
synthesis, characterization and application of these non-toxic inorganic lanthanide (europium 
and terbium) nanorods as a fluorescent label (a novel alternative to conventional organic 
dyes) in biomedical research due to their unique optical and electronic properties. It is 
important to point out that fluorescence labeling of molecules is a standard technique in 
biomedical application. Therefore, these lanthanide nanorods offer useful and alternative 
inorganic fluorescent probes for targeting various molecules in living cells. Secondly, we 
have demonstrated the pro-angiogenic properties of europium(III) hydroxide nanorods which 
could be used to develop new treatment strategies for cardiovascular ischemic and peripheral 
vascular diseases where the most important objective of angiogenesis is to induce or 
stimulate vessel growth in patients with conditions characterized by insufficient blood flow. 
In addition to that we have also discussed the diagnostic and therapeutic applications of 
lanthanide compounds. This book chapter tries to summarize the most recent developments 
of lanthanide (especially europium and terbium) nanorods in the field of biomedical 
nanotechnology, and discusses the current standing with respect to nanotechnology.  

Chapter IV - Natural medicines play their biological and pharmacological roles after 
orally administered, based upon their effective substances including both the original 
components in the natural medicines absorbed and their metabolites. These effective 
substances can only be identified when chemical structures of these components and their 
metabolites are revealed, and corresponding pharmacological experiments have been carried 
out. Identification and analysis of the effective components following oral administration of 
natural medicines in animal biofluids are of great importance both to understand how these 
natural medicines exert their biological effects, and to improve methods for quality control in 
production of natural medicines. However, advances in the field have seldom been reviewed. 
Based on research experience of our group for dozens of years and corresponding literature, 
we will review on the identification and analysis of effective components following orally 
administration of natural medicines in animal biolfuids, mainly in blood and urine. First, we 
will address the biological and pharmacological significances of identification and analysis of 
effective components of natural medicines. Then, we will describe, in detail, the commonly 
used methods and procedures for identification and analysis of effective components of 
natural medicines. These methods and procedures include how to prepare natural medicines 
for oral administration, how to choose appropriate animals, how to administer natural 
medicines, how to collect blood and urine samples of animals, how to prepare samples for 
identification, and how to identify and analyse chemical structures of effective components. 
Finally, we wish to provide the potential future prospects in the field.  

Chapter V - Current methods of prenatal diagnosis for chromosomal and single gene 
disorders involve invasive procedures such as amniocentesis, chorion villus sampling or fetal 
blood sampling to obtain fetal genetic material for cytogenetic and/or molecular analysis. 
These procedures involve a 1-4% risk of miscarriage that is unacceptable to some couples. 
Invasive prenatal diagnosis can cause a psychological burden on pregnant women. The 
anxiety about the invasive nature of the procedure and the attendant risk of fetal loss of a 
wanted pregnancy can cause emotional stress (Beeson and Golbus, 1979; Weinman and 
Johnston, 1988; Kowalcek, 2007). Missed diagnosis of handicapping congenital diseases 
occurs in at-risk women who reject invasive prenatal diagnosis due to the risk of fetal loss or 
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morbidity (Chitty, 1998). Noninvasive and accurate prenatal diagnosis that does not carry any 
risk of procedural-related fetal loss is therefore desirable to at-risk pregnant women. The 
presence of cell-free fetal DNA/RNA circulating in the maternal blood offers an alternative 
source of fetal genetic material for prenatal diagnosis. Fetal DNA is readily detected in 
maternal plasma and serum (Bianchi and Lo 2001; Lo and Poon 2003; Birch et al., 2005; 
Galbiati et al., 2005). The estimated 3-6% fetal DNA in maternal plasma (Lo et al., 1997) can 
be detected in as early as 5 gestational weeks (Rijnders et al., 2003). In theory, fetal DNA 
sequences that differ from maternal DNA sequences can be identified in maternal plasma, 
thus allowing noninvasive prenatal testing of paternally-inherited genetic diseases. However, 
enrichment and detection of fetal sequences is hindered by the high amounts of background 
maternal sequences. The detection of fetal DNA sequences is therefore, dependent on the 
sensitivity of the assay and the amount of fetal sequences. Using innovative strategies and 
state-of-the-art technologies, researchers had overcome many technical challenges by the 
development of many potential noninvasive tests with significant clinical applications.  

Chapter VI - In recent years, polymeric nanoparticles have emerged as a powerful tool in 
bio-related fields. Their application in the diagnostics and drug delivery systems is a rapidly 
advancing research area. A detailed understanding of particle-cell interaction is essential and 
of immense interest in order to create a specific carrier for each particular application need. 
Changes in the structural and functional properties of the particle, namely chemical 
composition, surface charge and morphology, can significantly affect particle-cell interaction. 
In this chapter, we consider the cellular uptake of nanoparticles as a function of several 
parameters, such as polymeric material (polystyrene- or polyester-based), surfactant type 
(nonionic versus ionic), surface charge sign (cationic versus anionic), surface groups’ 
density, and type of cell line. Furthermore, the influence of surface charge sign on the uptake 
mechanism of polystyrene particles was studied on the example of HeLa cells. The particle 
uptake efficiency was evaluated as a function of different factors (e.g. temperature, presence 
of drugs, etc.) known to inhibit the endocytosis. 

Chapter VII - Cells of the monocyte/macrophage and lymphoid lineages express 
receptors for 1, 25-dihydroxy-vitamin D3 (calcitriol). While this vitamin has been shown to 
promote differentiation of monocyte precursors to monocytes/macrophages and formation of 
antimicrobial peptides by this cell population, it has been shown to inhibit effector function 
of both T-and B lymphocytes. This is related to a reduction of accumulation of mRNA for IL-
1 alpha, tumor necrosis factor alpha, IL-2 and IFN gamma, interference with T helper cell 
function reducing induction of immunoglobulin production by B cells and promotion of T-
suppressor cells. In HIV infection in vitro studies suggest promotion of HIV replication by 
calcitriol, while genetic linkage studies suggest an association of dysfunctional vitamin D 
receptor genotypes and progression of HIV related immunodeficiency. Immunological effects 
cannot explain the higher risk of active tuberculosis in patients with low serum vitamin D 
levels evident from a meta-analysis of observational studies and the higher risk may be 
related to the reduction in production of antimycobacterial peptides. Future studies need to 
explore the potential of vitamin D supplementation in treatment and prevention of 
mycobacterium tuberculosis infection and its impact on the course of HIV infection and on 
the immunological and related functional long-term impact of viral lower respiratory tract 
infections. 
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Chapter VIII - Animal models are required for studying the pathobiology of diseases as 
well as for the development and evaluation of therapeutic strategies. Specific mouse models 
for known genetic diseases are generated by reverse genetics strategies using genetic 
engineering techniques which result in defined alterations of the mouse genome. 
Standardized clinical chemical analysis contributes to the determination of the exact 
phenotype of the animal models. However, the resulting phenotypes of the mutant mice 
cannot be predicted and do not always mirror the respective human disease. A 
complementary strategy is to generate new alleles by random mutagenesis and to screen for 
clinically relevant phenotypes. The underlying mutations are then identified by forward 
genetics strategies and lead to the identification of genes/alleles which may have counterparts 
relevant for human diseases. Novel disease models were derived from phenotype-driven 
large-scale ethylnitrosourea (ENU) mouse mutagenesis projects which started a decade ago 
by using clinical chemical parameters in high-throughput screens. Offspring of chemically 
mutagenized mice were analyzed in order to detect phenotypic variants with defects of 
various organ systems or changes in metabolic pathways. Breeding of the affected mice and 
screening of the offspring confirmed the transmission of the altered phenotype to subsequent 
generations, thereby revealing a mutation as cause for the aberrant phenotype. The 
subsequent in-depth genotypic and phenotypic analysis of mutant lines showing alterations in 
clinical chemical parameters produced novel models for the biomedical research. 

Chapter IX - Congenital diseases refer to the pathologic changes that ascribe to the 
solitude or cooperative factors of heredity, poison or drugs, infection and environment, before 
or at birth. The onset of congenital diseases can either be found immediately after birth, or in 
the growth process of children, or even after adult. There are several kinds of pathologic 
changes of congenital diseases: malformation, chromosomal abnormality and genic 
abnormality, etc. Gene therapy is a new technology developed in last two decades, and 
traditional gene therapy is to introduce exogenous DNA or RNA segments into target cells or 
tissues, or to retrieve and repair gene defects. In recent years, this technology, besides above-
mentioned, has expanded to skipping or silencing virulence genes, enhancement of 
antivirulence genes, and regulation of cell functions by using cytokine genes, etc. Although 
still in a primitive stage, now gene therapy is widely used in the management of congenital 
diseases. In this article, we reviewed some representative preclinical and clinical gene 
therapies, in the aspects of gene targets, vectors, routes and opportunity of administration, as 
well as side-effects, to analyze the key points and research highlights in gene therapy of 
congenital diseases and prospect for possible approaches and potential applications in future. 

Chapter X - The tetraazaporphyrins, or porphyrazines (pzs), are an emerging class of 
compounds exhibiting tremendous potential for use as anti-tumor therapeutic agents and in 
imaging applications. Pzs are related to the porphyrins, a class of compounds widely known 
for the clinically used photodynamic therapy agent Photofrin. Thus, like the porphyrins, it is 
anticipated that the pzs will be useful as anti-tumor agents. However, while similar in 
structure to the porphyrins, pzs are prepared via a different synthetic route—the 
macrocyclization of dinitrile derivatives—that results in greater synthetic flexibility, and they 
have improved optical properties compared to the porphyrins. The improved chemical and 
physical features of the pzs gives rise to differences in their biological behavior when 
compared to those of the porphyrins. Therefore, the initial work in this field has focused on 
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elucidating the structure-function relationships of the pzs. As these relationships become 
more clearly defined, future work will involve tailoring the structure of the pzs and/or the 
delivery mechanisms to more selectively target tumor cells. Herein we review the initial 
structure-function studies that have been carried out to date on this little-studied class of 
compounds and discuss possible methods for maximizing their promising biomedical 
potential. 

Expert Commentary - Mass spectrometry (MS) can be viewed as the universal “balance” 
of the natural sciences. By measuring atomic and molecular weights it has become an 
essential tool for composition and structural analysis. In fact, the discovery of soft ionization 
techniques some 20 years ago has introduced MS to the biosciences and ultimately to clinic-
associated facilities. Electrospray (ESI) and MALDI (matrix-assisted laser desorption) 
ionization leave biomolecules intact and allow their measurement up to very high masses. As 
the 2002 Nobel Price Winner John Fenn of Virginia Commonwealth University put it – 
elephants learned to fly. Nevertheless, MS had its place in the clinical laboratory before those 
discoveries with the long established coupling of gas chromatography (GC)-MS for the 
detection of small organic acids and metabolites. Especially for the “General-Unknown-
Screening” in cases of intoxication the method has proven very useful. It is limited, however, 
to volatile compounds or such samples which can be derivatized to achieve that effect. The 
mass range of the instruments ends mostly well below 1000 Da. Therefore, liquid 
chromatography (LC)-MS couplings soon moved in to complement GC-MS for water-soluble 
and higher-molecular-weight compounds. Those two coupling techniques remain the only 
MS-based methods with some impact in the clinical laboratory so far. The new possibilities 
of investigating whole proteins or other macromolecules using MS technology have not yet 
found their way into clinical diagnostics. Attempts were made trying to apply SELDI 
(surface-enhanced laser desorption ionization) to comparative biomarker profiling of body 
liquids such as serum. To that end, biochips were covered with various chromatographic 
surfaces with the goal to simplify as well as standardize sample preparation. While some 
interesting reports can be found in the literature, reproducibility seems to be a major problem 
which has so far effectively prevented SELDI from becoming a diagnostic tool. Reasons may 
be the biochips themselves whose production is an art. In addition, the biological variation 
introduced by the study subjects is difficult to control. A blood sample, e.g., will vary 
depending on the time of day it is taken, the gender and age of the person, monthly or age-
dependent hormone changes, or food and drink which was consumed on a regular basis or 
shortly before sampling. Therefore, only drastic reproducible biological effects can be 
monitored in diagnostics and even then, some diagnostic markers are not very reliable as, 
e.g., PSA for prostate cancer. A third reason for the difficulties SELDI was experiencing was 
ion suppression during ionization. The effect molecules have on each other hunting for 
protons in the ion cloud depends on the respective make-up of the analyte and surrounding 
solvent system and is difficult to control. In case of large concentration differences – one 
major component in a bulk of minor components - this is hardly an issue for the main analyte. 
Minor components, however, may be effectively suppressed and become invisible in the 
spectrum. 

Short Communication A - The Mass Spectra (MS) of blood human proteome can be of 
great help in detecting diseases. In Prostate Cancer (PCa), prognostic (predictive) factors are 
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particularly important given the marked heterogeneity of this disease at clinical, morphologic 
and biomolecular levels. Blood contains a treasure of previously unstudied biomarkers that 
could reflect the ongoing physiological state of all tissue. The serum Prostate-Specific 
Antigen (PSA) measurement is a very good biomarker for PCa, but the Sensitivity is 
somewhat low (above 62%). In this paper we propose a general strategy, based on 
Computational Chemistry techniques, which should improve the predictive power of PSA. 
Our group adapted the Shining Star graph to represent human serum-plasma-proteome MS 
for healthy and PCa patients. In this work we calculated different Spectral Moments of the 
Markov Matrix associated to the Star graph for a sample of patients. These indices are similar 
to other graph parameters such as Topological Indices (TIs) or Connectivity Indices (CIs). 
We used these indices to create Quantitative Proteome-Disease Relationships QPDRs models 
in analogy to QSAR models of small drugs. The best QPDRs found model showed a 
sensitivity value of 89.9%. This methodology might be useful in several Bioinformatics 
applications based on Translational Medicine. 

Short Communication B - Breast cancer is one of the most frequent malignancies in 
women and ranks second only to lung carcinoma among cancer deaths in adult female 
patients. Breast cancer is a heterogenous disease that encompasses a number of pathological 
entities with distinct clinical behavior. Racial differences in the biology and treatment of 
breast cancer are also well documented. A positive correlation between obesity and breast 
cancer has been established. Indeed, deregulated adipokine production from fat cells 
represents an important molecular basis underlying obesity-related carcinogenesis. Thus, the 
growth and progression of breast tumor cells is dependent both on their intrinsic malignant 
potential and the microenvironment they interact with. 

The circulating concentrations of adiponectin, an insulin-sensitizing adipokine, correlate 
inversely with breast cancer development since adiponectin could potently inhibit the 
proliferation of both estrogen receptor-positive and estrogen receptor-negative human breast 
carcinoma cells.  

We hypothesize that the differences in the biology of breast cancers observed in women 
of different races are at least partially related to differences in the secretory activity of 
adipocytes in the breast tissue. We review the possible role of adipokines in breast 
malignancies of women of various races. It is hoped that these biomarkers could identify 
those women who are at increased risk for developing aggressive breast carcinomas and thus 
may benefit from increased surveillance and/or prophylactic intervention.  

Short Communication C - In primates, including man, purine catabolism terminates with 
the formation of uric acid. This is due to a lack of uricase, which catalyzes the conversion of 
uric acid into allantoin in most other mammals. A nonsense mutation during evolution 
inactivated uricase activity in humans, resulting in enhanced protection against reactive 
oxygen species. The loss of uric acid degradation in purine catabolism is believed to 
compensate for the inability of humans to synthesize vitamin C, which is a powerful 
antioxidant. Blood in humans contains a very low concentration of allantoin produced from 
the elimination of reactive oxygen species by uric acid. Therefore, the measurement of serum 
allantoin is a good marker for judging the degree of reactive oxygen species generation in the 
body. In recent years, serum allantoin has been extensively used as a marker of oxidative 
stress. Serum allantoin levels are reportedly increased in Down syndrome, Behçet's 
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syndrome, Wilson disease, neonatal chronic lung disease, chronic rheumatoid arthritis, and 
patients undergoing hemodialysis. In this review, we will describe the analytical methods of 
serum allantoin measurement and their clinical significance. 

Short Communication D - Background: Patients with markedly elevated serum creatine 
kinase (CK) activity due to muscle damage often also have increased serum aminotransferase 
activity (AST, ALT). However, the expected ratio of serum CK to aminotransferase activity 
in patients with severe muscle damage is uncertain.  

Methods: We evaluated consecutive patients seen during a 6-month period who had 
markedly increased serum CK activity (≥ 1,000 U/L). Only patients with simultaneous 
measurements of CK, ALT and AST activity were included. One hundred eight patients ages 
of 17 to 93 years met these inclusion criteria. Their records were reviewed to ascertain the 
cause of the elevated CK activity.  

Results: Eighty five of the study patients had rhabdomyolysis from a variety of causes to 
explain their marked CK elevation, while 23 had myocardial necrosis, usually from acute 
myocardial infarction. The median ratio of serum CK to AST activity in these 108 high-CK 
patients was 25:1 (interquartile range, 13 to 37:1). The median ratio of serum CK to ALT 
activity was 41:1 (interquartile range, 24 to 80:1). Patients with high CK activity due to 
rhabdomyolysis or myocardial necrosis had similar CK/AST and CK/ALT ratios.  

Conclusions: In patients with a serum CK activity above 1,000 U/L, the serum CK 
activity should be expected to be approximately 25 times the AST activity and to be 40 times 
the ALT activity. These ratios can serve as guidelines when assessing high-CK patients who 
also have elevated serum aminotransferase activity.  
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Phytoestrogens: Biochemical Aspects 
and Biological Activities 

 
 

Rita de Cássia da Silveira e Sá1 and Luciana Valente Borges2 
1Reproduction Biology Center/Biology Department, 

Federal University of Juiz de Fora, Juiz de Fora, MG, Brazil 
2Reproduction Biology Center, Federal University of Juiz de Fora, 

Juiz de Fora, MG, Brazil 
 
 

Abstract 
 
Phytoestrogens are natural compounds found in plants that possess estrogen-like activity. 
The major classes of phytoestrogens are isoflavones, lignans and coumestans. 
Isoflavones are structurally similar to mammalian estrogen and are found in large 
amounts in soybean and soy products. Lignans are found in flaxseed, whole grain 
cereals, teas and some vegetables, and coumestans are mainly present in clover and 
alfalfa sprouts. The major isoflavones are genistein, daidzein and glycitein. These 
compounds are hydrolysis products of glycosides in plants, termed genistin, daidzin and 
glycitin, which, after oral ingestion, are metabolized by intestinal flora. In lignans, the 
plant precursors are matairesinol and secoisolariciresinol, which are also metabolized by 
the intestinal microflora to enterolactone and enterodiol, respectively. Phytoestrogens 
have been largely used throughout the world and during various time periods, and it has 
been observed that the incidence of hormone-dependent disease is reduced in countries, 
especially Asian countries, with a high dietary content of phytoestrogens. Animal models 
and clinical investigations have shown that phytoestrogens are protective in the 
prevention of hormone-dependent cancers—primarily breast and prostate cancers, 
cardiovascular disease and osteoporosis, and to alleviate the symptoms of menopause. 
The estrogenic effects of the phytoestrogens are mediated through the estrogen receptors 
ERα and ERβ, which function as ligand-inducible transcription factors for genes 
involved in cell growth, proliferation, and differentiation. Many mechanisms of action 
have been identified for phytoestrogen prevention of diseases, including 
estrogenic/antiestrogenic activity, antiproliferation, induction of cell cycle arrest and 



Rita de Cássia da Silveira e Sá and Luciana Valente Borges 2 

apoptosis, antioxidation activity, induction of detoxification enzymes, regulation of the 
host immune system, and changes in cell signaling. Despite the growing evidence of the 
health benefits of phytoestrogens, it is important to investigate further their mechanism of 
actions for a better understanding of the biological outcomes and possible adverse 
effects. 
 
 

Introduction 
 
Numerous epidemiological studies have shown possible associations between diet and 

many common diseases. It is now generally accepted that many of these diseases, more 
prevalently found in Western cultures, are diet related [1] and could be avoided with a 
thorough dietary intervention. Populations and case-control studies have provided a large 
body of information that correlates diets low in fat and rich in complex carbohydrates from 
vegetables, fruits and grains to a decreased risk of chronic diseases [1,2,3,4,]. In addition to 
the essential nutrients, the human diet contains naturally-occurring plant-derived bioactive 
constituents known as phytochemicals. Among these biologically active substances are 
carotenoids, sulphides, coumarins, terpens, saponins, glucosinolates, flavonoids, protease 
inhibitors, phenolic acids and plant sterols which, if consumed either naturally as an integral 
part of the food or as a food supplement, may provide long-term health benefits, such as 
prevention of degenerative diseases [1,5]. 

One class of phytochemicals, named phytoestrogens, comprises a group of natural 
compounds found in plants (e.g., vegetables, legumes, fruits, whole grains, and, especially, 
soy food products) to varying degrees. Phytoestrogens are classically defined as non-steroidal 
polyphenolic compounds that have chemical and structural properties similary to that of 
estrogens [5,6,7,8]. Hundreds of molecules fall under this classification and they can be 
divided into two main groups: the flavonoids, which are further subdivided into isoflavones, 
coumestans and prenyl flavonoids; and non-flavonoids, comprising the lignans and stillbenes 
[9] (Figure 1). 

The three main classes of phytoestrogens of clinical interest are isoflavones (derived 
mainly from soy beans and clover), lignans (found in flaxseed in large quantities) and 
coumestans (derived from sprouting plants like alfalfa) [10]. Of these classes, isoflavones 
play a major role in human consumption, being found in a variety of foodstuffs, and because 
of the use of nutritional supplements rich in soy. A fourth class of compounds, referred to as 
resorcylic acid lactones, are better classified as myco-estrogens, which are estrogenic fungal 
products that are not plant-derived but are found in pasture grasses and legumes infected by 
the fungal genus Fusarium [11,12]. 

Investigations developed in animal models and clinical trials have shown that 
phytoestrogens can function as protective agents against age-related diseases (cardiovascular 
and osteoporosis) and hormone-dependent cancers (e.g., breast and prostate cancers). They 
also alleviate the symptoms of menopause, such as hot flushes [5,6,7,8,13,14,15,1,6]. The 
cancer chemopreventive effects of phytoestrogens are apparently related to several possible 
mechanisms, including their ability to inhibit growth factors, DNA topoisomerase, 
steroidogenic, and enzymes tyrosine kinase(s), which inhibits cell growth due to non-
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phosphorylation of proteins required for cell division. Other mechanisms are related to their 
ability to act as antioxidant and antiangiogenic agents [5,17]. 

Phytoestrogens bind to estrogen receptors and within each class of compounds, they 
affect the estrogen-mediated response in different ways. For instance, they may act as 
estrogen agonists at some tissue-specific targets, whereas in others, they may act as 
antagonistic agents [16,18,19]. 
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Figure 1. Schematic presentation of the different classes of phytoestrogens. (Based on references 9 and 18.) 

 
Signal Transduction by Estrogens 

 
General Aspects 

 
Estrogens are hydrophobic steroid hormones produced in the ovaries and testis that are 

involved in the development, differentiation, growth, normal functioning, and malignancies 
of the organs and tissues of the mammalian reproductive systems, such as the mammary 
gland, ovary, uterus, vagina, testis, epididymis, and prostate [20,21,22]. In addition to these 
effects, they exert many biological effects in the body beyond the reproductive system, 
including the cardiovascular system, where estrogens have certain cardioprotective effects, 
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bone maintenance and brain [23,24]. Estrogen action in the brain affects the activity and 
connectivity of certain neuronal cells and, consequently, may interfere with important 
physiological parameters that regulate animal reproduction, including mood and behavior, 
gonadotropin production and release from the pituitary, and locomotor activity [25]. It is also 
believed that estrogens may interfere with nonreproductive events in the brain, such as 
learning and memory [26,27]. In rodents, they are negative regulators of lymphopoiesis, 
causing transient involution of the thymus during pregnancy and atrophy during estrogen 
treatment [28]. They are also responsible for promoting the development of certain types of 
breast cancer and the understanding of the relationship between estrogen dependency and 
breast tumors is the key for therapeutic intervention with antiestrogens such as tamoxifen 
[26] and plant-derived compounds such as phytoestrogens [19].  

In the hypothalamic-anterior pituitary-gonad axis (Figure 2), the release of the 
gonadotropin-releasing hormone (GnRH) by the hypothalamus triggers the secretion of the 
follicle-stimulating hormone (FSH) and luteinizing hormone (LH) in the anterior pituitary to 
stimulate the granulosa cells in the ovaries to produce estrogen and progesterone. In the 
testis, FSH and LH stimulate the Sertoli cells or Leydig cells to produce androgen binding 
protein (ABP) and testosterone, respectively [29]. Following their synthesis and release, 
estrogens bind primarily to sex hormone-binding globulin (SHBG) in the plasma and, 
secondarily, to plasma albumin. Owing to their hydrophobic nature, estrogens cross the 
plasma membrane of the target cells by simple diffusion; however, before doing so, they first 
dissociate from the plasma-bound proteins. Once inside the cells, estrogens bind with high 
affinity and specificity to an intranuclear binding protein, termed estrogen receptor, which 
functions as ligand-inducible transcription factors for genes involved in cell growth, 
proliferation and differentiation [30,31,32]. The estrogen-receptor interaction results in 
conformational changes, enabling the estrogen-receptor complex to bind to specific 
transcriptional enhancer DNA sequences, also known as estrogen-responsive elements (ERE) 
[32,33,34]. The dominant form of estrogen in the body is 17β estradiol, however, any 
compound capable of inducing receptor dimerization and subsequent binding to ERE, can be 
considered an estrogen [35]. 

The activation process of the estrogen-receptor complex involves the dislocation of heat 
shock proteins, such as hsp 90, which were blocking the DNA binding site on the receptor 
[32,34]. Following activation, the estrogen-receptor complex dimer binds to the ERE in the 
regulating region of the target gene promoters resulting in activation of specific genes, 
transcription, accumulation of mature mRNAs, and their subsequent translocation into the 
cytoplasm. In the cytoplasm, mRNAs are translated on the ribosomes and, as a consequence, 
several specific proteins are synthesized producing various metabolic and physiologic 
functions [32,33,34] (Figure 3). 
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Figure 2. Schematic presentation of the hypothalamus-pituitary-gonads axis. GnRH is released by the 
hypothalamus to stimulate the adenohypophysis (= anterior hypophysis) to secrete FSH and LH. These 
hormones stimulate the granulosa cells in the ovaries and the Sertoli cells or Leydig cells in the testis to 
produce the sex steroid hormones. GnRH = gonadrotopin-releasing hormone; FSH = follicle-stimulating 
hormone; LH = luteinizing hormone; ABP = androgen binding protein; E = estrogen; P = progesterone; 
T = testosterone. 

The receptor numbers vary greatly in different cell types. For example, reproductive 
tissues have approximately 100–1000 fold greater numbers than bone cells and most of other 
cells in the body [36]. A small percentage (2–3%) of estrogen receptor are found on the cell 
membrane [37,38], representing an alternative nongenomic pathway. This pathway has been 
proposed as an explanation for the fast effects of estrogen in the brain and in the reproductive 
system [26,39,40,41]. 
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Figure 3. Scheme of a model of estrogen receptor action. Estrogens cross cell membrane by simple or 
facilitated diffusion and bind to specific receptors. The estrogen receptor is, in fact, a transcription factor that 
can be found either in the cytoplasm or the nucleus in an inactive state due to blockage by heat shock 
proteins (e.g., hsp 90). Upon hsp 90 exits and estrogen binding, the estrogen receptor undergoes activation 
which enables its effective binding to the estrogen responsive element (ER) in target gene promoters and 
activation of transcription of that gene. (Based on reference 24.) 

 
Receptor Structure and Function 

 
The estrogen receptor (ER) is a member of the steroid hormone receptor superfamily of 

genes which also includes receptors for progestins, glucocorticoids, mineralocorticoids, and 
androgens [42]. Steroid hormone receptors can be subdivided into several functional 
domains: 1. a highly variable N-terminal domain (A/B region) that contains a transactivation 
domain, which interacts with components of the core transcriptional complex; 2. a highly 
conserved central domain, with a C-region that contains two type II zinc clusters and is 
responsible for showing specific DNA binding and receptor dimerization [43]; 3. a C-
terminal domain (E/F region) which is a functionally complex domain involved in ligand 
binding and receptor dimerization, nuclear localization, and interactions with transcriptional 
coactivators and corepressors [44,45].  

There are two known estrogen receptor, ERα and ERβ [35]. Although these receptors can 
be localized within the same cell, they vary in tissue distributions and many have different 
effects on mixed agonists and antagonists [46]. Upon binding to the receptor, some 
compounds act as estrogen agonists or antagonists and are referred to as selective estrogen 
modulators (SERMs) [46]. For example, the antiestrogen tamoxifen is an estrogen antagonist 
in breast tissue but act as an agonist in the uterus, bone and vascular system [47]. When a 
compound binds to the receptor in a target cell and antagonistic effects are produced, it is 
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either because dimerization failed to occur or the correct configuration to activate ERE was 
not attained [35].  

The physiological effects of estrogens are mediated predominantly by ERα [48], whereas 
ERβ may counteract ERα action [49]. However, even though ERβ has lower binding affinity 
for and activation by endogenous estrogens, some xenoestrogens preferentially bind and 
activate ERβ [50]. The presence of ERs has been identified in numerous normal and 
pathological tissues. Both ERα and ERβ are active in normal ovarian follicular development, 
vascular endothelia cells, myocardial cells, smooth muscle, and breast tissue [46]. ERα acts in 
bone maturation in males and females, but only ERβ is involved in bone maintenance in 
females [46]. ERα is more functional in maintaining follicle-stimulating hormone (FSH) and 
lutenizing hormone (LH) concentrations in blood, whereas ERβ is more active in frontal lobe 
mediated learning and memory [46]. The ERβ expression was detected in various brain 
regions (hypothalamus, cerebellum, olfactory lobe, brain stem) and the spinal cord, as well as 
in the prostate, testis, epididymis, bladder, uterus, lung and pituitary [25].  

Gonadal hormones have an important effect on bone maintenance. Ovariectomized adult 
rats and monkeys showed a decrease in bone ash weight and bone mineral density. In the 
menopause, estrogen deficiency is the cause of the most rapid phase of bone loss in women. 
In both cases, the use of exogenous estrogens can prevent these bone changes from 
happening and can prevent the fractures associated with low bone mass [51]. In men, 
associations between plasma estrogen levels and bone mineral density have been observed, 
suggesting that estrogen is involved in maintaining male skeleton as well. Bone loss and 
fractures associated with low bone mass also occur in men, although at a lower rate than 
observed in women [51]. The expression of ERα and ERβ has been detected in osteoblastic 
cells. It was revealed that osteoblastic cells isolated from the bone of neonatal rats expressed 
a much higher level ERβ mRNA than that of ERα mRNA [52]. 

Chemically diverse compounds, for instance, estrogens, some androgens, antiestrogens, 
and xenoestrogens, have estrogenizing activity and interact with the ER. Phytoestrogens also 
bind to the estrogen receptors; however, the different classes of phytoestrogens show distinct 
affinity to ERα and ERβ. This differential affinity is probably functionally related to 
differences in tissue distribution of these two receptor sub-types and possibly to differences 
in biological activity [50]. Phytoestrogens compete with estrogen for receptor binding at 
nanomolar (10-9 M) concentrations and in higher macromolar (10-6 M) concentrations. 
Depending on the affinity of the phytoestrogen molecule for the estrogen receptor, the 
binding of a phytoestrogen to the receptor may result in partial activation of the receptor 
(weak agonistic effect) or the displacement of an estrogen molecule, which may reduce 
receptor activation (antagonistic or anti-estrogenic effect). 

 
 

Phytoestrogens: Biology, Structure, 
Distribution and Metabolism 

 
The phytoestrogens are naturally-occurring compounds with a chemical structure 

possessing a phenolic ring similar to that of estradiol and two hydroxyl groups at positions 
that allow the correct distance between them to facilitate binding to the estrogen receptor. 
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Because they can act as estrogen agonists or antagonists, phytoestrogens also act like natural 
SERMs at various tissues throughout the body [50,53,54]. Their ability to behave like 
estrogen mimics at some tissue-specific targets apparently plays an important part in their 
health-promoting effects, whereas, in other target tissues, the antagonistic characteristics 
displayed is comparable to that of tamoxifen or raloxifene, suggesting that SERM activity is 
sex hormone and gender dependent [55]. Phytoestrogen actions at the cellular and molecular 
level are influenced by many factors, such as concentration dependency, receptor status, 
presence or absence of endogenous estrogens, and the type of target organ or cell [1] (Figure 
4). 

 

 
 

 

Figure 4. Chemical structure of isoflavones, 17β-estradiol and tamoxifen. 

 
The three major classes of phytoestrogens—isoflavones, lignans and coumestans—are 

represented by different compounds, which can be found in many foods, particularly 
leguminous plants, seeds, nuts and berries. Usually, single plants contain more than one type 
of phytoestrogen, and different plants contain different concentrations of the several 
phytoestrogen types [18]. 
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In plants, the phytoestrogens function primarily as antioxidants and phytoalexins. Many 
isoflavones exhibit antimicrobial activity and are believed to play an important role on plant 
fight microbial disease. Antimicrobial isoflavones can be classified as pre-formed 
“phytoanticipins” or inducible “phytoalexins” [36]. Different kinds of lignans have been 
discovered in many plant species and parts, including the roots, leaves, flowers, fruits, seeds 
and wooden parts. The accumulation of lignans in the core of trees is important for their 
durability and longevity. Moreover, they also may function as phytoalexins, providing 
protection for the plant against diseases and pests, and may participate in controlling plant 
growth [56]. 

The estrogenic properties of the phytoestrogens were observed in the 1940s, when 
Australian sheep farmers noticed that their sheep were infertile. The ewes grazed on 
subterranean or red clover and their infertility was attributed to the presence of isoflavones 
like genistein and daidzein, along with their precursors, biochanin A and formononetin. 
Several estrogenic effects were found on different tissues including altered cell differentiation 
in the cervix leading to abnormal glands that produced a more hostile cervical mucus; weight 
gain of the uterus; ovulation abnormalities due to inhibition of follicular development or 
follicular degeneration; altered central nervous system/pituitary function, and altered sexual 
behavior [57]. Isoflavone consumption has also been associated with infertility in cattle [58], 
California quail [59], and captive cheetahs fed commercial diets that contained high levels of 
genistein and daidzein, suggesting that the presence of dietary isoflavones were responsible 
for their infertility [60,61].  

 
 

Isoflavones 
 
Isoflavones, or isoflavonoids, are the most common type of phytoestrogens although with 

a restricted distribution in the plant kingdom. They are mostly limited to the subfamily 
Papilionoideae of the Leguminosae [62] and are found in highest amounts in soybeans and 
soyfoods (like miso and tofu), being also present albeit at lower concentrations in other 
beans, fruits, vegetables and legumes [63,64]. Soy foods generally contain 1.2–3.3 mg 
isoflavones/g dry weight, with the precise amount depending on a number of factors that 
include the type of soy food as well as soybean variety, harvest year, geographical location, 
environmental conditions, and extent of industrial processing of the soybeans [65,66]. 

The major isoflavones present in soy foods are genistein, daidzein and, to a lesser extent, 
glycitein. These compounds are, in fact, hydrolysis products of glycosides in plants, termed 
genistin, daidzin and glycitin, which, after oral ingestion, are extensively biotransformed in 
the intestine by the action of bacterial enzymes [5]. The extent of intestinal bacterial 
metabolism will therefore have an effect on the bioavailability of dietary estrogens and, 
consequently, be expected to influence the potential for physiologic effects [5]. Another 
source of isoflavones is clover. It contains high concentrations of formononetin, which is a 
precursor of daidzein, and biochanin A, which is a precursor of genistein [63]. 

The flavonoids are a large chemical class of substances, in which the isoflavones are 
included, that are formed through the prenylpropanoid-acetate biodemal pathway via 
chalcone synthase and condensation reactions with malonyl CoA. The first step in flavonoid 
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biosynthesis is the condensation of p-coumaroy CoA with three molecules of malonyl CoA to 
give chalconaringenin (= naringenin chalcone), a reaction catalyzed by chalcone synthase 
[67] (Figure 5). 

 

 

Figure 5. Scheme of general flavonoid pathway. 

The isoflavones possess a 3-prenylchroman skeleton that is biogenetically derived from 
the 2-prenylchroman skeleton of the flavonoids [68]. The compounds of the isoflavones share 
a common structure, with genistein (4′, 5, 7 – trihydroxyisoflavone) having the important –
OH groups at positions 7 and 4′, and biochantin A, a methoxy group at position 4’ [9]. Small 
differences in the structure of the isoflavones may affect their activity. For example, daidzein 
differs from genistein only by the absence of a hydroxyl group on the A ring, but this 
difference greatly affects the functions of these two molecules [36]. 

The chemical composition of the dietary isoflavone may be a key determinant of its 
bioavailability and extent of biotransformation. The absence of isoflavones in plasma occurs 
24 hours after oral intake [5]. The peak concentration range in women was 300–3200 nmol/L 
(80–800 ng/mL), but the time to reach this concentration was between 6 and 8 h after 
ingestion, and the half-life of plasma disappearance was at 7.9 h. Similar pharmacokinetics 
were obtained for adult men. These are quite high concentrations of isoflavones when 
compared with the endogenous plasma concentrations of estradiol throughout life, and 
despite the relatively weaker estrogenic activity, it is probable that the concentrations are 
sufficient to account for the many in vivo and in vitro biological effects that have been 
attributed to isoflavones [5]. 

The large number of phytoestrogens is introduced into the diet as inactive compounds. 
After their ingestion, a complex enzymatic conversion occurs in the gastrointestinal tract 
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resulting in the formation of compounds with a steroidal structure similar to estrogens [18]. 
Considering the isoflavone, they can be found as glucosides or as aglycones. The glucosides 
are readily hydrolyzed in the gut to their aglycones, which are then easily transported across 
intestinal epithelial cells [69]. In the intestine, bacteria take an important part in the 
absorption and metabolism of isoflavones by producing the enzymes, termed glucosidases, 
which are responsible for metabolizing the glycosidic isoflavones (genistin, daidzin and 
glycitin) to their corresponding aglycones (genistein, daidzein and glycitein) [5,17] (Figure 
6). However, before absorption occurs, intestinal bacteria may further metabolize the 
isoflavone aglycones to isoflavone metabolites. This metabolic process particularly involves 
genistein conversion to p-ethyl phenol in the colon (Figure 7), and daidzein to 
dihydrodaidzein, equol and/or O-desmethylangolensin (O-DMA) (Figure 8), all of which may 
also be absorbed [5,17]. The physiological effects of these metabolites may differ from those 
of the primary isoflavones, like equol and O-DMA, which are more powerful antioxidants 
than genistein and daidzein [70]. Daidzein, genistein, equol and O-DMA are the major 
isoflavones detected in blood and urine of animals and humans. In addition, dihydrodaidzein, 
p-ethyl phenol and glycitein (Figure 9) have been detected in human plasma and urine 
[71,72].  

After absorption, isoflavones go through hepatic conjugation to glucuronic acid or 
sulphate to produce forms that are measured in biological fluids [5,17,73]. Similar to 
endogenous steroids, they undergo enterohepatic circulation following deconjugation in the 
intestine and re-absorption or excretion in the feces [5,17]; or after enterohepatic circulation, 
they may be excreted in bile or deconjugated, reabsorbed, reconjugated, and excreted in the 
urine. The efficiency of conjugation of isoflavones is high and consequently the proportion of 
circulating free isoflavones is small [5]. Studies in humans have shown that serum and 
urinary concentrations of isoflavones increase in accordance with the amount consumed, 
indicating that absorption occurs in a dose-dependent manner [74]. Moreover, studies using a 
controlled quantity of soy have shown a variable individual metabolic response with up to a 
1000-fold variation in isoflavone excretion [16]. It is supposed that the composition of the 
intestinal flora, intestinal transit time, and variation in redox potential of the colon might 
influence the variability observed in humans [75]. This metabolic variability of the 
phytoestrogens is clinically important as it may influence biological responses. In healthy 
humans, plasma concentrations of isoflavones are usually less than 40 nmol/L [76] when 
consuming soy-free diets. On the other hand, plasma concentrations of isoflavones increase 
markedly in the micromolar range after single ingestion of soybean milk [77], a soy meal [78] 
or baked soybean powder [79]. 

In non-fermented soy foods, the isoflavones are mostly present as betaglucosides, some 
of which are esterified with malonic [80,81] or acetic acid [81,82]. In fermented soy foods, 
such as miso, soybean paste or tempeh, the isoflavones are largely unconjugated [83]. These 
chemical differences have been shown to alter the isoflavones` pharmacokinetics in the rat 
[84] and therefore probably in humans. The unconjugated isoflavones, like many common 
drugs, are absorbed from the upper small intestine in the rat [85], whereas the isoflavone 
glycoside conjugates are absorbed more slowly, indicating that their hydrolysis occurs at 
more distal sites in the intestine in relation to the unconjugated isoflavones [78,84].  
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Figure 6. Schematic presentation of the absorption and metabolism of isoflavones and lignans. O-DMA = O-
desmethylangolensin; SECO-DG = secoisalariciresinol-diglucoside; SECO = secoisalariciresinol. (Based on 
reference 110.) 

Dietary phytoestrogens are weakly estrogenic (10-2 to 10-3-fold, depending on the system 
examined) when compared with estradiol (E2) or estrone, the main circulating estrogens of 
most mammals [86,87,88]. The preferential binding of nonsteroidal estrogen to the ERβ 
receptor suggests that they may exert their actions through distinct pathways from those of 
classical steroidal estrogens [5]. In addition, the lower binding rate of several phytoestrogens 
to serum proteins would indicate an increase in the numbers of molecules available for 
receptor occupancy [89]. Of the isoflavones, genistein and daidzein are thought to exert the 
most potent estrogenic effect. Numerous studies have shown that the isoflavones, as well as 
the lignans and the fungal estrogens, compete effectively with E2 for binding ER-rich cells 
[12]. The phenolic B-ring of the isoflavones confers binding to estrogen receptors (ERβ > 
ERα, although at a lower affinity relative to estradiol) and acts like SERMS [25,53,90]. 
Genistein has one-third the potency of E2 when it binds to ERβ, and one thousandth of the 
potency of E2 when it binds to ERα as determined by expression of luciferase reporter gene 
construct in kidney cells cotransfected with ERα and ERβ [58].  

Genistein can induce similar responses in prostate, endometrial, ovarian, breast, bone 
tissues and cell lines as estradiol [91,92,93,94], but it can also act as an estrogen antagonist in 
some tissues. When neonatal prepubertal Sprague-Dawley rats were treated with estrogens, 
an increase in the number of terminal end buds and cell proliferation in mammary tissue was 
observed [72]; however, after treatment with genistein, a reduction in the number of terminal 
end buds and cell proliferation was observed [95]. Other studies showed that genistein 
inhibited the development and growth of chemically induced tumors in the breast [96] and 
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prostate [97] of mice and rats. It is believed that genistein and other isoflavones exert this 
effect through induction of a signal transduction pathway leading to apoptosis [98]. In the rat 
uterus, genistein down-regulated ERα and up-regulated progesterone receptor, suggesting 
signaling via ER [99], while in castrated mice, it up-regulated the estrogen-responsive gene 
(c-fos), in the prostate, suggesting an estrogenic mechanism [100,101]. 

 

 

Figure 7. The metabolic pathway of genistin to its aglycone and metabolic product. 

 

Figure 8. The metabolic pathway of daidzin to its aglycone and metabolic products. 
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Figure 9. The metabolic pathway of glycitin to its aglycone. 

 
Lignans 

 
Lignans are more widely distributed in plants, being highly concentrated in flaxseed, but 

also found in oilseeds, seaweed, legumes, seeds, vegetables (especially carrots, spinach, 
broccoli and cauliflower), whole grains and tea. Fruits have low levels of lignans with the 
exception of strawberries and cranberries [102]. Flaxseed generally contains 0.96 – 3.15 
μmol lignans/g, with the precise amount depending on factors such as variety, growing 
location and harvest year [103]. The term lignan is used for a diverse class of 
phenylpropanoid dimers and oligomers. The two main lignan dimers, that are not estrogenic 
by themselves, are termed secoisolariciresinol-diglucoside (SECO-DG) and matairesinol 
(MAT), which serve as precursors to the mammalian lignans, enterodiol (2,3-bis(3-
hydroxybenzyl)-butane-1,4-diol) and enterolactone (trans-3,4-bis(3-hydroxybenzyl)-dihydro-
2-furanone) respectively [5,103] (Figure 10). Lignans` precursors occur in grains close to the 
outer fiber-containing layer, a part that modern Western milling techniques usually eliminate. 
As a result, phytoestrogens are seldom present in cereal diets in Western countries [18]. Other 
recently discovered lignans are pinoresinol and lariciresinol [104]. 

Lignans present different biological activities in animal and in vitro systems, including 
anticarcinogenic, antioxidant, weakly estrogenic and antiestrogenic properties, and inhibition 
of enzymes involved in sex hormones metabolism [56,105,106]. For instance, enterodiol 
inhibits 5α-reductase and 17β-hydroxysteroid dehydrogenase in human tissues. Therefore it is 
suspected that lignans may reduce the plasma levels of free estradiol and testosterone and 
may affect the development of hormone dependent diseases. The two major mammalian 
lignans (enterodiol and enterolactone) have been found in human plasma, saliva, feces, semen 
and prostatic fluid [56].  

The absorption and metabolism of lignans are similar to that of isoflavones. The 
conversion occurs by gut microflora and the mammalian lignans are readily absorbed. After 
oral ingestion, the lignan SECO-DG is metabolized to SECO through hydrolysis of the sugar 
moieties by intestinal bacteria, followed by dehydroxylation and demethylation to enterodiol, 
reactions which are also catalyzed by bacterial enzymes. Enterodiol may be absorbed or 
further oxidized irreversibly to enterolactone, which is then absorbed. Intestinal bacterial 
enzymes also catalyze dehydroxylation and demethylation reactions to convert MAT to 
enterolactone, which can then be absorbed. Once mammalian lignans are absorbed, they 
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undergo conjugation to glucuronic acid or sulphate and enter the circulation. After this, they 
may be excreted in the urine or undergo enterohepatic circulation [107]. Studies have shown 
that urinary and plasma concentrations of the mammalian lignans increase significantly in a 
dose-dependent manner following consumption of lignan-rich flaxseed [108,109]. A cross-
sectional study reported a positive association between plasma enterolactone and 
consumption of vegetables and fibers, however, positive associations were also observed with 
alcohol and caffeine intake, raising concern regarding the specificity of plasma enterolactone 
as a biomarker for exposure to lignan-containing foods [110,111]. 

 

 

Figure 10. Chemical structure of lignans. 

 
Coumestans 

 
Coumestans are found in large quantities in plants, but only a small number have shown 

estrogenic activity, namely coumestrol (Figure 11) and 4’ methoxy coumestrol [35]. 
Although they are much less commonly consumed, coumestrol is mainly found in legumes 
and vegetables, particularly soy sprouts and alfalfa sprouts [112]. Clover and soybean sprouts 
are reported to have the highest concentration, 28 and 7 mg/ 100 g dry weight, respectively, 
whereas mature soybeans only have 0.12 mg/100 g dry weight [113,114]. The estimated daily 
intake of coumestrol by US women is 0.6 μg/day, a much lower value than that of isoflavone 
intake (154 μg/day) [115]. Coumestrol binds twice as well to ERβ than to ERα and binds to 
ERβ with twice the affinity of estradiol [56,116]. 
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Figure 11. Chemical structure of coumestan and coumestrol. 

 
Prenylflavonoids 

 
The prenyflavonoids are primarily represented by 8-prenylnaringenin, which is known to 

be the most potent phytoestrogen (Figure 12). Beer is the most important dietary source of 8-
prenylnaringenin, and its presence in this beverage is due to isomerization of 
desmethylxanthohumol in the brew kettle. Other prenylated flavonoids are xanthohumol and 
isoxanthohumol, also found in beer [67].  

Although it is a much weaker estrogen than 17β estradiol (< 1%), the presence of 8-
prenylnaringenin in beer has resulted in concerns as to the estrogenic effects of beer 
consumption. Most hopped beers contain less than 100 μg of 8-prenylnaringenin/L, and the 
highest amount concentration measured in microbrew beer was 240 μg/L [67]. In 
ovariectomized mice treated with 8-prenylnaringenin, the minimal concentration to cause 
estrogenic effect, i.e. to produce a significant increase in vaginal mitosis was 100 μg/mL 
drinking water. No effect on uterine growth was observed at this concentration [117], which 
is about 400 – 1000-fold higher than the 8-prenylnaringenin concentration in beer. Based on 
this information, it seems that it is safe to assume that human exposure to phytoestrogens 
through beer consumption is not a health threat. 

The daily intake of prenylflavonoids, approximately 0.14 mg, is relatively small 
compared to total polyphenols from beer (42 mg as catechin equivalents per day) [118], 
indicating that the prenyflavonoids play a minor role to the antioxidant properties of beer. 
Prenylflavonoids differ from other polyphenols, such as flavonol glycosides and phenolic 
acids, in that they are more lipophilic and, consequently, may be more effective antioxidants 
at lipophilic surfaces such as membranes and low-density lipoprotein [119]. 

A competition assay with recombinant human ERα and ERβ from cytosolic SF-9 cell 
extracts has shown that 8-prenylnaringenin has a high affinity and strong selectivity for the 
ERα. In comparison with genistein, 8-prenylnaringenin was 100 times more potent ERα 
agonist but a much weaker agonist of ERβ in the estradiol-competition assay for receptor 
binding. It is believed that, to date, 8-prenylnaringenin is the strongest plant-derived ERα 
receptor agonist identified. An in vivo study has shown that the estrogenic potency of 8-
prenylnaringenin was about 20.000-fold lower when compared to 17β estradiol using uterine 
and vagina growth assays [120]. 
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Figure 12. Chemical structure of 8-prenylnaringenin. 

 
Stillbenes 

 
Stillbenes, like the flavonoids, are produced through the prenypropanoid-acetate 

pathway. The main dietary source of stillbenes is resveratrol (Figure 13) found in red wine 
and peanuts although it is also synthesized by a variety of plant species in response to injury, 
ultra-violet irradiation and fungal attack [121]. There are two isomers of resveratrol, cis and 
trans, but only the trans form is estrogenic [122]. Resveratrol is only found in the skin of the 
grape, resulting in low levels of trans-resveratrol in white wine. Its content in wine depends 
on cultivar, geographic location, season, oenological practices and presence of Botrital 
fungus [123,124,125]. The longer the fermentation time the more trans-resveratrol will be in 
the wine. The level of trans-resveratrol in red wines, fermented with skins, can be as high as 
14.5 mg/ L [126], but the type of post harvest processing has a large effect on the resveratrol 
content. For instance, the hot extraction method used for obtaining purple grape juice, as 
opposed to the cold pressing of grapes for obtaining the white grape juice, provide a higher 
concentration of resveratrol [124]. This is also true for peanuts, with boiled peanuts 
containing more resveratrol than peanut butter and roasted peanuts [127]. In peanuts, 
resveratrol is found throughout the nut; however, on a weight basis the seed-coat has the 
highest levels [128]. The smaller peanuts show higher resveratrol content, but as the peanuts 
mature the resveratrol content in the nut declines [127]. 

Other sources of stillbene have been reported in the literature. They include the roots of 
Polygonum cuspidatum (Japonese knotweed or Mexican bamboo) used in China for its 
therapeutic properties, with resveratrol levels in the dried roots being as high as 377 mg/100 
g dry weight [129]. Resveratrol has also been isolated from several grass species [130], pine 
bark [131], ivy and lilies [124]. 

Resveratrol physiological levels can be obtained through drinking red wine. It shows a 
greater capacity to activate the ERβ than ERα [132]. Its agonistic and antagonistic activity 
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has been shown in MCF-7 cells and the hamster ovarian cell line (CHO-K1) transfected with 
human ERα and ERβ [133,134]. Resveratrol is considered to be an effective radical-
scavenger, suggesting that it acts as a natural antioxidant against oxidative DNA damage 
[135,136]. It also exhibits anti-inflammatory effects and antimutagenic and anticarcinogenic 
activity [121] 

 

 
Figure 13. Chemical structure of stilbene resveratrol. 

 
Effects on Human Health 

 
Owing to the ability of the phytoestrogens to exert estrogenic activity, there has been 

considerable scientific interest on their potential beneficial health effects, particularly as 
anticarcinogens, cardioprotectants, in osteoporosis, and as alternatives to hormone 
replacement therapy in menopause. The incidence and mortality of hormone-related cancers 
such as breast, endometrial and prostate cancer vary around the world, being higher in the 
Western countries than in Asian countries. These differences are being related to variations in 
the diet, and one such example is the intake of phytoestrogens. 

 
 

Cancer 
 
Numerous epidemiological studies have shown that people who consume high amounts 

of isoflavones in their diet have lower rates of several cancers, including breast, prostate and 
colon cancer. The idea that soy may have a preventive role in cancer came from a broader 
research of the reasons for the large worldwide variation in cancer incidence and death. 
Americans and western Europeans are at much higher risk of breast cancer and prostate 
cancer than are peoples from the Asian countries (137). In Asia, where the consumption of 
phytoestrogen is much higher than that of the Western countries, the rates of these cancers 
are low (Figure 14). It is estimated that the average American diet contains less than 1–3g per 
day of isoflavone, whereas the average Japanese diet contains 30–50 g per day [138]. 
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Immigrants from Asia living in the US have an increased risk of cancer compared with the 
length of stay in the US and the exposure to the North American diet [139]. For women, this 
change occurs mostly in the next generation, whereas for men, the increase in prostate cancer 
risk occurs in the same generation [140].  

 
 Genistein Daidzein Biochanin A Formono 

netine 
Coumestrol SECO MAT 

Whole grain --- --- --- --- --- 32.9 2.6 
Barley 7.7 14.0 --- --- --- 58.0 0 
Wheat bran 6.9 3.5 --- --- --- 110 --- 
Soy flower 93 900 67 400 70 30 --- 130 --- 
Soybean 26 800 –  

102 500 
10 500 –  
85 000 

--- 18.0 –  
121.0 

--- 13.0 –  
273.0 

tr 

Tofu 21 300 7 600 --- --- --- --- --- 
Miso 14 500 7 300 --- --- --- --- --- 
Soy drink 2 100 700 --- --- --- --- --- 
Soy Milk 310 30 --- --- --- --- --- 
Bean 365 9.7 14 7.5 1.8 172 0.25 
Chick peas 69.0 –  

214.0 
11.0 –  
192.0 

838 215 5 7.0 –  
8.0 

0 

Flaxseed --- --- --- --- --- 369 900 1087 
Sunflower seed 13.9 8.0 --- --- --- 610 0 
Clover seed 323 178 381 1270 5.3 13 3.8 
Alfalfa sprouts 5.0 62.0 124.0 4090 45.0 33.0 0 
Peanut 64.0 58.0 31 --- --- 298.0 tr 
Strawberry tr tr --- --- --- 3718 22.5 
Apple tr 12.4 --- --- --- 5.0 0 
Banana 0 0 --- --- --- 10.0 0 
Orange 0 0 --- --- --- 76.8 0 
Avocado 0 0 --- --- --- 76.7 16.0 
Guava 0 0 --- --- --- 699.7 tr 
Broccoli 8.0 6.0 --- --- --- 414.0 23.0 
Cauliflower 9.0 5.0 --- --- --- 97.0 tr 
Garlic tr tr --- --- --- 379.0 3.6 
Carrot 0 0 --- --- --- 192.0 3.0 
China Green  
tea* 

tr tr --- --- --- 2890 195.0 

China Black 
tea* 

0 0 --- --- --- 1050 90.0 

Figure 14. Phytoestrogen content in selected food items. Data expressed in μg/100g dry weight. SECO = 
Secoisolariciresinol; MAT = Matairesinol; tr = trace amounts. * brewed tea. (Based on references 1, 6, 18, 
353). 

The antiproliferative properties of isoflavones suggest that these compounds may inhibit 
the cell cycle or induce apoptosis. It has been reported that concentrations of 5–20 μg/mL 
genistein caused cell cycle arrest at the G1/S and G2/M phases in the human myelogenous 
leukemia HL-60 and the lymphocytic leukemia MOLT-4 cell line [141], and concentrations 
of up to 60μM genistein arrested human gastric cancer cells at G2/M [142]. In addition to 
genistein, genistin, daidzein and biochanin A at 0–50 μM inhibited murine and human cancer 
cells growth by inducing cell cycle arrest and apoptosis [143]. 
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Apoptosis is an effective beneficial antitumor process since it removes damaged or 
abnormally functioning cells from tissues. At high concentrations, genistein is reported to 
induce apoptosis through mitochondrial dependent pathways. For example, 50 μM (24 h) 
genistein induced cytochrome c release, caspase-3 activation, nuclear condensation and DNA 
fragmentation by reducing the mitochondrial membrane potential [144]. Lower 
concentrations of genistein (15–60 μM, 24 h) induced apoptosis in murine T-cell lymphoma 
cell lines via mitochondrial depolarization and activation of caspases 3 and 9 [145]. Genistein 
has also been suggested to induce apoptosis by inhibiting DNA topoisomerase II, thereby 
preventing ligation of DNA double strand breaks [146]. 

The isoflavones might protect against cancer and/or heart disease through inhibition of 
oxidative damage [147], as DNA oxidation is probably an important cause of mutations that 
potentially can be reduced by dietary antioxidants. The isoflavones serve as derivatives of 
conjugated ring structures and hydroxyl groups that may function as antioxidants in in vitro 
cell culture or cell free systems by scavenging superoxide anion [148], lipid peroxy-radicals 
[149], singlet oxygen [150], and/or stabilizing free radicals involved in oxidative processes 
through hydrogenation or complexing with oxidizing species [151]. 

 
 

Breast Cancer 
 
Cancer chemoprevention is different from cancer treatment because it is aimed at 

modulation of pathways that are relevant to carcinogenesis with the purpose of inhibiting, 
reversing, or retarding cellular hyperproliferation. It is targeted at the initiation, promotion 
and progression stages of carcinogenesis and requires long-term exposure to non-toxic 
nutrients, food supplements or pharmacological agents in order to prevent the development of 
malignancies [67,68]. 

There are two basic ways of cancer prevention—primary and secondary. In primary 
prevention, tumors do not appear clinically as a result of preventive measures that reduce the 
risk of genetic damage, the precursor to cancer at the initiation stage later in life, or stop the 
mutated cancer cell from growing abnormally and becoming an observable tumor. The 
secondary prevention aims at the prevention of another cancer from occurring, as after the 
removal of a breast tumor, a patient may develop a new primary tumor at a site different from 
that of the first one, usually the other breast. Since most breast tumors express functional 
estrogen receptors, a strategy for preventing the growth of tumor cells remaining after 
surgical removal of the mammary tumor is the anti-estrogen tamoxifen. As tamoxifen is 
tumouristatic rather than tumouricidal, it was later realized that it had a potential role as a 
prophylactic, primary and/or secondary prevention agent for breast cancer [152]. In relation 
to the natural occurring substances, one hypothesis regarding the breast cancer protective 
effect of phytoestrogens was associated with the prolonged follicular phase. In breast 
epithelial cells, proliferation is low during the follicular phase and increased two fold in the 
luteal phase. Women with longer cycles secondary to increased follicular phase therefore 
have decreased cell division. Less breast cell proliferation reduces the risk of dysplasia 
resulting in breast cancer [57,153]. 
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The protective effect of phytoestrogens on cancer may also be due to their role in 
lowering circulating levels of unconjugated sex hormones. As mentioned earlier, estrogens 
primarily circulate as inactive conjugates of sex hormone binding globulin (SHBG) or 
albumin [35]. In postmenopausal women, dietary supplementation with soy isoflavones or 
lignans increased the levels of SHBG [154,155,156,157], and thereby lowered the serum 
levels of free estradiol [157,158]. In menstruating women, however, the effect of 
phytoestrogens on estrogen levels is inconsistent because most supplementation studies failed 
to report any difference in menstrual cycle length or hormone levels with soy 
supplementation [159,160,161,162]. 

The consumption of isoflavone and flaxseed significantly changed the urinary excretion 
of genotoxic estrogen metabolites related to decreased breast cancer risk. Three major 
pathways, leading to different metabolites, can metabolize estradiol and estrone. Two of these 
pathways produce 16α-hydroxyestrogens and 4-hydroxyestrogens, which are known to be 
genotoxic [163], whereas the 2-hydroxyestrogen metabolites are believed to play a protective 
role on breast cancer. Following high ingestion of soy and flax, it was observed that the ratio 
of 2-hydroxyestrogens to 16α-hydroxyestrogens increased and this is considered to be an 
important breast cancer biomarker [164]. In addition, the level of serum SHBG has been 
negatively correlated with the urinary excretion of 16α-hydroxyestrogens [154]. Other 
potential mechanisms by which phytoestrogens may protect against breast cancer risk are 
independent of the estrogen receptor and include inhibition of enzymes involved in the 
synthesis of steroid hormones, including aromatase and 17β-hydroxysteroid dehydrogenase 
[165,166].  

Urinary excretion of phytoestrogen metabolites can be used as a biomarker for the intake 
and bioavailability of the phytoestrogens. The data available indicates a lower risk of breast 
cancer in women with increased excretion of phytoestrogens, and, in case control study, 
breast cancer patients had significantly lower excretion of isoflavones and lignans than 
healthy subjects [167]. 

Neonatal exposure to genistein has been shown to prevent mammary cell tumor in rats, 
possibly through nonestrogenic mechanisms. The mechanisms proposed to explain the 
protective effect of genistein against cancer include induction of differentiation, inhibition of 
DNA topoisomerases, inhibition of specific cell cycle events, induction of apoptosis, 
inhibition of angiogenesis, antioxidant activity (due to the phenolic ring structures), 
inhibiting production of hydrogen peroxidase, and inhibition of protein tyrosine kinase 
(PTK), which is associated with cellular receptors for several growth factors such as 
epidermal growth factor (EGF), platelet-derived growth factor (PDGF), fibroblast growth 
factor (FGF) and mononuclear phagocyte growth factor [168,169].  

Soybeans have been shown to contain protease inhibitors and there are at least two 
different inhibitors measurable in soybeans: Kunitz trypsin inhibitor and Bowman-Birk 
protease inhibitor (BBI). These may help to prevent conversion of normal cells to malignant 
ones, even very late in the process of carcinogenesis, but have no effect on cancer cells. BBI 
has been shown to prevent experimentally induced colon, oral, lung, liver, and esophageal 
cancer in animals. It is thought that this anticarcinogenic effect comes from its inhibition of 
chymotrypsin; however, there are conflicting data on the heat stability of these protease 
inhibitors and thus on their activity in foods [170]. Another mechanism of action of 
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isoflavones is through modulation of gene transcription. For example, genistein modulates 
transcriptional regulation of transforming growth factor-β1 (TGF-β1), a multifunctional 
cytokine involved in cell proliferation and differentiation and extracellular matrix (ECM) 
synthesis [171]. Isoflavones may also inhibit PTK-dependent activation of transcription 
factors, such as nuclear factor-KB (NF-KB) and activator protein-l which are important 
signaling molecules involved in the response of cells to inflammation and oxidative stress 
[172,173,174,175] 

The timing of exposure to the anticancer components of soy may be crucial. In an 
experimental model of induced breast cancer using neonatal and pre-pubertal rats, genistein 
not only suppressed by 50% the number of mammary tumors observed over a 6-month period 
[95,176], but it also delayed the appearance of the tumors. Genistein was initially 
administered in high doses by injection; however, similar degrees of protection were later 
obtained by placing genistein in the feed (0.25 g/kg) of the mother, whereby the offspring 
were exposed to genistein from the diet from conception through to day 21 postpartum [96]. 

In addition to the isoflavones, lignans and prenylflavonoids have also been shown to 
contribute towards reducing breast cancer risk. Vegetarians, who have a low risk of breast 
cancer relative to that of the omnivores, also have a significantly higher dietary intake and 
urinary excretion of lignans [177]. High plasma concentration of the mammalian lignan 
enterolactone is correlated with a reduced risk of breast cancer [178,179]. Furthermore, 
urinary enterodiol [180] and enterolactone [180,181] are significantly lower in post-
menopausal breast cancer patients relative to controls. Consistent with these data are studies 
showing that consumption of flax or purified lignans reduces the risk of mammary cancer in 
rodents [182]. Experimental data have indicated that hop prenylflavonoids have potential as 
cancer chemopreventive agents by interfering with a variety of cellular mechanisms at low 
micromolar concentrations, such as inhibition of metabolic activation of procarcinogens, 
induction of carcinogen-detoxifying enzymes, and inhibition of tumor growth by inhibiting 
inflammatory signals and angiogenesis. 

Despite the supportive data regarding cancer chemoprevention of the phytoestrogens, the 
epidemiological studies relating breast cancer risk to intake and/or urinary excretion of these 
compounds have not been consistent. For instance, there was no observed relationship 
between consumption of soy foods and breast cancer risk in a diet and cancer case–control 
study in Chinese and Japanese women [183,184]. Similarly, in a case–control study involving 
multiethnic American women, breast cancer risk was also not affected by either isoflavone or 
lignan intake [185], and no significant associations were observed between urinary genistein 
or enterolactone and breast cancer risk in a prospective study of post-menopausal Dutch 
women [186]. Finally, in Finland, a case control study found no correlation between serum 
enterolactone concentration and the risk of developing breast cancer in pre- or post-
menopausal women [187]. 

 
 

Prostate Cancer 
 
Prostate cancer is the most commonly diagnosed malignancy in man in the world, with 

incidence rates varying considerably between populations and countries. The lowest rates, 
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however, are usually observed in Asia, and some migration studies have shown that Japanese 
migrants to the US present increased incidence of prostate cancer [140]. The high intake of 
isoflavones by Asian men is evident by the high concentrations of soy isoflavones found in 
their blood, urine and prostatic fluid, compared with their European and Western counterparts 
[110]. 

Prostate cancer is a major health concern and treatment is principally based on its 
hormone dependence, as this type of cancer is dependent on androgen for development, 
growth, and survival [188]. Therefore, substances that alter hormone action can have 
substantial biological effects on prostate cancer development and progression. 

The biological activity of androgens is triggered by the activation of the androgen 
receptor (AR) when binding to its specific ligand [188,189]. Like the estrogen receptors, AR 
is a member of the nuclear receptor superfamily that functions as a ligand-dependent 
transcription factor, which, before ligand activation, is present in the cell in an inactive state 
through association with inhibitory heat shock proteins. Testosterone is the primary AR 
ligand in serum, but is converted to the more potent dihydrotestosterone (DHT) in prostatic 
epithelial or adenocarcinoma cells through the action of the enzyme 5α reductase, [190,191]. 
DHT is a high-affinity ligand for AR, and following DHT binding, a series of events occur, 
including displacement of heat shock proteins, receptor homodimerization, and rapid 
translocation to the nucleus. Upon activation, AR then binds to specific DNA sequences, 
termed androgen responsive elements (AREs), and initiate gene transcription [188]. This 
results in a myriad of biological response that may involve differentiation, secretion, and 
cellular proliferation. In prostate cancer, the AR function is required for the development and 
survival of the tumor [188,192], and the androgen depravation therapy is designed to block 
AR function [193] either through preventing androgen synthesis or through the use of direct 
AR antagonists. At the cellular level, the androgen depravation therapy triggers a cascade of 
events leading to either programmed cell death or cell cycle arrest [193,194]. 

A group of environmental and industrial substances are classified as endocrine disrupting 
compounds (EDCs) due to their ability to simulate, alter, or block endogenous hormone 
action. Some of these compounds may act through the activation of nuclear hormone 
receptors and may present estrogenic activity, being referred to as estrogenic endocrine 
disrupting compounds (EEDCs) [195]. Similar to endogenous estrogens, several EEDCs have 
been hypothesized to alter androgen action or prostate growth and development [196]. These 
agents can be classified into naturally occurring compounds such as phytoestrogens or 
synthetically generated agents. 

A considerable amount of evidence has revealed the potential beneficial effects of 
phytoestrogens on prostate cancer development. However, these effects may be influenced by 
the discrete biological activities of metabolites and by variations in the metabolic profiles of 
different individuals. Several studies have pointed out that phytoestrogens do not act via a 
single mechanism of action, nor do different phytoestrogens produce the same profile of 
biological responses. The protective effect of phytoestrogens has been investigated in animal 
models and in humans. Studies in humans have described an association between diets rich in 
soy, lignan, or rye and decreased prostate cancer risk [197]. In rats or mice, a diet rich in 
phytoestrogens resulted in reduced incidence of prostate tumors [198,199], and the inhibition 
of prostate tumor development was observed in rats fed an isoflavone-rich diet [200]. In a 
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transgenic mouse model of prostate cancer, growth and metastatic potential of tumors was 
reduced as a result of genistein exposure [201]. The developing rat dorsolateral prostate 
showed reduced expression of AR, ERα and ERβ after oral exposure to genistein [202], 
revealing one possible mechanism behind the lower incidence of prostate cancer in 
populations consuming high levels of phytoestrogens. Resveratrol has also been examined in 
animal models of prostate cancer and has showed a chemopreventive activity [203]. 

Most prostate cancer studies have been conducted in animals fed with soy, pure 
isoflavones, or rye-bran. In particular, genistein has been shown to inhibit the growth of 
cancer cells through modulation of genes involved in the homeostatic control of the cell cycle 
and apoptosis. In this case, genistein inhibited activation of nuclear transcription factor, NF-
kappaB and the Akt signaling pathway, both of which are known to maintain balance 
between cell survival and programmed cell death [204,205,206,207,208]. 

The consumption of phytoestrogen has also been implicated in the improvement of 
patients being treated for prostate cancer. Intake of an isoflavone-supplemented diet for a 
minimum of 3 months was shown to decrease the rise of PSA levels in both ADT-sensitive 
and ADT-refractory prostate cancers [209]. Phytoestrogens have also been shown to 
influence the steroid hormone axis, including the production, metabolism and biological 
activity of sex hormones, and the regulation of numerous intracellular steroid-metabolizing 
enzymes, including aromatase and 17β-hydroxysteroid dehydrogenase [6,8,165,166,210]. 
They may prevent prostate cancer via a dose dependent reduction of serum 17β estradiol and 
testosterone levels, as reported in Japanese men [211]. The presence of estrogen receptor β in 
the prostate [212], which binds genistein with an affinity similar to that of 17β estradiol, 
suggests that the effect of phytoestrogens may be mediated by this target [213]. In a pilot 
study, prostate cancer patients in a low-fat, phytoestrogen supplemented diet, presented a 
reduced testosterone and androgen levels [214]. In rats, soy-based diets significantly 
decreased circulating testosterone levels and prostate weights [215]. In vitro studies have also 
revealed that high concentrations of isoflavones and lignans inhibited the growth of prostate 
cancer cells in a dose dependant manner regardless of AR expression or hormone dependency 
[216,217,218].  

Although a large number of evidence has suggested the protective action of 
phytoestrogens on prostate cancer, some studies have not been entirely supportive and 
information is still inconsistent. For instance, two case–control [219,220] and one prospective 
study [221] conducted in Asian countries were unable to detect significant associations 
between soy consumption and prostate cancer risk. 

 
 

Menopause 
 
Some women experience a decrease in the quality of life during menopause especially 

because of sleep deprivation, hot flushes, mood swings, forgetfulness and difficulty 
concentrating. In postmenopausal women, studies have tried to analyze whether dietary 
supplementation can alleviate menopausal symptoms, but the results have been inconclusive. 
Several clinical studies have indicated that a dietary increase in phytoestrogens in addition to 
a regular diet [222] and phytoestrogen supplementation are associated with an increase in 
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quality of life as well as a significant amelioration of the signs and symptoms of the 
climacteric syndrome [18,223]. However, several other studies could not demonstrate any 
clinical effects, especially with regard to hot flushes [224]. Many reasons may account for 
these discrepancies found in the various studies, which include differences in patient 
selection, phytoestrogen content, and symptom assessment, and variations in endogenous 
estrogen production, intestinal resorption, and activation of orally ingested isoflavones [225]. 

In regard to the climacteric syndrome, a large number of clinical and experimental data 
on the use of phytoestrogens for the alleviation of signs and symptoms of this condition have 
indicated that the efficacy of isoflavones is reduced in women with idiopathic premature 
ovarian failure, premature ovarian failure after cancer treatment, after long-term hormone 
therapy, and when isoflavone treatment is initiated more than 3 years after menopause [226]. 
On the other hand, phytoestrogens were found to be most effectively in early postmenopausal 
women with a natural menopause and mild to moderate climacteric syndrome. The literature 
indicates that phytoestrogen compounds used to treat women with climacteric syndrome 
should contain 40 to 100 mg of isoflavones consisting of variable combinations of different 
aglycans (i.e., genistein, daidzein, glycitein, formononetin, and biochanin A). A daily dose of 
40–100 mg of isoflavones is toxicologically safe and is consistent with the dietary content of 
isoflavones in Asian countries [227].  

Another factor that may partially interfere with the effect of a phytoestrogen diet is the 
individual age of the woman when starting the diet. Asian women usually begin consumption 
of phytoestrogens early in childhood, whereas the Western women tend to adopt a 
phytoestrogen-rich diet or phytoestrogen supplementation during perimenopause or 
postmenopause. This late consumption may then be too late to exert a protective effect on the 
breast. Phytoestrogens may induce differentiation of breast epithelium during early childhood 
and puberty, thus making the breast epithelium less sensitive to noxious agents such as 
chemical carcinogens [228].  

Overall, it appears that there is some evidence to support a role for soy isoflavones in the 
management of menopausal hot flushes, but the effects specifically due to soy isoflavones are 
still considered modest. The use 60 g of isolated soy protein powder containing 40 g of 
proteins and 76 mg phytoestrogens, in the aglycone-active form, has been shown to halve the 
number of hot flushes in postmenopausal women in a double-blind, placebo-controlled trial 
[229]. Other studies in peri and postmenopausal women have reported decreased hot flushes 
following consumption of soy; however, in many studies, the results were not significantly 
greater than the decrease observed for the control group [230,231]. Despite this, a few studies 
have found significant decreases in number [229] or severity [232] of hot flushes within the 
soy treatment group beyond placebo. 

The effect of lignans on hot flushes has not been widely investigated and the median 
daily intake of lignans has been estimated at 578 μg in American postmenopausal women 
[115]. A study using flaxseed as a treatment group found that it reduced the frequency of hot 
flushes; however the results were not significantly different from the soy or wheat groups 
[230].  

A few studies have investigated the effect of phytoestrogen supplementation on the 
endometrium of postmenopausal women. No effects were observed in the endometrial 
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thickness as measured with transvaginal ultrasound [233,234], or in uterine artery pulsatility 
index [234]  

 
 

Osteoporosis 
 
Bone health and osteoporosis are two major concerns to postmenopausal women, 

considering that the decline in estrogen production that occurs during menopause is an 
important contributing factor. Estrogen is important for maintaining bone density because it 
regulates the formation and resorption of bone [46]. 

During menopause, the circulating levels of estradiol is lower, thereby more calcium is 
lost from the bone into blood plasma, leading to osteoporosis [235]. The hormone 
replacement therapy (HRT) was designed to prevent or lower the incidence of osteoporosis in 
postmenopausal women, however, due to the relatively few benefits of the hormone 
replacement therapy for quality of life reported by the Women`s Health Institute [236], other 
alternatives, such as a dietary alternative, are being searched. It is in this regard that the 
phytoestrogens are being investigated in relation to bone health. Observations of significantly 
lower numbers of hip fractures in Asian women, when compared to Western women, 
generated this interest in the potential relation between phytoestrogens and osteoporosis risk 
[237].  

Several in vitro, animal and clinical studies have suggested that phytoestrogens, 
particularly the isoflavones, are somewhat effective in maintaining bone mineral density 
(BMD) in postmenopausal women [230,238,239,240]. Results from ovariectomized rodent 
models have demonstrated a beneficial effect of phytoestrogens on the retention of bone 
mass. Furthermore, they have indicated that a threshold dose of isoflavones needs to be 
consumed for a sufficiently long period of time, i.e., approximately one month to years 
depending on the species, before any measurable effects on bone mass and density can be 
observed. When animals consumed higher doses of isoflavones, the effect was no greater 
than that of the minimal threshold dose, and the higher doses may be less effective.  

Isoflavones have been demonstrated to increase the synthesis of vitamin D in a number 
of nonrenal cell types, and, due to this mechanism, they are thought to contribute to bone 
mineral density [228,241]. In a double blind placebo controlled study of postmenopausal 
women, the daily administration of 54 mg genistein for a period of 12 months showed a 
significant increase in BMD [240], while in a 24-week study comparing isoflavone rich soy 
protein (80.4 mg aglycone isoflavones/ day) and isoflavone poor soy protein (4.4 mg 
aglycone isoflavones/day) in perimenopausal women, both BMD and bone mineral content 
(BMC) were significantly higher with the diet high in isoflavones [238]. The lumbar spine 
seems to benefit the most from consumption of soy phytoestrogens. A 24-week long study 
with postmenopausal women consuming soy protein with 90mg isoflavones/day showed a 
significant increase in BMD of the lumbar spine, with no effect on the femoral neck or total 
body BMD [242].  

Still in relation to isoflavones, studies have shown that ipriflavone, a synthetic 
isoflavone, effectively reduces bone loss in postmenopausal women [243]. This synthetic 
isoflavone undergoes intensive intestinal bacteria biotransformation to many metabolites, 
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including daidzein [244]. It is believed that its action is exerted by interfering with bone 
resorption, and this is done by controlling preosteoclast recruitment, which decreases the 
number of osteoclasts and mononuclear cells. It is also believed that ipriflavone stimulates 
collagen synthesis, probably due to the activation of proline hydroxylase [245]. 

In addition to isoflavones, the effects of coumestans have also been investigated. An in 
vitro study using bone tissue in organ culture, reported that the exposure of 9-day old chick 
embryonic femurs to coumestrol inhibited bone resorption and stimulated bone 
mineralization. Both coumestrol and 17β estradiol inhibited the increased bone resorption 
induced by treatment with either parathyroid hormone, the hormonal form of vitamin D or 
prostaglandin E2 [246]. 

The beneficial effects of soy isoflavones on bone tissue can result from either increased 
bone formation by osteoblasts or decreased bone resorption by osteoclasts. These 
mechanisms could increase bone mass, helping to prevent the development of osteoporosis. It 
has been suggested that osteoblasts and osteoclasts are target cells for the phytoestrogens. 
While estrogen receptors are present in relatively low numbers in osteoblasts, mammalian 
osteoclasts are not believed to express these receptors. Phytoestrogens may act directly on 
osteoblasts by genomic mechanisms, involving the activation or inhibition of the nuclear 
estrogen receptor, or, alternatively, may use non-genomic mechanisms, including the 
inhibition of tyrosine kinase [247], the inhibition of topoisomerase II [248] or the activation 
of a putative membrane-bound receptor for estrogenic molecules [249]. On the other hand, 
the inhibition of osteoclastic bone resorption may result from a direct action of 
phytoestrogens [250], presumably via non-genomic mechanisms, or from an indirect action 
mediated by inhibitory cytokines released by osteoblasts in response to the actions of 
phytoestrogens. 

Despite the supportive studies regarding the benefits of a phytoestrogen rich diet on 
prevention of osteoporosis or bone fracture, several other studies have been unable to show 
the efficacy of phytoestrogen consumption on bone health. For instance, a study of 202 
postmenopausal women found no benefit after 12 months of daily 99-mg isoflavone 
supplementation (52 mg of genistein, 41 mg of daidzein, and 6 mg of glycitein), which does 
not support the hypothesis that the use of a soy protein supplement containing isoflavones 
improves cognitive function, bone mineral density, or plasma lipids in healthy 
postmenopausal women when started at the age of 60 years or later [228,251]. 

 
 

Cardiovascular Disease 
 
Several epidemiologic reports have linked the dietary intake of soy-based foods with the 

reduction of coronary heart disease [252]. In postmenopausal women, cardiovascular disease 
is the leading cause of death in many Western countries and it is known that estrogen can 
directly or indirectly affect the vascular system. In the first case, it acts through ERs located 
in vascular tissue; in the second case, it acts through altering the lipoprotein profile [253]. 
There are several clinical studies that have examined the effect that dietary phytoestrogens 
have on cardiovascular disease. Isoflavones or soy/soy protein and flaxseed have the ability 
to lower total cholesterol [242,254,255,256], low-density lipoprotein (LDL) cholesterol 
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[242,255,256] and to raise high-density lipoprotein (HDL) [128,242]. Soy may affect the 
synthesis of cholesterol even in newborns, as male infants fed soybased formula had lower 
cholesterol fractional synthesis rates than infants fed breast milk or cow milk-based formula 
[257]. 

The improvement on LDL cholesterol levels in humans is directly related to the initial 
cholesterol concentration and depends on the amount of soy intake [258]. Improvement of 
HDL cholesterol is also directly proportional to the initial plasma HDL cholesterol 
concentration [259] and to gender [260]. A study assessing the effects of isoflavone-rich soy 
protein on blood lipids reported overall reductions in total cholesterol by 9.3%, triglycerides 
concentration by 10.5%, plasma LDL cholesterol concentration by 12.9% and increase in 
HDL cholesterol by 2% following an average daily consumption of 47 g of soy protein per 
day. The effects of dietary soy supplementation in lowering the lipid profile was found to be 
dose-related and more robust the highest the plasma cholesterol was at baseline [258]. 
Furthermore, isolated soy protein, rich in phytoestrogen, was found to enhance vascular 
reactivity in female monkeys with atherosclerosis, an effect similar to that observed with 
estrogen replacement therapy [18]. 

The effects of flaxseed on cardiovascular disease have also been linked to reductions in 
serum lipids. Several studies have reported a significant reduction in serum lipids, including 
total cholesterol and non-high density lipoprotein (non-HDL) cholesterol, apolipoprotein B 
and apolipoprotein A-I, as a result of flaxseed consumption [256,261]. 

Oxidized LDL particles are considered to be important in enhancing atherogenesis [262]. 
Due to the reported antioxidant property of phytoestrogens, several studies have evaluated 
the relative efficacy of isoflavones in inhibiting lipoprotein oxidation. For instance, in one 
study, equol and O-DMA were found to be more potent inhibitors of lipoprotein oxidation 
than genistein and daidzein, while, in another study, the relative antioxidant activity of the 
phytoestrogens was shown to be: genistein > daidzein = genistein = biochanin A = daidzin > 
formononetin.  

Endothelium-derived nitric oxide (NO) is a potent vasodilator and mediates the effects of 
antihypertensive drugs such as nitroglycerin. Isoflavones have been shown to stimulate the 
activity of the endothelial NO synthase (NOS3), thus inducing vasodilation via NO 
[263,264]. Isoflavones have also been reported to have antithrombotic and antiatherogenic 
effects. For example, genistein and daidzein decrease monocyte chemoattractant protein-1 
and collagen-induced platelet aggregation in a dose-dependent manner (264).  

Several studies, however, showed no effect of isoflavones derived from soy or red clover 
on serum cholesterol levels [265] or plasma lipids [266]. Two studies that examined the 
dietary intake of lignans and isoflavones containing foods in postmenopausal women showed 
that the quartile with the highest intake had a more favorable waist to hip ratio, triglyceride 
levels, metabolic score [267] and aortic stiffness [268] than women with the lowest intake. 
No correlation was found between the intake of phytoestrogens and blood pressure, total, 
LDL and HDL cholesterol [267]. 
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Inhibition of Angiogenesis 
 
Angiogenesis is the generation of new capillaries from pre-existing vessels. This process 

is absent in the healthy adult organism, being restricted to a few situations including wound 
healing and the formation of corpus luteum, endometrium and placenta [269]. In certain 
pathological conditions, angiogenesis increases and loses its self-limiting capacity [270], and 
this is particularly true for solid tumors [271]. Well-vascularized tumours expand both locally 
and by metastasis, while avascular tumours do not grow beyond a diameter of 1–2 mm [269]. 

The formation of new capillaries begins with a localized breakdown of the basement 
membrane of the parent vessel [272]. This is followed by a series of events that includes 
migration of endothelial cells and invasion of the surrounding matrix, elongation of the initial 
sprout, lumen formation and fusion of the capillary with the tip of another maturing sprout, 
forming a functional capillary loop [273]. Proteolytic degradation of the extracellular matrix 
by endothelial cells is controlled by angiogenic factors. For example, the basic fibroblast 
gowth factor (bFGF) induces the production of urokinase-type plasminogen activator [274] 
and its physiological inhibitor, plasminogen activator inhibitor-1 [272]. Studies using bovine 
microvascular endothelial cells have shown that genistein reduced both bFGF-stimulated and 
basal levels of both plasminogen activator and plasminogen activator inhibitor-1 activity in 
these cells [275]. This information suggests that phytoestrogens may contribute to the 
prevention of pathological neovascularization that is often seen during the development and 
progression of many diseases, including solid malignant tumors. 

 
 

Reproductive Actions 
 

Female Reproductive System 
 
Phytoestrogens may alter ovarian cycles through ovarian, pituitary or hypothalamic 

actions. As mentioned earlier, genistein and coumestrol have a high affinity for ERβ [50], and 
this type of receptor is widely found in granulosa cells in the early stages of follicular 
development [276]. Therefore, phytoestrogens could inhibit estradiol action in the early 
stages of follicular development or augment it in the luteal phase. Clinical studies using 
vegetarian or Asian diets provided evidence for phytoestrogen influences on the human 
menstrual cycle although the results obtained were considerably varied. Both reductions and 
increases in estradiol secretion have been reported, along with lengthening or shortening of 
the menstrual cycle [116].  

Indirect effects of phytoestrogens could also occur through the augmentation or 
suppression of estrogen negative feedback in the anterior pituitary or hypothalamus. 
Experimental studies have shown that genistein inhibited gonadotropin releasing hormone 
(GnRH)-stimulated LH release, suggesting an action at the level of the pituitary rather than 
the hypothalamus. On the other hand, genistein increased plasma prolactin, an estrogenic 
action caused by the inhibition of hypothalamic dopamine secretion [277,278]. Clinical 
studies have provided some evidence for the phytoestrogen regulation of gonadotropin 
release, but the results also were variable [279]. For example, in premenopausal women, 
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reductions in midcycle LH and FSH were observed during a 1-month treatment with 0.8 
mg/kg soy isoflavones [280], whereas in postmenopausal women, the same amount reduced 
LH levels over a 4-week period [281]. 

The effects of phytoestrogens on the uterine and vaginal epithelium have been reported 
in a variety of mammalian species. Epithelial cell proliferation in the uterus and vagina is a 
classical estrogen response, and isoflavones have been shown to induce uterine growth at oral 
doses of 100–800 mg/kg in mice [281], 10–40 mg/kg in rats [278,282]; and 100 mg/kg in 
cows [283]. However, a soy-based diet failed to induce uterine growth in ovariectomized rats 
[284] or rhesus macaques [285]. In addition, a soy-based diet with 10 mg/kg isoflavones did 
not induce maturation of the vaginal epithelium in ovariectomized rhesus monkeys [286] and 
also failed to alter vaginal cytology in ovariectomized rats [284]. 

 
 

Male Reproductive System 
 
The effects of phytoestrogens on testicular function have been investigated in a few 

nonclinical trails with somewhat contradictory results. Micromolar concentrations of 
coumestrol (15μM) and genistein (7μM) reduced gonadotropin-induced testosterone 
production by cultured Leydig cells [287]. In pre-pubertal mice fed orally with 900–3600 
mg/kg body weight for 6 weeks, genistin suppressed testicular weight and spermatogenesis, 
whereas oral doses of 300–1000 mg/kg genistein or genistin failed to alter testis weight over 
a 4-week period in adult male rats. Diets containing 7% soymeal increased testicular size 
when fed to pre-pubertal rats from weaning to 10 months of age and when fed to mice from 
fertilization to old age [116]. No significant differences in testosterone or testicular weight 
were found in rhesus monkeys treated with 1 mg/kg and 9 mg/kg soy isoflavones, 
respectively, for six months. In a similar dietary comparison, no effects of a higher isoflavone 
intake [288] on testicular weight were seen in juvenile rhesus monkey males ranging from 0.7 
to 1.8 years of age [289].  

 
 

Developmental Actions 
 
The differentiation and development of the brain and reproductive tract is regulated by 

endogenous steroids, particularly in the early stages development [290,291,292], when their 
actions can permanently alter organ organization and subsequent cellular responsiveness. The 
action of non-steroidal estrogens during early development may be of some concern because 
they generally bind less well to the binding proteins that protect the developing offspring 
from maternal steroids and therefore have access to these tissues.  

Although isoflavones concentrations in breast milk are generally lower than those found 
in adult plasma, concentrations in infant formula are high. Soy-based infant formulae contain 
concentrations at final dilution as high as 100–150 μM [293,294], and an infant nursed on 
human breast milk consumes no more than 4 μg/kg body weight per day. An infant on soy 
formula consumes as much as 6–9 mg/kg per day [294], a dose substantially higher than the 
0.3–1.2 mg/kg dose received on a typical vegetarian or Asian diet [295]. Like other 
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estrogenic substances, the isoflavones are effective differentiating agents in rodent models of 
development. For example, the prenatal administration of 20–100 mg/kg genistein to 
pregnant female rats showed reduced male anogenital distance and delayed vaginal opening 
in females [296,297]. Additionally, coumestrol and equol, at subcutaneous doses of 10–100 
mg/kg, inhibited the development of uterine glands in female rats [298] and neonatal 
coumestrol induced precocious sexual maturation and premature anovulation following the 
treatment of lactating dams with oral doses of 16 mg/kg [299]. In mice, neonatal exposures to 
subcutaneous doses of 2–5 mg/kg coumestrol are associated with persistent vaginal 
cornification, haemorrhagic and polyovular follicles, uterine squamous metaplasia and 
cervicovaginal adenosis [300].  

Early exposure to estrogen may also influence susceptibility to mammary cancer by 
enhancing or reducing the differentiation of terminal end-buds, the site of neoplastic 
transformation in the rodent mammary gland [301], thereby influencing susceptibility to 
carcinogenesis [302]. Similar effects have been observed with phytoestrogens. It has been 
reported that genistein enhances terminal duct differentiation and reduces the susceptibility to 
induced mammary cancer [303,304]. However, the high-dose treatments required for 
genistein action were also associated with precocious vaginal opening, atretic antral follicles 
and fewer corpora lutea [176].  

 
 

Neurobehavioral Actions 
 
In reference to brain, the majority of studies support the concept that isoflavones are 

neuroprotective [10]. The literature reports that soy phytoestrogens regulate choline 
acetyltransferase, nerve growth factor and brain-derived neurotrophic factor in brain areas 
such as the frontal cortex and hippocampus of female rats [305,306]. They have also been 
found to attenuate tau protein phosphorylations associated with Alzheimer’s disease [307].  

The presence of phytoestrogen in the brain was detected in adult Sprague–Dawley rats 
after intraperitoneal injection of genistein and daidzein [308]. Two well known hypothalamic 
brain regions are sexually dimorphic in rats. These two regions are the sexually dimorphic 
nucleus of the preoptic area (SDN-POA), which is normally two to five times larger in male 
than female rats, and the anteroventral periventricular (AVPV) nucleus, both under the 
influence of steroid hormones and/or estrogen-like molecules [309,310,311]. The SDN-POA 
is thought to regulate sexual behavior and gonadotropin levels [309,312], while the AVPV 
region regulates luteinizing hormone-releasing hormone via receptors for ovarian steroid 
hormones [311]. Studies have demonstrated that the perinatal administration of genistein 
significantly affected SDN-POA. In ovariectomized female rats, the injection of genistein 
significantly increased SDN-POA volumes [313,314], whereas in non-ovariectomized female 
rats, the administration of genistein resulted in a non-significant numerical decrease in SDN-
POA volumes [296]. This suggests that isoflavones influence SDN-POA volumes that are 
dependent on the basal estrogen hormonal status of the organism [19,315]. 

The two major pathways of steroid metabolism in brain are the aromatization of 
androgens and the 5α-reduction of progesterone and androgens [316,317,318,319]. The 
aromatase cytochrome P450 (P450aro) is the enzyme that catalyzes the conversion of 
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androgens to estrogens in specific brain regions [319,320,321], whereas, the 5α-reductase 
enzymes convert androgens, progestagens and glucocorticoids to their 5α-reduced 
metabolites throughout the brain [316,317,318]. The aromatase and 5α-reductase pathways 
are important mechanisms of seroid hormonal action in the central nervous system, especially 
in the hypoyhalamic region during perinatal and postnatal development. They also regulate 
neuroendocrine functions, reproductive endocrine physiology and sexual behavior 
[316,319,322,323]. 

The estrogen product of brain aromatase is known to stimulate neurite growth, migration 
and regulate neuronal plasticity in various brain regions; protect against neurodegenerative 
disease such as Alzheimer`s disease and stroke [324,325]; and influence learning, memory, 
stress, mood, reproductive endocrine function and sexual behavior [319,326,327]. The 
products of brain 5α-reductase are known to stimulate neurite growth [317,318,326,328]; 
promote neuroprotection in the spinal cord [330]; influence learning and memory 
[316,326,328]; inhibit epileptic seizures, and alters mood, fatigue and locomotor activity 
[318,328,331]. Phytoestrogens are mild inhibitors of the P450aro and 5α-reductase enzymes 
in peripheral tissues. In the brain, experiments using animal models have shown that 
treatment with low phytoestrogen diets displayed varying levels of brain 5α-reductase, 
whereas administration of moderate (200 μg/g) or high (600 μg/g) phytoestrogen diets 
displayed stable brain 5α-reductase enzyme activities [332]. 

Calbindin-D28k (CALB) is a calcium-binding protein found in neurons thought to be 
responsible for sequestering/regulating intracellular calcium levels within homeostatic range 
and protecting neurons against apoptosis [333,334]. Decreased levels of CALCB may 
weaken calcium sequestration by the nerve cells leading to apoptosis as seen in 
neurodegenerative diseases such as Huntington’s and Parkinson’s diseases [333]. Several 
studies have shown that CALB levels were significantly decreased in the hypothalamus and 
amygdale of animals fed in a high phytoestrogen diet [334,335], suggesting a potential lack 
of neuroprotection. 

 
 

Renal Disease 
 
The mechanisms by which phytoestrogens may exert their renal protective effects are not 

completely elucidated. However, the available data suggests that diets rich in isoflavones and 
lignans, namely soy protein and flaxseed, can slow the development and progression of renal 
disease as observed in various types of chronic renal disease in both animals and humans. 
Several mechanisms have been proposed to explain the renal protective effects of isoflavones 
and lignans They include inhibition of cell growth and proliferation through ER-mediated 
mechanisms, especially ERβ, or through non-ER-mediated pathways; inhibition of tyrosine 
kinases and DNA topoisomerases I and II; inhibition of angiogenesis; modulation of TGF-β1 
and other growth factors; inhibition of cytokine-mediated activation of transcription factors; 
and inhibition of platelet-activating factor (PAF) [168]. In humans, the consumption of a 
vegetarian diet with 52% soybean protein during eight weeks reduced proteinuria, serum 
lipids and serum lipoproteins in cases of chronic glomerular disease with nephritic syndrome 
[336], and reduced proteinuria and hyperlidemia in cases of chronic glomerulonephritis with 
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nephritic-range proteinuria [337]. In cases of lupus nephritis, decreased serum lipids, 
proteinuria, increased creatinine clearance and inhibition of PAF were observed after a 12-
week ingestion of 15, 30 and 45 g/d of flaxseed sequentially at 4-week intervals [338]. 

 
 

Anti-Viral Activity 
 
In addition to all beneficial effects already mentioned, phytoestrogens have also been 

found to exert anti-viral properties. Viruses enter cells in order to carry out replication and 
they do so by a variety of mechanisms, such as clathrin-mediated endocytosis and caveolae-
mediated endocytosis, which have been shown to be influenced by phytoestrogens [339,340]. 
In caveolae-mediated endocytosis, some viruses, before internalization, firstly attach to major 
histocompatibility complex class I molecules on the cell surface, move laterally along the 
plasma membrane and eventually become trapped in a caveola, which is an invagination of 
the plasma membrane lined with a protein coat of caveolin-1. This is followed by activation 
of tyrosine kinases and since phytoestrogens are known to be tyrosine kinase inhibitors, it is 
believed that they inhibit the phosphorylation events important for viral entry and infection 
[49,247]. For example, in kidney fibroblast cells treated with genistein, simian virus 40 (SV-
40) (associated with pleural mesothelioma and osteosarcome) were unable to enter the cells 
due to inhibition of virus-induced signals that are necessary for its entry. Evidence suggests 
that genistein may block tyrosine phosphorylation of caveolin-1 resulting in inhibition of SV-
40 entry into the cells [341,342]. Following internalization, the virus is transported from the 
caveosome to the endoplasmic reticulum. Genistein have also been found to block the 
downstream signals that enable the SV-40 virus to reach the endoplasmic reticulum [343] 
(Figure 15). 

In another study, 50μM genistein was capable of suppressing replication of 
encephalomyocarditis virus in L929 cells to 0.5% of control level by a mechanism involving 
inhibition of viral protein synthesis [344]. When dengue virus infects cells, a series of events 
occur leading to alteration in cellular permeability with associated actin cytoskeleton 
rearrangements. Human dermal microvascular endothelial cells treated with genistein showed 
inhibition of phosphorylation of proteins involved with actin reorganization causing a 
reduction in stress fibers and focal adhesions during dengue virus infection [345]. Biochanin 
A has also been shown to exert anti-viral activity. In HSB-2 cells exposed to human 
herpesvirus 6, biochanin A blocked infection by inhibiting the expression of early and late 
viral antigens and syncytium formation [346].  

Few animal studies have provided evidence to corroborate the in vitro findings. In pigs, it 
has been shown that a soy genistein enriched diet reduced replication of porcine reproductive 
and respiratory syndrome virus when virally challenged [347]. Although genistein is the best 
characterized phytoestrogen in regard to its anti-viral activity, other types of phytoestrogens 
are expected to exert similar function and this further supports the health benefits of a 
phytoestrogen-rich diet in humans. 
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Figure 15. Schematic presentation of clathrin-mediated endocytosis and caveola-mediated endocytosis. It is 
suggested that genistein may block tyrosine phosphorylation of caveolin -1 resulting in inhibition of SV-40 
entry into the cells (1) [342]. Following internalization, the virus is transported from the caveosome to the 
endoplasmic reticulum. Genistein have also been found to block the downstream signals that enable the SV-
40 virus to reach the endoplasmic reticulum (2) [343]. (Based on reference 9.) 

 
Phytoestrogen Toxicity 

 
Although most phytoestrogens exert pleiotropic effects involving kinase inhibition, cell 

cycle regulation and antioxidative properties that are likely to contribute to the their 
beneficial effects, estrogenic and/or anti-estrogenic activities may reduce but also may 
stimulate estrogen-dependent tumor growth depending on dose and timing of exposure. Other 
adverse effects have been reported in relation to the action of phytoestrogens. For example, in 
mice neonates exposed to genistein at dose levels comparable to serum levels of 1–5 μM in 
human infants, a variety of adverse reproductive effects were noted later in life, including 
altered mammary gland morphology, abnormal estrous cycle, altered ovarian function and 
infertility [348]. In vitro cell culture studies have reported genistein to be clastogenic 
(chromosome breaking), DNA damaging and even mutagenic, in contrast to in vivo studies 
that generally have shown negative genotoxicity results [349]. In Chinese hamster V79 cells, 
50–150 μM genistein was found to induce micronucleus formation, indicative of 
chromosome breakage [350]. 
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Another situation which deserves attention is the feeding of neonates with soy-products. 
Soy infant formula contains high levels of the isoflavones genistein and daidzein that are well 
absorbed by infants and circulate at concentrations that are greater than levels which have 
been shown to produce physiological effects in adult women consuming a high soy diet, 
generating considerable concern regarding their long-term health effects, particularly on 
endocrinological and reproductive outcomes. The existing data indicate no adverse effect on 
human growth, development or reproduction [351], however there is very little research on 
the effects of consumption of soy phytoestrogens by human neonates and this requires a 
cautious approach in situations where there are potential developmental effects from the 
consumption of pharmacologically active compounds in infancy and childhood [352]. 

 
 

Conclusion 
 
In vitro and in vivo studies indicate that phytoestrogens exhibit a broad spectrum of 

biological activities and resemble other estrogens in their ability to regulate cell proliferation 
and differentiation. Phytoestrogens also exhibit anti-proliferative and anti-estrogenic actions 
that are thought to provide protection against carcinogenesis. Initially, it was thought that 
phytoestrogen actions were predominantly hormonal, but it is now clear that they display a 
diversity of properties that enable them to exert multiple effects in the organism, and this is 
consistent with steroid action in general. Differences in the amounts and distribution of α and 
β estrogen receptors reflect different responses in the cell, since phytoestrogens have 
preferential actions on either receptor. The discrepancies observed in the many studies 
available are probably related to expected limitations of dietary assessments. This is 
particularly true in that they may fail to consider variations in the bioavailability of 
phytoestrogens due to, for example, intestinal microflora, sex, genetics, diet and antibiotic 
use. Human responses to phytoestrogens were shown to be highly variable in both quality and 
incidence of response as well as in the nature of the hormonal response, as both estrogenic 
and anti-estrogenic responses have been observed. Phytoestrogens preparations, as 
pharmaceuticals and herbal medicines or as food supplements, require quality standards 
regarding manufacturing, and special attention should be given to isoflavone content. The 
growing availability and popularity of purified phytoestrogen makes it especially important to 
investigate even further the possibility of their beneficial or adverse effects. 
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Abstract 
 
Camptothecins (CPTs) are regarded as one of the most promising anticancer drugs of the 
twenty-first century. The structure–activity relationships (SAR) provide insight into the 
mechanism of topo I inhibition and helped in the synthesis of various CPT analogues by 
modifying the different rings of the original CPT molecule, giving each analogue a 
unique property. These modifications have resulted in various improvements in the 
parent molecule, including changes in bioavailability, stabilization of the lactone ring, 
and/or a decrease in the substrate recognition by drug-resistant proteins as well as 
improvements in the toxicity profile in preclinical studies. The quantitative structure–
activity relationships (QSAR) have suggested that the hydrophobic and steric descriptors 
of CPT analogues are the two most important determinants for their activity. Currently, 
two anticancer CPT derivatives, topotecan and irinotecan are in clinical use. These 
analogues have shown tremendous promise as solid tumor drugs and become a part of the 
multi-million dollar industry, but suffer from low tumor response rates and dose-limiting 
toxicity. At present, the extensive clinical trials are continuing to describe the better 
picture of clinical chemistry of topotecan, irinotecan, and some other new CPT 
derivatives (which are in various stages of clinical trials) to determine their optimal dose, 
route of administration, schedules, and the possibility in the combination with other 
chemotherapeutic agents. In this chapter, we describe SAR, QSAR, and the clinical 
chemistry of CPT derivatives to understand their chemical–biological interactions and 
side effects, which may provide strategies that might aid in the development of 
outstanding antitumor agents belonging to this family. 
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1. Introduction 
 
Camptothecin (CPT, I), a naturally occurring quinoline alkaloid, was first isolated from 

the Chinese tree Camptotheca acuminata by Wall et al. in 1966. [1] It has shown remarkable 
promise as an anticancer agent, but its use has been limited by its poor water solubility and 
high in vivo hepatotoxicity. The important parameters for the anticancer activity of 
camptothecin derivatives have now been established, showing that the intact lactone form 
with an α-hydroxyl group at position 20 of the molecule with an S-configuration is required 
for the anticancer activity. [2] On the other hand, the discovery that the primary cellular 
target of CPT is DNA topoisomerase I (topo I) was the breakthrough that created renewed 
interest in this agent and led to synthesizing more water-soluble analogues with impressive 
activity. [3,4] Two of them, topotecan (II) for the clinical treatment of the ovarian and small-
cell lung cancers, [5-7] and irinotecan (CPT-11, III) [8,9] for the metastatic colorectal cancers 
have already been approval by the FDA. [10-12] Irinotecan is a prodrug that is converted into 
their active metabolic form 10-hydroxy-7-ethylcamptothecin (SN-38, IV) (Fig. 1). These two 
drugs (topotecan and irinotecan) and other derivatives of CPT have become a part of the 
multi-million dollar industry that is dedicated to finding better chemotherapeutic agents with 
excellent antitumor activity and less normal tissue toxicity. 

DNA topoisomerases are ubiquitous enzymes that can manipulate DNA by changing the 
number of topological links between two strands of the same or different DNA molecules. 
[13] These enzymes are involved in many cellular processes, such as replication, 
recombination, transcription, and chromosome segregation. There are two major classes of 
topoisomerases, topo I, which break and reseal one strand of DNA, and topo II that alter 
DNA topology by catalyzing the passage of an intact DNA double helix through a transient 
double-stranded break made in a second helix [14,15] Topo I produces a DNA single strand 
break allowing DNA relaxation for replication. This single strand break is then relegated, 
thus restoring the DNA double strands. Interestingly, there is no energy cofactor required to 
carry out this reaction suggesting that hydrolysis was not involved in the mechanism of the 
DNA cleavage; otherwise relegation would require a coupled reaction to balance the 
unfavorable free energy of dehydration in an aqueous medium. [16] It was therefore proposed 
that the enzymatic mechanism involves two sequential transesterification reactions. In the 
cleavage reaction, the active site tyrosine (Tyr 732 in human topo I) acts as a nucleophile. 
The phenolic oxygen attacks a DNA phosphodiester bond, forming an intermediate in which 
the 3′ end of the broken strand is covalently attached by an O4-phosphodiester bond to the 
topo I tyrosine. [16,17] 
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Figure 1. Structures of 20(S)-Camptothecin, Topotecan, Irinotecan and SN-38. 

Human DNA topoisomerase I (topo I) is the sole target for the CPT family of anticancer 
compounds, which acts by stabilizing the covalent protein-DNA complex and enhancing 
apoptosis through blocking the advancement of replication forks. Once the CPT molecule has 
intercalated into the topo I-DNA cleavable complex, the collision between the complex and 
the replication fork during S-phase is thought to result in DNA double strand breaks (DSBs) 
that eventually lead to cell death. [10,18] It was also suggested that topo I cleaves DNA at 
multiple sites. The highest efficient sites exhibit significant sequence homology. 
Approximately 90% of topo I site have a tyrosine residue at position-1. However, sites of 
cleavage stabilized by CPT exhibit a strong preference for guanine at +1 position, while 
thymidine remains the preferred nucleobase at the –1 position. [19] The atomic force 
microscope (AFM) images have recently been used to investigate the mode of action of DNA 
topo I in the presence and absence of CPT. The AFM analysis revealed that the position of 
the enzyme in the topo I-DNA covalent complexes (in the presence of CPT) differed from its 
position in the absence of this drug. Topo I was attached to the double stranded relaxed DNA 
molecules in the absence of CPT, while in the presence of this drug the enzyme was located 
inside a relaxed DNA bubble. [20] 

The exact mechanism for the stabilization of DNA–topo I covalent binary complex by 
CPTs is not fully understood because the drug acts as an uncompetitive inhibitor and binds 
only the transient binary complex. [21] It has been confirmed from the enzymatic studies that 
CPT does not interact with topo I alone, nor does it bind to DNA. [22] Although it has been 
reported that topotecan, which should be protonated at physiological pH, does bind to DNA 
at high concentration. [23] Despite the apparent lack of affinity of CPT to DNA or topo I 
alone, the binding of CPT to the covalent binary complex is suggested to be responsible for 
the observed stabilization. X-ray crystal structure of a ternary complex containing a human 
topo I covalently attached to a DNA duplex and bound to topotecan, suggests that topotecan 
intercalates at the site of DNA cleavage and is stabilized by base-stacking interactions with 
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both the upstream (–1) and downstream (+1) base pair. The intercalation resulted in a shift of 
the downstream base pairs and displacement of 5′-OH strand away from the phosphotyrosine 
bond thus blocking relegation. This binding occurred whether E ring of topotecan was in the 
closed lactone form or the open carboxylate form; however, a higher occupancy rate (63%) 
was seen with the lactone form. [24]  

Another possible mechanism of cell death by CPT is by blocking angiogenesis. In an 
effort to investigate the antiangiogenic and antitumor activity of oral ST1481 (gimatecan) in 
human tumor xenografts, Petrangolini and co-workers [25] have suggested the possibility that 
the antiangiogenic properties of ST1481 contribute to its antitumor potential and that this 
effect might be enhanced by the continuous low-dose treatment. Recently, it has been 
demonstrated that the CPT-11 is an effective inhibitor of angiogenesis and providing strong 
implications for wider clinical application for colon cancer. [26] CPT is found to be effective 
in treating psoriasis by inhibiting the growth of keratinocytes in vitro by inducing apoptosis. 
CPT inhibited keratinocyte proliferation and telomerase activity as well as the induction of 
apoptosis. The inhibitory activity of CPT is well correlated with its concentration, suggesting 
concentration dependency. It is important to note that the down-regulation of telomerase 
activity was observed not only in cells treated at concentrations able to induce apoptosis, but 
also in cells treated at concentration insufficient to induce apoptosis, indicating that CPT-
induced apoptosis may be preceded by down-regulation of telomerase activity. Thus, the 
antiproliferative activity of CPT and its inhibition of keratinocyte apoptosis through down-
regulation of telomerase activity may explain the drug's therapeutic mechanism in psoriasis. 
[27] 

The major clinical complication in cancer therapy is the resistance to chemotherapeutic 
agents. Studies on CPT resistance using yeast and mammalian cell culture models have 
suggested mainly three important mechanisms of resistance: (a) reduced cellular 
accumulation of CPTs, (b) alteration in the structure or location of topo I, and (c) alterations 
in the cellular response to CPT-DNA-ternary complex formation. The relevance of these 
mechanisms to clinical drug resistance is not yet known, but evaluation of these models in 
clinical specimens should enhance the use of CPTs both as single agents and in combination 
with other anticancer drugs. [28] Resistance to CPT has also been attributed to enhanced drug 
efflux by a novel ABC transporter, the BCRP/MXR/ABCG2 transporter, which is widely 
expressed in normal human tissues. [29,30] The crystal structures of two CPT-resistant forms 
of human topo I (Phe361Ser at 2.6 Å resolution and Asn722Ser at 2.3 Å resolution) in ternary 
complexes with DNA and topotecan have suggested that the alteration of Asn722 to Ser leads 
to the elimination of a water-mediated contact between the enzyme and topotecan. [31] 
Further consideration of CPT-resistant mutations at seven additional sites in human topo I 
presented the structural evidence that explaining their possible impact on drug binding. These 
results provide better understanding towards the mechanism of cell poisoning by CPT and 
suggest specific modifications to the drug that may improve efficacy.  

Scientific efforts are continued to develop new CPT analogues in order to improve their 
pharmacokinetics, drug resistance, clinical chemistry and toxicity profiles. At present, over a 
dozen new CPT derivatives are in various stages of clinical trials. [32] In the present chapter, 
we describe SAR, QSAR, and clinical chemistry of CPT derivatives to understand their 
chemical–biological interactions and side effects, which may provide strategies that might aid 
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in the development of outstanding antitumor agents belonging to this family. It is important 
to understand the difference between SAR and QSAR: SAR is qualitative in nature, often 
occurring in the form of structural alerts that include molecular substructures or fragment 
counts related to the presence or absence of biological activity; while QSAR is typically 
quantitative in nature, producing categorical or continuous prediction scales. [33,34] 

 
 

2. Structure–Activity Relationships (SAR) 
 
The design and development of novel CPT derivatives depend mainly on the following 

four factors: 
 
(i) The essential structural features for the activity of CPT analogues are the 20(S)-

hydroxyl, pyridone moiety (D-ring), lactone moiety (E-ring), and the planarity of the 
pentacyclic (A, B, C, D, and E) ring system. [35,36] 

(ii) The modifications of quinoline ring (9, 10, and 11-positions of the A-ring and 7-
position of the B-ring) are generally enhance the potency of the CPT derivatives. 
[36,37] 

(iii) The development of homocamptothecins (hCPTs; CPT derivatives with seven-
membered lactone E-ring) with enhanced activity necessitate a reevaluation of the E-
ring lactone function. [11,24,38,39] 

(iv) CPT derivatives must have to possess the following four criteria for the targeted 
enzymatic activation of tumor cells: (a) improved water solubility, (b) stability in 
blood, (c) decreased cytotoxicity, and (d) susceptibility to defined enzymatic 
cleavage. [11,40] 

 
The details about the structure–activity relationships (SAR) of CPT derivatives with 

respect to their pentacyclic (A, B, C, D, and E) ring system are as follows: 
 
 

2.1. Modification in the A Ring 
 
Numerous reports indicated that CPT derivatives with substitutions at the A ring are 

regarded to be of great interest. The SAR for the modifications in the A ring (C-9, C-10, C-
11, and C-12) of CPT derivatives includes the following: 

 
(i) Monosubstitution by NH2 or OH group at positions C-9, C-10, or C-11 of the A ring 

increases the antitumor activity, whereas substitution at position C-12 greatly 
reduces the activity. [41] 

(ii) Substitution at C-9 and C-10 positions of the A ring by halides and other electron-
rich groups (e.g. NH2, OH, etc.) generally increases the DNA topo I inhibition. [42] 

(iii) Addition of small substituents at C-10 position of the A ring generally increases the 
DNA topo I inhibition. Substitution at C-10 position with a hydroxyl group 
contributes to the increased activity of SN-38 and topotecan. [43] 
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(iv) The additional furan and dihydrofuran rings fused with C-9 and C-10 positions of 
camptothecin could improve the antitumor activity in vitro and in vivo, though the 
stability of the lactone ring did not increase. [44] 

(v) Substitution at C-10 and C-11 positions of the A ring are generally unfavorable to 
the biological activity. [45] Exceptions are the 10,11-methylenedioxy or 10,11-
ethylenedioxy functional group at the A ring substantially increases the DNA topo I 
inhibition. [42,46] 

(vi) Modification at C-11 position of the A ring increases the DNA topo I inhibition e.g. 
11-azacamptothecin has activity approximately twice that of CPT. [47] 

(vii) 9-Amino camptothecin was shown in early studies to have very impressive 
preclinical study. By introducing various alkylidine groups (-CH=CR1R2) at C-9 
position of the A ring, the cytotoxicity of the resulting CPTs increases/decreases 
depending on the nature of their R1 and R2 substituents. For example, 9-(CH=CH2)-
CPT [where, R1 = R2 = H] and 9-(CH=CHCOOCH3)-CPT [where, R1 = COOCH3, 
R2 = H] have shown enhanced cytotoxicity in comparison to 9-NH2-CPT. On the 
other hand, 9-(CH=CHCONH2)-CPT [where, R1 = CONH2, R2 = H] and 9-
(CH=C(COOCH3)NHCOCH3)-CPT [where, R1 = COOCH3, R2 = NHCOCH3] have 
shown decreased cytotoxic activity with respect to 9-NH2-CPT. The reduction of the 
alkylidine double bonds to afford the more flexible, non conjugated 9-
alkylcamptothecins did not lead to relevant differences in cytotoxicity in respect to 
the parent compounds. [48] 

(viii) In vitro experiments using three kinds of purified carboxylesterase isozymes from 
the liver microsomes of rat, pig, and human demonstrated that the long-chain fatty 
acid esters of 10-hydroxycamptothecins [10-OCO(CH2)nCH3-CPT; where n = 8, 10, 
14, 16, and 18] were efficiently metabolized by enzymes compared with CPT-11. 
These results suggested that long-chain fatty acid esters of 10-hydroxycamptothecins 
could be useful as prodrugs anticancer property. [49] 

 
 

2.2. Modification in the B Ring 
 
A systematic study has revealed that the C-7 position of the CPT is a favorable site for 

the introduction of a hydrophobic group, since the antitumor activity is maintained or 
improved with proper substituents. The SAR for the modification in the B ring (C-7) of CPT 
derivatives includes the following: 

 
(i) Substitution at the C-7 position of the B ring has been found to be more potent, and 

an increase in water solubility has been observed depending on the nature of the C-7 
substituent. [42] 

(ii) 7-N-isopropylaminoethyl-CPT has shown enhanced cytotoxicity and lower toxicity 
in comparison with CPT and topotecan. [50] 

(iii) Camptothecin substituted at C-7 position of the B ring by an alkyl, alkenyl, cyano or 
carbethoxy groups showed potent cytotoxic activity in vitro against human non-
small-cell lung carcinoma H460 cell-line, most of them exhibiting IC50 values in the 
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0.05-1μM range, and were more active than topotecan. In particular, 7-
cyanocamptothecin showed high in vitro cytotoxicity against a topotecan-resistant 
H460 cell subline and cisplatin-resistant ovarian cancinoma subline. In an in vivo 
evaluation of the antitumor activity, 7-CN-CPT appeared significantly more effective 
than topotecan in the H460 tumor model and comparable with topotecan in small-
cell lung carcinoma and colon carcinoma models. [51] 

(iv) 7-Iminomethyl derivatives of camptothecin [7-(CH=NR)-CPT; where, R = C6H5, 
C6H11, (CH2)2N(CH3)2, (CH2)4OH, p-NO2-C6H4, and CH2C6H5] showed a marked 
increase of cytotoxicity (IC50 = 0.12-0.37μM) against non-small-cell lung carcinoma 
H460 cell-line, with respect to topotecan (IC50 = 1.38μM). [52] Similarly, 7-
oxyiminomethyl derivatives of CPT had also been found to show improved efficacy. 
[53] 

(v) Conjugates (Va-e) composed of a paclitaxel and a camptothecin derivatives joined 
by an imine linkage were found to be potent inhibitors of tumor cell replication with 
improved activity relative to CPT. Significantly, compounds (Va-c) were found to be 
more active than paclitaxel and CPT against HCT-8 (colon adenocarcinoma) cell 
replication. All of the conjugates (Va-e) were significantly less potent than CPT as 
inhibitors of human topo I in vitro. Based on the activity against drug-resistant cell 
line replication, one could conclude that the conjugates were simply acting as 'weak 
taxanes' but the spectrum of activity, particularly against MCF-7 and HCT-8, 
strongly suggests that a novel mechanism of action has been achieved through 
conjugation. [54] 
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2.3. Modification in the A/B Ring 

 
It has already been demonstrated that the CPT analogues with modifications at quinoline 

(A/B) ring are of great interest. This is further supported by the fact that the only two CPT 
derivatives approved by FDA for the clinical use, that are, topotecan (II) and irinotecan (III), 
are the analogues of CPT with substitutions within the quinoline ring. The SAR for the 
quinoline (A/B) ring of the CPT derivatives includes the following: 
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(i) Substitutions at C-7 and C-9 positions of B and A rings do not affect the DNA topo I 
inhibitory activity, suggesting the absence of tight interaction with the receptor site 
and the regions around positions 7 and 9. [43]  

(ii) The stability of the E-ring lactone in human plasma can also be affected by 
derivatization of the quinoline ring. [19] 

(iii) 7-Ethylcamptothecin substituted at the C-11 position by fluorine or cyano group 
showed strong cytotoxicity to KB and L1210 cells as well as also exhibited strong 
inhibitory activity on DNA topo I. [55] 

(iv) Comparison of the stability among CPT-, SN-38-, and 10-OH-CPT-induced 
cleavable complexes reveals that the OH group at position C-10 enhances stability of 
the cleavable complexes. The difference between SN-38- and 10-OH-CPT-induced 
cleavable complexes suggests that the ethyl group at the C-7 position is also 
important for stabilizing the interaction between CPT derivatives and topo I-DNA 
complex. [56] 

(v) Substitution at C-7 and C-10 positions of B and A rings (where the substituent at 
position C-10 is a hydroxyl group) results in greatly improved drug stability in the 
presence of human albumin. This is due to the occurrence of a favorable, reversible 
binding between the lactone form of the drug and human serum albumin (HSA). SN-
38 is one of the best examples with 7-alkyl-10-hydroxy substitution pattern. [57] 

(vi) 7-tert-butyldimethylsilyl-10-hydroxycamptothecin (DB-67, VI) had displayed 
superior stability in human blood when compared with the clinically relevant CPT 
analogs. In human blood, VI displayed a t1/2 of 130 min and a percent lactone at 
equilibrium value of 30%. The t-butyldimethylsilyl group rendered the new agent 25 
times more hydrophobic than CPT. In addition, the dual 7-alkylsilyl and 10-hydroxy 
substitution in VI enhanced the drug stability in the presence of human serum 
albumin (HSA). Thus, the net hydrophobicity and the altered HSA interactions 
together function to promote the enhanced blood stability. The cytotoxic activity of 
VI against multiple different cell lines derived from eight distinct tumor types 
showed comparable or slightly enhanced potency relative to CPT, 10-OH-CPT, 
topotecan and CPT-11. The cell-free cleavage assays further revealed that VI was 
highly active and forms more stable topo I cleavage complexes than CPT or SN-38. 
[58]   
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(vii) Camptothecin substituted at C-10 position by -OCH3 group and at C-7 position by -

CH2OCOCH3, -CHO or -CN groups showed potent cytotoxic activities in vitro 
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against human non-small-cell lung carcinoma H460 cell-line, and exhibiting IC50 
values 0.04, 0.18, and 0.66μM, respectively, and were more active than topotecan 
(IC50 = 1.38μM). [51] 

(viii) Some of the derivatives with an additional ring combined with the positions C-10 
and C-11, positions C-9 and C-10, or positions C-7 and C-9 were predicted to be 
superior antitumor activities to those original pentacyclic CPTs, such as lurtotecan 
and extatecan. [11] 

(ix) CPT derivative (VII) containing a 1,4-oxazine ring combined with the position C-9 
and C-10 showed about 2-fold more potent than topotecan and as potent as CPT 
toward six human cancer cell lines A549, H128, WiDr, MKN45, SK-OV-3, and SK-
BR-3 in vitro, and was slightly less potent than SN-38. The stability of the lactone 
form of this compound in human plasma seemed to be much higher than that of CPT 
and similar to that of topotecan but lower than that of SN-38. Compound VII showed 
higher antitumor activity against human tumor xenograft, WiDr, in nude mice 
compared to that of SN-38. [59] 
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(x) The cytotoxicity results of a series of 7-N-alkylaminoethyl-10,11-methylenedioxy- 

and ethylenedioxy-CPT against five human tumor cell lines revealed that the more 
bulky alkyl groups at position C-7 (higher than propyl) showed the less cytotoxicity. 
Generally, methylenedioxy derivatives showed higher cytotoxicity than the 
corresponding ethylenedioxy derivatives. It was thought that ethylenedioxy group 
can not hold the coplanarity with A, B, and C rings of CPT, which is required to 
interact with DNA and topo I complex. CPT derivatives VIIIa and VIIIb were found 
about 100 times more potent against ovarian cancer (CAOV-3) than CPT. [50] 
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VIIIa, R = CH2CH3; VIIIb, R = CH2CH2CH3 

 
(xi) CPT derivative IX was twice as active as SN-38 against two cancer cell lines (P388, 

mouse leukemia and HOC-21, human ovarian cancer) suggesting that the 
conformational rigidity of the substituents at positions C-7 and C-9 is favorable for 
antitumor activity. [60] 
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2.4. Modification in the C Ring 
 
There are few reports, which have focused on the modification of C ring of the CPT. It 

has generally been suggested that either the replacement or the substitution at C ring would 
reduce the activity. There is only one available site for the substituents i.e. C-5 in the C ring. 
The SAR for the C ring of the CPT derivatives includes the following: 

 
(i) Substitution at C-5 position of the C ring by acetoxy, alkoxy, amino, or hydroxyl 

groups generally diminishes the antitumor activity. [19,61] 
(ii) Substitutions of alkoxy or several other groups at C-5 of the C ring are reasonably 

well tolerated when either hydroxyl or nitro group is present to the A-ring. 9-OH-5-
OEt-CPT is one of the best examples. [62,63] Exceptions are the CPT derivatives 
(X) and (XI), which contained no additional group within the quinoline ring and 
showed a good or maintain the same potency equivalent to CPT. [64,65] 
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2.5. Modification in the D Ring 
 
Reports on D ring substituents have been limited, presumably due to the paucity of 

accessible carbons for substitution and more difficult synthetic routes leading to potential 
analogues. [19] There is only one available site for substituents i.e. C-14 in the D ring. The 
SAR for the D ring of the CPT derivatives includes the following: 

 
(i) Steric factor at position C-14 of the D-ring is shown to be crucial for the activity. 

Substitution at C-14 by methyl ester group generally reduces the anti-tumor activity. 
[66] 

(ii) The pyridone carbonyl of CPT is an important ring to stabilizing the enzyme-DNA-
CPT ternary complex. The deaza derivative of CPT (XII) is the best example, which 
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should maintain quite similar shape and planarity relative to CPT, was found to be 
approximately 60-fold less efficient as a topo I inhibitor. [67] 
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(iii) 14-Azacamptothecin (XIII) had exhibited reasonable potency as a topo I poison 
and topo I dependent cytotoxicity, and stabilized enzyme-linked DNA breaks 
with the same sequence selectivity as CPT itself. [11,68,69] Interestingly, 14-aza 
CPT was found to inhibit the relaxation of super-coiled plasmid DNA more 
potently than CPT. Thus, it may modified structurally to further improve its 
properties as a topo I poison. [70] 
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2.6. Modification in the E Ring 
 
E-ring plays a key role in supporting both the efficient topo I inhibition and in vivo 

potency. Early studies demonstrated that the removal of the 20-OH group on the lactone (20-
deoxy-CPT) or the conversion of the lactone into a lactum, or the conversion of the 
stereochemistry of the OH group (20-S to 20-R isomer) were detrimental both in topo I 
inhibition and in vivo assays. [71-73] The SAR for the E-ring of the CPT derivatives includes 
the following: 

 
(i) The lactone (E-ring) with 20-S configuration is critical for both efficient topo I 

inhibition and in vivo potency. [73]  
(ii) Under physiological conditions, the presence of α-OH group (20-S configuration) 

results in an equilibrium that favors the (inactive) open carboxylate over the (active) 
ring-closed lactone form. [11,19,57, 74-76] 

(iii) Any changes in the E-ring, such as replacement of the lactone by a lactum group, 
reduction of the lactone, removal of the carbonyl oxygen, removal of the 20-
hydroxyl group, or replacement of 20-OH group by other groups inactivate the 
molecule. [38,71] 

(iv) There are mainly two possible reasons for the importance of α-OH group (20-S 
configuration) of the CPT for topo I inhibition: (a) the formation of a hydrogen bond 
between the hydroxyl group and the enzyme-DNA complex, and (b) the presence of 
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an intra-molecular hydrogen bond with the lactone carbonyl (C-21 position). Both 
interactions may facilitate the possible E-ring opening. [11,66,71] 20-OH group and 
C-21 carbonyl moiety of the CPT may act as H-bond donor and H-bond acceptor, 
respectively. [70]  

(v) Replacement of 20-OH group by amino or halogens results in the significant 
diminished activity. [11,19] The 20-NH2-CPT (XIV) has the same potential of H-
bond donor capacity as that of CPT, which stabilized the covalent binary complex 
formed from DNA and human topo I, and also mediated topo I-dependent 
cytotoxicity toward a yeast strain lacking the homologous topo I, but expressing the 
human enzyme under the control of a galactose promoter. However, the compound 
(XIV) was much less potent than CPT. It is interesting to note here that the 20-NH2 
group would be expected to be protonated at the physiological pH. It would thus be 
capable of acting as H-bond acceptor and not H-bond donor. In the case of halogen 
derivatives i.e. 20-Cl-CPT and 20-Br-CPT, the chloro and bromo groups can only act 
as H-bond acceptors were also found to stabilize the ternary complex and to mediate 
topo I-dependent cytotoxicity toward yeast expressing the human enzyme, and to 
exhibit greater potency than 20-NH2-CPT but lower than that of CPT. [35,70] 
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(vi) Esterification of 20-OH group, which can either eliminate the intra-molecular 

hydrogen bonding or increase the steric hindrance of the carbonyl group of E-ring, 
results in the stability of lactone ring in vivo. [11,77,78] A series of 20-O-linked 
nitrogen based camptothecin esters including ester (XV) was reported by Wang et al. 
[79] All these esters showed lower toxicity in vitro than CPT and topotecan. 
Compound (XV), among all the esters of the series, showed the best antitumor 
activity both in in vitro and in vivo. 
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(vii) In an effort to improve the water solubility of CPT, four 20-O-phosphate and its 

derivatives (XVI; R = OH, OCH3, CH3, C6H5) were synthesized by Rahier et al. [80] 
These compounds are freely water soluble, stable at physiological pH, and stabilize 
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the human topo I-DNA covalent binary complex with the same sequence selectivity 
as CPT itself. Thus, it may be regarded as the good examples for the comparison 
between α-OH (20-S) and α-OX (20-S) of CPTs in improving their water solubility 
and stabilizing topo I –DNA covalent binary complex. Among the derivatives, CPT 
phosphate monoester (XVI; R = OH) was the most cytotoxic, although its potency 
was much lower than that of CPT itself. Thus, the experimental evidence finally 
revealed that the esterification of 20-OH markedly reduced the toxicity of CPT 
analogues. 
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(viii) Hertzberg et al. [71] replaced the 21-C of the CPT with other atom such as N and S 

to lactam (XVII) and thiolactam (XVIII), thereby reducing the tendency of the E-ring 
to open. However, the resulting CPT derivatives XVII and XVIII were essentially 
inactive. The lactam derivative (XVII) differed from CPT in two respect: (a) the 
lactam ring was more stable to hydrolysis than the lactone ring, and (b) the lactam 
NH was a hydrogen bond donor while the lactone oxygen was a hydrogen bond 
acceptor. In the case of thiolactam (XVIII) where E-ring more closely resemble to 
the lactone ring in CPT, was expected to be more reactive than a lactone, but sulfur 
is a poorer hydrogen bond acceptor than oxygen and also represents an increased 
steric bulk and size. 
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(ix) The idea of reducing the electronic influence (via an inducible effect from the 

electronegative oxygen atom) of the OH group by increasing the distance between 
the C=O and OH functionalities, proved to be a full success. The one-carbon ring 
expansion of the E-ring of CPT afforded a family analogues designated hCPTs, 
hereafter referred to as hCPT or homoCPT. [81] It is important to note that 
homoCPT (XIX) obtained by the replacement of α-hydroxylactone moiety with β-
hydroxy-lactone exerts potent inhibition of topo I, elevated levels of cytotoxicity, 
and stability of the lactone after 24 h at physiological pH. [82] These demonstrations 
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have prompted the synthesis and evaluation of numerous homoCPT derivatives. 
[38,82-86] Among them the most important homoCPT derivatives is 10,11-difluoro-
homoCPT (XX) which exhibits strong antiproliferative activity against numerous 
cell lines and is currently in clinical trials. [8,84] 
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(x) The 7-(tert-butyldimethylsilyl)homoCPT (XXI) with an increased hydrophobicity, 

was reported to display the highest level of lactone stability in both buffer systems 
and plasma. [87] It is interesting to note that Du1441 (XXII) an analogue similar to 
homoCPT, contains an α-hydroxyketo ether in place of β-hydroxylactone, was 
inactive as a topo I inhibitor and in inhibiting cellular proliferation. [88] 
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(xi) Recent report suggested that the pyrroloquinazolinoquinoline alkaloid luotonin A 

(XXIII) is a topo I poison, which has been shown to stabilize the human topo I-DNA 
covalent binary complex in the same fashion as that of CPT. [89] While this may 
seem to be unsurprising that luotonin A (XXIII) is less cytotoxic than CPT, and less 
potent in stabilizing the topo I-DNA covalent binary complex. [90] There are 
obvious structural similarities between CPT (I) and luotonin A (XXIII), notably in 
identical rings A–C. The greatest differences are in the ring E, which is known to be 
critical for CPT function as a topo I inhibitor. The E-ring of luotonin A (XXIII) is a 
simple benzene ring lacking any additional functionality cannot undergo (reversible) 
covalent attachment to the topo I-DNA binary complex as has been suggested for 
CPT. This finding might be thought to make it less likely that CPT binding to the 
topo I-DNA covalent binary complex. Thus, even in the absence of a group 
analogous to the 20-OH group in CPT, significant stabilization of the enzyme-DNA 
covalent complex could be achieved. To evaluate the nature of the interaction of 
luotonin A (XXIII) with the human topo I-DNA covalent binary complex, and 
explore possible commonalities with the binding of CPT, a number of derivatives of 
luotonin A (XXIII) were prepared and tested for their ability to stabilize the human 
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topo I-DNA covalent binary complex. The most effective compounds included are 
17-fluoroluotonin A (XXIV) and 18-methylluotonin A (XXV), while 16-OH 
luotonin A (XXVI), having an OH group in the position analogous to position C-20 
in CPT, was only very weakly active. Thus, the E-ring substitutions of the luotonin 
A (XXIII) conferred the most favorable properties as a topo I poison, were different 
than those found to support the activity of CPT as a topo I poison. [70,89-91] 
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3. Quantitative Structure– 
Activity Relationships (QSAR) 

 
Quantitative structure–activity relationship (QSAR) is one of the well-developed areas in 

computational chemistry. The interest in the application of QSAR has steadily increased in 
recent decades because it has repeatedly proven itself to be a low-cost, high-return 
investment. Potential use of the QSAR models for screening of chemical databases or virtual 
libraries before their synthesis appears equally attractive to chemical manufacturers, 
pharmaceutical companies and government agencies.  

The QSAR approach employs extra-thermodynamically derived and computational-based 
descriptors to correlate biological activity in isolated receptors, in cellular systems and in 
vivo. Four standard molecular descriptors are routinely used in QSAR analysis: electronic, 
hydrophobic, steric, and topological indices. These descriptors are invaluable in helping to 
delineate a large number of receptor–ligand interactions that are critical to biological 
processes. The quality of a QSAR model depends strictly on the type and quality of the data, 
and not on the hypotheses, and is valid only for the compound structure analogues to those 
used to build the model. QSAR models can stand alone to augment other computational 
approaches or can be examined in tandem with the equations of a similar mechanistic genre 
to establish their authenticity and reliability. [92]  

In the past 45 years, the use of QSAR (since the advent of this methodology [93]) has 
become increasingly helpful in understanding many aspects of chemical–biological 
interactions in the drug-design process and pesticide research, as well as in the field of 
toxicology. [94,95] This method is useful in elucidating the mechanisms of chemical–
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biological interactions in various biomolecules, particularly enzymes as well as membranes, 
organelles, cells, and in humans. [94,96-99] It has also been used for the evaluation of 
absorption, distribution, metabolism and excretion (ADME) phenomena in many organisms 
and whole animal studies. [100-103]  

Over the past three decades, a major trend in the evolution of QSAR has been the 
development of 3D-QSAR, which is viewed as an extension of QSAR and addressed as 
three-dimensional (3D). The main reason for this trend is due to an in-depth understanding of 
protein-ligand interaction or binding to various receptors at the atomic level - supported by a 
wealth of experimental evidences. [104] The most popular method in 3D-QSAR studies is 
CoMFA that has been used to develop several QSAR models. However, despite the 
development of regression equations, the results are best mapped and visualized as 3D color-
coded contour plots. Semi-quantitative generalizations are drawn from these graphics but 
clear-cut quantitative aspects of the models are minimized. Thus, rigorous and direct 
comparisons or extrapolations cannot be made between CoMFA models for different 
proteins/receptors, unlike 2D-QSAR. One of the attributes of CoMFA is its ability to 
combine diverse data sets and examine them as a whole. This operation can also be a 
weakness since it suggests that all the members of the set bind to a receptor/protein at the 
‘same’ binding site and in the ‘same’ mode. [105] Other drawback is the increasing 
complexity of the models which requires 3D conformations, their alignment and a large 
number of variables. This can make it more difficult to reproduce a model or at least to apply 
it to new compounds if the alignment rules are too specific or are not suitable for other 
chemical classes, limiting the range of chemicals that can be analyzed. [106] In the presence 
of a sound knowledge of alignment and conformation of the individual molecules, it becomes 
necessary to examine numerous alignments and conformations to select the best combination 
that generates a CoMFA model with the highest predictive power (q2). [107] On the other 
hand, 2D-QSAR allows for the direct comparison of the descriptors, their contributions, and 
other statistical terms. It has great utility in mechanistic interpretation as well as predictability 
within a congener series. It can also pinpoint molecules that behave in an anomalous fashion. 
A further aspect to be considered is that it can be easily and quickly used by non expert users. 
All the QSAR reported in this chapter are for 20-S-camptothecin derivatives. 

 
 

3.1. QSAR for the Inhibition of DNA Topoisomerase I 
 
Two QSAR models 1 and 2 were recently developed by Hansch and Verma [108] for the 

inhibition of DNA topo I by camptothecin derivatives XXVII and XXVIII, respectively. 
These QSAR models have suggested that the inhibitory activity of CPT analogues XXVII 
toward DNA topo I was mainly due to their hydrophobic and steric descriptors, whereas the 
same activity of 10,11-methylenedioxy-CPT analogues XXVIII was largely due to their 
hydrophilic descriptor of the substituents at position C-7. 
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Inhibition of DNA topo I by 7-X-9-Y-10-Z-camptothecins (XXVII) [108] 
 

N

N O

O

O
OHH3C

XY
Z

 
XXVII 

 
log 1/C = 0.84(±0.22)Clog P – 0.62(±0.14)B5X – 0.59(±0.33)MRY – 0.45(±0.36)MRZ + 

0.88(±0.28)I1 – 0.52(±0.28)I2 + 6.37(±0.31) (1) 
 
n = 30,  r2 = 0.854,  s = 0.258,  q2 = 0.738,   Q = 3.581,  F6,23 = 22.422 
 
In this equation, C represents the minimum concentration (mol/L) of camptothecin 

analogues (XXVII) that inhibited the cleavable complex formation by 50%. n is the number 
of data points, r is the correlation coefficient between observed values of the dependent and 
the values calculated from the equation, r2 is the square of the correlation coefficient and 
represents the goodness of fit, q2 is the cross-validated r2 (a measure of the quality of the 
QSAR model), and s is the standard deviation. Q is the quality factor (Q = r/s) and F is the 
Fischer statistics, for which F = fr2/[(1–r2)m], where f is the number of degrees of freedom [f 
= n–(m+1)], n is the number of data points, and m is the number of variables. Clog P is the 
calculated partition coefficient in n-octanol/water and is a measure of hydrophobicity for the 
whole molecule. Positive coefficient of Clog P suggests that the highly hydrophobic 
molecules will be more active. B5X is a Verloop’s sterimol descriptor, which measures the 
maximum width of the X-substituents. MRY and MRZ are the calculated molar refractivities 
of Y and Z substituents, respectively. A negative sign associated with B5X, MRY, and MRZ 
brings out steric effect for these substituents. The indicator variable (I1) takes the value of 1 
and 0 for the presence and absence of hydroxyl group at position 10, respectively. Similarly, 
I2 takes the value of 1 and 0 for the presence and absence of n-alkyl groups at position 7, 
respectively. The presence of the hydroxyl group at position 10 increases the activity as 
evidenced by the positive coefficient of the indicator variable (I1). The negative coefficient of 
the indicator variable (I2) suggests that the presence of branched alkyl groups at position 7 is 
preferred over n-alkyl groups. It is interesting to note that camptothecin derivatives (XXVII) 
fulfill all conditions of Lipinski's “rule of five”. [109] Using QSAR model 1, two compounds 
(X = H, Y = Z = Br and X = H, Y = Z = OH) were suggested as potential synthetic target that 
also fulfill the conditions of the rule of five. The predicted log 1/C for these two compounds 
obtained from equation 1 is 7.29 and 7.58, respectively. 
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Inhibition of DNA topo I by 7-X-9-Y-10,11-methylenedioxycamptothecins 
(XXVIII) [108] 

 

N

N O

O

O
OHH3C

XY

O

O
 

XXVIII 
 
log 1/C = –0.71(±0.20)πX – 0.88(±0.39)I3 + 0.73(±0.44)I4 + 7.19(±0.22)  (2) 
 
n = 16,  r2 = 0.873,  s = 0.215,  q2 = 0.788,  Q = 4.349,  F3,12 = 27.496 
 
In this equation, πX is the calculated hydrophobic parameter for X-substituents, which is 

the most important parameter for this series of compounds. The negative coefficient 
associated with πX suggests that molecules (XXVIII) with highly hydrophilic X-substituents 
would present better inhibitory activity. I3 is an indicator variable that takes the value 1 and 0 
for the presence and absence of aminomethyl group at position X, respectively. Similarly, I4 

takes the value 1 and 0 for the presence and absence of a cyclic group at position X, 
respectively. Negative coefficient of I3 suggests that the presence of X = aminomethyl groups 
will be detrimental to the activity. On the other hand, the presence of X = cyclic groups will 
promote the inhibitory activity as shown by the positive coefficient of I4. It is also important 
to note that all the camptothecin derivatives (XXVIII) except two fulfill all the conditions of 
Lipinski's “rule of five”. [109] Based on QSAR model 2, three compounds [X = CH2(–
NCH2CH2NHCH2CH2–), Y = H; X = CH2NHCH3, Y = H; and X = Cyclo-C4H7, Y = H] were 
suggested as potential synthetic target that also fulfill all conditions of the rule of five. The 
predicted log 1/C for these three compounds obtained from equation 2 is 6.50, 6.75, and 7.01, 
respectively. 

 
Inhibition of DNA topo I by X-camptothecins (XXIX) [110] 

Using the published data of Wall et al. [46] for the inhibition of DNA topo I by X-
camptothecins (XXIX), Eq. 3 was developed. [110] 
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H3C  
XXIX 

 
log 1/C = 0.43(±0.29)Clog P – 0.43(±0.22)σ+

X – 0.89(±0.40)MR9 + 1.11(±0.35)I + 
6.37(±0.19) 

 (3) 
n = 17,  r2 = 0.862,  s = 0.226,  q2 = 0.681,  Q = 4.108,  F4,12 = 18.739 
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In the above QSAR Eq. 3, C is the molar concentration of X-camptothecins (XXIX) that 
cause 50% inhibition of topo I cleavable complex formation, σ+

X is the sum of the Hammett 
parameters of substituents at positions C-9, C-10, and C-11, while MR9 is the molar 
refractivity for the substituents at only position C-9. The negative coefficient associated with 
σ+

X (-0.43) implies that the highly electron releasing substituents at positions C-9, C-10, and 
C-11 may strengthen the inhibitory activity of these compounds against topo I. An 
unfavorable steric interaction at C-9 position has been detected by the presence of a negative 
coefficient of MR9 (–0.89). The indicator variable I is assigned the value of 1 and 0 for the 
presence and absence of X = 10-OCH2O-11 group, respectively. Its positive coefficient 
suggests that the presence of a 10, 11-methylenedioxy moiety increases the activity. The 
positive hydrophobic effect for the whole molecule is also suggested by the presence of a 
Clog P term in the equation. However, this QSAR model does not allow any clue for an 
adequate distinction between the σ+ responsiveness of topo I inhibition for C-9, C-10, and C-
11 substituents. Considering these drawbacks of equation 3, QSAR model 4 was then 
developed using only 10-X-camptothecins (XXX) from the same data set, [46] which gave a 
very good correlation between the inhibitory activities of 10-X-camptothecins (XXX) 
towards topo I and the hydrophobic parameters of their X-substituents (πX). [111] 

 
Inhibition of DNA topo I by 10-X-camptothecins (XXX) [111] 

 

N

N O

O

O
OHH3C
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XXX 

 
log 1/C = 0.75(± 0.20)πX + 6.24(± 0.10) (4) 
 
n = 8,  r2 = 0.936,  s = 0.110,  q2 = 0.890,  Q = 8.795,  F1,6 = 87.750 
 
The positive coefficient of πX (+0.75) suggests that molecules (XXX) with highly 

hydrophobic substituents at position C-10 would present better inhibitory activity. 
Three-dimensional quantitative structure–activity relationship (3D-QSAR) with a 

comparative molecular field analysis (CoMFA) was conducted by Carrigan et al. [42] on a 
series of 32 CPTs to correlate topo I inhibition with their steric and electrostatic properties. 
CoMFA model with predictive ability was obtained when both the R- and S-isomers were 
included in the data set. The cross-validated R2 (r2

cv) and non-cross-validated R2 of this 
model were 0.758 and 0.916, respectively. In another study, a training set of 43 structurally 
diverse CPT analogues for their topo I inhibitory activities was used by Lu et al. [112] to 
construct a 3D-QSAR model with a comparative molecular field analysis. The CoMFA 
model gave a good cross-validated correlation in which q2 was 0.495. Then, the analysis of 
the non-cross-validated PLS model in which r2 was 0.935 was built and permitted 
demonstrations of high predictability for the activities of the 10 CPT analogs in the test set. 
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The CoMFA contour maps illustrated that more negative-charged groups at position C-9, C-
10 and C-11 of CPT would increase activity, but excessively increasing the bulky group at 
position C-10 would be adverse to the activity; substituents that occupy position C-7 with the 
bulky positively-charged group will enhance the inhibition activity. A tuned 3D QSAR model 
was developed by the research group of Amat et al. [113] using molecular quantum similarity 
measures (MQSM) in order to predict the topo I inhibition for 12 CPT analogues. The best 
regression model was obtained with r2 = 0.928 and q2 = 0.866.  

 
 

3.2. QSAR for the Inhibition of Various Cancer Cells 
 
Three series of camptothecin analogues (XXXI-XXXIII) were used by Li et al. [114] in 

order to develop predictive QSAR models 5-7, which represent the good correlations between 
biological activities of these compounds and their topological descriptors. The following 
topological descriptors were used for the development of QSAR models 5-7: Ax = topological 
molecular descriptors; mχv = Kier and Hall valence connectivity indices; mK = Kier shape 
indices; mχ = Randic indices of different orders; kACIC = average complementary information 
content index; kCIC = complementary information content index; kSIC = structure 
information content index; RPCG = relative positive charge; and P = polarity. 

 
Cytotoxicities (pIC50) of 7-oxyiminomethyl derivatives of camptothecin i.e. 7-
X-camptothecins (XXXI) to H460 human NSCLS cell line [114]  
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pIC50 = 3.045 1ACIC – 8.347 RPCG – 0.286 2K + 7.514 (5) 
 
n = 23,  r2 = 0.841,  s = 0.313,  F = 33.597 
 
On the basis of the above QSAR model 5, it was predicted by the authors [114] that 

lower the value of RPCG and larger the value of 1ACIC of X-substituents would prefer to 
lead the higher cytotoxic activity.  
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Inhibition of HL-60 (human promyelocytic leukemic) cells by 7-
silylcamptothecin derivatives with variable substitution at C-10 position i.e. 
7-X-10-Y-camptothecins (XXXII) [114] 
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O

O
OH

X
Y

H3C  
XXXII 

 
pIC50 = – 0.756 X1 – 1.493 X2 + 0.669 X3 – 1.981 × 10–2 X4 + 8.452 (6) 
 
n = 15,  r2 = 0.907,  s = 0.381,  F = 24.352 
 

Where, pIC50 is the biological activities (inhibition effects on the growth of HL-60) of CPTs 
(XXXII); X1 is 2ACIC of X; X2 is 3Kv of X; X3 is 2χ of X; and X4 is Ax3 of Y.  

It was predicted from the above QSAR model that the lipophilicity of the substituents at 
C-7 position of the ring-B play an important role in increasing biological activity of 
camptothecin derivatives (XXXII). The steric factor of the substitutions at C-10 position of 
the ring-A also affects the activity. In most cases, more steric substituents at position C-10 
lead to the compound with less biological activity (pIC50). 

 
Cytotoxic activities (IC50) of 20-S-camptothecin alkanoic esters (XXXIII) on 
BRE-MCF-7 cells (a breast cancer cell line) [114]  
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IC50 = 0.215 1CIC + 36.658 P" – 1.564 0SIC – 8.354 × 10–3 (7) 
 
n = 10,  r2 = 0.907,  s = 1.542,  F = 19.544 
 
Based on of the above QSAR model, it was suggested that the polarity plays an important 

role in increasing the biological activities of CPT esters (XXXIII). 
 
 



Rajeshwar P. Verma and Corwin Hansch 

 

78 

Inhibition of SKOV-3 human ovarian cancer cells by camptothecin derivatives 
(XXXIV) [115] 

From the cytotoxicity data of camptothecin derivatives (XXXIV) against SKOV-3 human 
ovarian cancer cells, [59] QSAR model 8 was developed. [115] 
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XXXIV 

 
log 1/C = 6.90 CMR – 0.33 CMR2 – 28.31 (8) 
 
n = 10,  r2 = 0.921,  s = 0.278,  q2 = 0.723,  F = 40.804 
 

optimum CMR = 10.50(9.65-10.90) 
 
Where, C is the molar concentration of camptothecin derivatives (XXXIV) that causing 50% 
cell death (IC50). QSAR 8 is a parabolic correlation in terms of CMR (calculated molar 
refractivity of the whole molecule), which suggests that the cytotoxic activities of 
camptothecin derivatives (XXXIV) against SKOV-3 cells first increases with an increase in 
molar refractivity up to an optimum CMR value of 10.50 and then decreases.  

 
Cytotoxic activities (IC50) of camptothecin derivatives (XXXV) against H460 
human NSCLC cell line [53] 

Using multiple linear regression (MLR) analysis, a QSAR model 9 was developed by 
Dallavalle et al. [53] in order to predict cytotoxic activities (IC50) of camptothecin derivatives 
(XXXV) against H460 human NSCLC cell line, employing descriptors related to the 
lipophilicity.  
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Y = –0.039 (X1) – 0.020 (X2) + 0.332 (X3) + 6.939 (9) 
 
n = 21,  r2 = 0.820,  s = 0.441,  F = 26.48 
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In the above equation, Y represents pIC50, where IC50 is the cytotoxic activities of CPT 
derivatives (XXXV) in molar concentration. X1 is the molecular volume (Å3) of R1, X2 is the 
molecular volume (Å3) of R2, and X3 is Clog P or log D (in case of ionizable groups). 
According to the above equation, it was suggested that the most important determinant for the 
in vitro cytotoxicity of the CPT derivatives (XXXV) is the lipophilicity. 

QSAR studies for 58 structurally diverse CPT analogues were carried out by Fan et al. 
[116] using the mean 50% growth inhibitory concentrations (GI50) for 60 cell lines as the 
dependent variables. Different statistical methods, including stepwise linear regression, 
principal component regression (PCR), partial least-squares regression (PLS), and fully cross-
validated genetic function approximation (GFA) were applied to construct quantitative 
structure–activity relationship models. The best model was obtained from the GFA method in 
terms of correlation coefficients and cross-validation analysis. The cross-validated r2 for the 
final GFA model was 0.783, indicating a predictive QSAR model. The most important 
descriptors for the QSAR models were partial atomic charges at the 11- and 12-positions of 
the A-ring and three inter-atomic distances that define the relative spatial dispositions of three 
significant atoms (the hydroxyl hydrogen of the E-ring, the lactone carbonyl oxygen of the E-
ring, and the carbonyl oxygen of the D-ring).  

Comparative molecular field analysis (CoMFA) and comparative molecular similarity 
index analysis (CoMSIA) were performed by Yoon et al. [117] to predict the biological 
activity of a 4-benzylpiperazine derivative of CPT-11 [7-ethyl-10-{4-(1-benzyl)-1-
piperazino} carbonyl-oxycamptothecin; (BP-CPT)] in U373MG glioma cell lines transfected 
with plasmids encoding rabbit liver carboxylesterases (rCE) or human intestinal 
carboxylesterases (hiCE). BP-CPT has been proved to be activated more efficiently than 
CPT-11 by a rat serum esterase activity; however, 3D-QSAR studies (CoMFA and CoMSIA) 
predicted that rCE would activate BP-CPT less efficiently than CPT-11. The models of 
CoMFA and CoMSIA were based on the relative activity values of 10 compounds (CPT-11 
plus nine analogues) for the training set and 4 compounds (CPT-11 derivatives including BP-
CPT) for the test set. The SN-38 portions of all the 14 molecules were superimposed. 
CoMFA analysis was based on steric plus electrostatic properties, PLS analysis gave a cross-
validated q2 correlation coefficient of 0.528 and conventional non-cross-validated correlation 
coefficient of r2 = 1. The steric parameter alone as the primary descriptor gave a higher cross-
validated q2 (0.583) than that observed when both steric and electrostatic properties were 
combined. As similar to CoMFA analysis, a primary descriptor of steric plus electrostatic 
parameters gave a lower q2 value in CoMSIA analysis than that with steric properties alone. 
PLS analysis of the CoMSIA values for compounds in the training set resulted in q2 value of 
0.440 and r2 value of 0.999 for both parameters and a q2 value of 0.656 and r2 value of 0.997 
for the steric descriptor alone. The hydrophobic descriptor also produced an excellent q2 
value of 0.678 and r2 value of 0.998. Thus, CoMFA and CoMSIA results suggest together 
that steric properties may most accurately predict the biological activity of this class of 
prodrugs, with the hydrophobicity of the compound also a possible contributing factor.  

A data set of 7-substituted homocamptothecins (hCPTs) was used by Miao and 
cowerkers [118] to perform the CoMFA and CoMSIA analysis. The first five models, using a 
single CoMSIA field, indicated that the steric field, the electrostatic field, and the 
hydrophobic field were more important than the other two fields, the hydrogen-bond donor 
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and the hydrogen-bond acceptor. However, the addition of hydrogen-bond acceptor field 
generated the best CoMSIA model (q2 = 0.717). The correlation coefficients of r2 of 0.905 
and 0.938, and the cross-validated coefficients of q2 of 0.703 and 0.717 were obtained for the 
best CoMFA and CoMSIA models, respectively. To visualize the information content of the 
derived 3D-QSAR models, the CoMFA and CoMSIA contour maps were generated. The 
sterically favored regions were found mainly around the aromatic ring attached to the 
iminomethyl group of the C-7 side chain, which indicates that the larger substituents on the 
iminomethyl group are favorable for high cytotoxicity. From the CoMFA model, the 
contribution of electrostatic field (0.272) was lower than that of steric field (0.728). Negative 
charge favored regions were found around the C-2 and C-5 of the phenyl ring of 7-
iminomethyl hCPTs and the positive charge favored regions were around the N atom of 
imino group and C-4 of the phenyl ring. These regions support the observation that the imino 
group is important for the antitumor activity. Furthermore, CoMSIA reveals that the 
hydrophobic favored regions are around the phenyl ring of the C-7 side chain. Except the 
meta position, the ortho and para positions of the phenyl ring are suitable to be substituted 
with hydrophobic groups.  

 
 

4. Clinical Chemistry  
 
There are currently two CPT derivatives in clinical use, topotecan (II) and irinotecan 

(III). These analogues have shown tremendous promise as solid tumor drugs, but suffer from 
low tumor response rates and dose-limiting toxicity. Toxicity caused by topotecan presents a 
less complex problem than toxicities induced by irinotecan. The dose-limiting toxicities of 
irinotecan include the following: diarrhea, myelosuppression, neutropenia, thrombocytopenia, 
anaemia, nausea, vomiting, fatigue, and alopecia. [119,120] The main dose-limiting toxicities 
of irinotecan is severe myelosuppression (grade 3 or 4) with an incidence of about 15-20%, 
and delayed-type severe diarrhea, which is characteristically seen in 20-25% of patients about 
5 days after the start of the therapy. The occurrence of diarrhea, in particular, has significant 
clinical ramifications, as it affects the dose that can be safely administered, and is 
occasionally associated with life-threatening events. Although the mechanism by which 
irinotecan induces delayed-type diarrhea has not yet been elucidated. [121,122] Recently, it 
has been suggested that the polymorphic ABCC2 transporter may have a crucial role in the 
occurrence of irinotecan-related diarrhea, particularly in individuals who are not genetically 
predisposed because of impaired UGT1A1-mediated glucuronidation of the active metabolite, 
SN-38. [122] It has also been reported about the problem of central nervous system (CNS) 
toxicity induced by irinotecan. Although the mechanism by which CNS toxicity occurs after 
irinotecan infusion is not much clear. [123] A recent review provides evidence broadly 
linking neurotoxicity to electron transfer (ET), reactive oxygen species (ROS), and oxidative 
stress (OS). [124] Experimental work with CPT demonstrates a fit within the ET-ROS-OS 
framework, indicating that CPT could serve as a model. Irinotecan (CPT-11) is bioactivated 
by metabolism to the active form 7-ethyl-10-hydroxycamptothecin (SN-38). Mechanistically, 
SN-38 incorporates a phenolic precursor of ET quinone capable of generating ROS. [125]  
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The combination therapies of irinotecan with various regimens indicated that 
irinotecan/5-FU/folinic acid (leucovorin) combinations have superior anti-tumor activity in 
stage III colon cancer and improved response rate as well as the time to progression 
compared with 5-FU/folinic acid regimens alone. [126] Although this combination 
(irinotecan/5-FU/folinic acid) increased the neutropenia. Other toxic effects were 
manageable, noncumulative and reversible. [127] In the adjuvant setting, FOLFOX (5-
FU/leucovorin (LV)/oxaliplatin) has improved 3-years disease-free survival in stage II/III 
colorectal cancer in the MOSAIC trial. Since, 5-FU/LV-based combination therapy with 
oxaliplatin or irinotecan has similar efficacy in metastatic disease in the first-line setting, the 
impact of irinotecan in the adjuvant setting deserves further randomized clinical trials. [128] 
Similarly, the combination of irinotecan and cisplatin was significantly active against small 
cell lung cancer (SCLC), with an acceptable toxicity profile. [129] A Phase III trial for the 
treatment of small cell lung cancer carried out in Japan clearly demonstrated a survival 
advantage of a combination of cisplatin and irinotecan over the standard regimen of cisplatin 
and etoposide. [130] This combination (irinotecan and cisplatin) was also active in untreated 
as well as previously treated patients with gastric or gastroesophageal junction carcinoma 
with a manageable profile. [131] A modification in doses and schedules may be warranted to 
make the regimen more tolerable to patients. The addition of other active drugs or radiation 
therapy to this regimen would be of great interest. [132] Irinotecan and etoposide was found 
as an active combination in the treatment of either previously treated or untreated SCLC. 
Neutropenia was the most commonly observed toxicity in this combination; there were no 
severe gastrointestinal toxicities, including diarrhea. [129] Recently, a phase I study was 
conducted in a cohort of lung cancer patients to determine the maximum tolerated dose 
(MTD) and toxicities of irinotecan (CPT-11), a topoisomerase I inhibitor, in combination 
with amrubicin (AMR), a topoisomerase II inhibitor, and to observe their antitumor activities. 
The observed data suggested that the combination of CPT-11 and AMR was not tolerated, as 
it mediates an unexpectedly strong myelosuppressive effect, and is inactive against both 
NSCLC and SCLC. [133]  

The principal dose-limiting toxicity of topotecan is neutropenia, but thrombocytopenia 
and anemia occur as well, while the nonhematological toxicities are usually mild. Alopecia is 
frequently observed and some patients may suffer from pronounced fatigue. [134] The 
gastrointestinal adverse effects of topotecan, including diarrhea, nausea and vomiting, were 
successfully controlled with standard supportive care measures. [135] A randomized phase III 
trial of topotecan versus paclitaxel in ovarian cancer patients pretreated with 
cisplatin/cyclophosphamide has demonstrated that topotecan is as effective as paclitaxel in 
the second-line treatment of these patients. [134] Topotecan freely crosses the blood-brain 
barrier and may be clinically effective in both the therapeutic and prophylactic settings in 
patients with brain metastases. Recent studies have demonstrated that the antitumor activity 
of topotecan against brain metastases, with objective response rates ranging from 33%-63% 
in patients with various solid tumors. The antitumor response in the central nervous system 
was often greater and occurred more quickly than the systemic antitumor response to 
topotecan treatment. Early studies have also suggested that topotecan, an apparent 
radiosensitizer, may be particularly effective in combination with radiotherapy, the current  

 



 

 

Table 1. Camptothecin derivatives in clinical use/trial with their side effects and physicochemical descriptors.  
 

No. CPTs 
 

Status Indications Side Effects Clog Pa CMRa MWa HBDb HBAb TPSAb Ref. 

1 Topotecan 
(Hycamtin) 
 

FDA 
approved 
(GlaxoSmith
Kline) 

Metastatic ovarian 
and SCLC cancers 
(second line) 

Neutropenia, anemia, 
thrombocytopenia, 
leukopenia (sever). 
Alopecia, fatigue, 
abdominal pain, diarrhea, 
nausea, vomiting, and 
fever (mild) 

0.73 11.43 421.49 2 8 104.90 119, 
134, 
135, 
139, 
140 

2 Irinotecan 
(Camptosar) 
 

FDA 
approved 
(Pfizer) 

Metastatic colorectal 
cancer (first line with 
5FU/leucovorin) 

Neutropenia, anemia, 
myelosuppression, 
leukopenia, fatigue, 
abdominal pain or 
cramping, diarrhea, 
nausea, vomiting, and 
thrombocytopenia (sever). 
Alopecia,  
anorexia, and fever (mild) 

2.73 16.12 586.75 1 10 114.21 119, 
120, 
121, 
139, 
140 

3 Rubitecan 
 (9-NC) 

Phase II/III 
(SuperGen) 

Pancreatic cancer Neutropenia, anemia, 
thrombocytopenia, nausea, 
vomiting, diarrhea, 
asthenia, alopecia, 
anorexia, and abdominal 
pain. 

0.76 10.13 393.38 1 9 127.25 32,  
119, 
139, 
141 

4 IDEC-132  
(9-AC) 

Phase II Ovarian cancer 
(intraparenteral) 

Myelosuppression, 
Neutropenia, 
thrombocytopenia, nausea, 
vomiting, and diarrhea 

0.35 9.89 363.40 3 7 107.45 43, 
119, 
139 



 

 

Table 1. Continued 
 

No. CPTs 
 

Status Indications Side Effects Clog Pa CMRa MWa HBDb HBAb TPSAb Ref. 

5 BAY38-3441 Phase I MX-1 breast, 
LXFL529 lung, 
CXF280 and HT29 
colon cancers and 
advanced solid 
malignancies 

Thrombocytopenia, 
neutropenia, diarrhea, 
vomiting, nausea, 
lethargy, and abdominal 
pain. 

1.54 23.84 896.08 6 18 237.50 32, 
142 

6 Gimatecan  
(ST-1481) 

Phase I/II Glioblastoma, SCLC 
and solid tumors 

Myelosuppression, mild 
diarrhea, and mucositis 

2.23 12.49 447.53 1 8 103.03 32, 
139 

7 Karenitecin 
(BNP-1350) 

Phase II Glioblastomas, 
melanomas and 
NSCLC tumors 

Thrombocytopenia, 
neutropenia, and 
myelosuppression 

3.70 12.73 448.64 1 6 81.43 43, 
139, 
143 

8 Silatecan  
(DB-67) 

Preclinical Glioblastomas       ND 4.36 13.34 478.67 2 7 101.66 139 

9 CKD-602 Phase II  Various tumor cell 
lines 

Thrombocytopenia, 
neutropenia, diarrhea, and 
vomiting 

1.17 12.21 433.55 2 7 93.46 43 

10 DRF-1042 Phase I Osteosarcoma, renal 
cell and breast 
carcinomas  

Myelosuppression, 
neutropenia, and diarrhea 

0.29 10.76 408.44 2 8 110.89 32 

11 Lurtotecan  
(GI-147211  
NX 211) 

Phase II Ovarian and other 
carcinomas 

Myelosuppression, 
thrombocytopenia, 
neutropenia, and anemia 
(sever). Nausea, vomiting, 
fatigue, alopecia and 
anorexia (mild)  

1.56 13.92 518.62 1 10 106.37 43, 
119, 
139 



 

 

Table 1. Continued 
 

No. CPTs 
 

Status Indications Side Effects Clog Pa CMRa MWa HBDb HBAb TPSAb Ref. 

12 Exatecan 
mesylate  
(DX-8591f;  
DE-310) 

Phase II/III Various carcinomas Myelosuppression, 
thrombocytopenia, 
neutropenia, and anemia 
(sever). Nausea, vomiting, 
diarrhea, fatigue, 
dizziness, stomatitis, 
asthenia, and anorexia 
(mild) 

0.95 11.58 435.49 3 7 107.45 32, 
43  
119,  
139 

13 Diflomo-tecan 
(BN 80915) 

Phase II Advanced metastatic 
cancers: colon, breast 
and prostate 

Hematological toxicity 
and alopecia (sever). 
Fatigue and 
gastrointestinal toxicity 
(mild) 

1.21 10.02 398.39 1 6 81.43 32, 
139, 
144 

14 Prothecan  
(PEG-CPT) 

Phase II 
(Enzon) 

NSCLC and other 
solid tumors 

Myelosuppression,  
thrombocytopenia, 
neutropenia, anemia, 
nausea, vomiting, 
diarrhea, fatigue, cystitis 
and alopecia 

 ND  ND  ND  ND  ND  ND 32, 
139, 
145, 
146, 
147 

15 PNU-166148 
(MAG-CPT) 

Phase I 
Pharmacia/Pfi
zer 

Malignant solid 
tumors 

Cumulative bladder 
toxicity (sever), 
myelosuppression, 
neutropenic sepsis, and 
diarrhea 
 

 ND  ND  ND  ND  ND  ND 147, 
148, 
149, 
150 

aDetermined by using the C-QSAR program (http://www.biobyte.com) 
bDetermined by using the JME molecular editor (http://www.molinspiration.com) 
ND = Not determined 
HBA = Number of hydrogen bond acceptors 
HBD = Number of hydrogen bond donors 
TPSA = Topological polar surface area 
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standard of care for patients with brain metastases. Synergistic antitumor activity against 
brain metastasis may be achieved when topotecan is combined with other cytotoxic agents 
with different mechanisms of action. However, the number of cytotoxic agents that can cross 
an intact blood-brain barrier (BBB) is limited. Preliminary data suggested that topotecan in 
combination with temozolomide (another cytotoxic agent, has an approximately 100% oral 
bioavailability, and it readily crosses the BBB) may have synergistic antitumor activity 
against brain metastases. [136] 
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Figure 2. Structures of CPTs used in Table 1 

The administration of topotecan (topo I inhibitor) and etoposide (topo II inhibitor) in 
patients with advanced solid malignancies did not provide substantial evidence that this 
combination is more advantageous than either topotecan or etoposide alone. [137] On the 
other hand, the combination of topotecan/cisplatin/paclitaxel with G-CSF support represented 
a well-tolerated and active therapeutic approach in both pre-treated and untreated patients 
with ovarian cancer or small cell lung cancer. [138] 

At present, the extensive clinical trials are continuing to describe the better picture of 
clinical chemistry of topotecan, irinotecan, and some other new CPT derivatives (which are 
in various stages of clinical trials) to determine their optimal dose, route of administration, 
schedules, and the possibility in the combination with other chemotherapeutic agents. Details 
about the CPT derivatives (Figure 2) in clinical use/trial with their toxicities and 
physicochemical descriptors are listed in Table 1. 

 
 

5. Conclusions 
 
Camptothecins are regarded as one of the most promising anticancer drugs of the twenty-

first century. The structure–activity relationships (SAR) provide insight into the mechanism 
of topo I inhibition and helped in the synthesis of various CPTs by modifying the different 
rings of the original CPT molecule, giving each analogue a unique property. These 
modifications have resulted in various improvements in the parent molecule, including 
changes in the bioavailability, stabilization of the lactone ring, and/or decrease in the 
substrate recognition by the drug-resistant proteins as well as improvements in the toxicity 
profile in preclinical studies. QSAR paradigm has already been proved to be useful in 
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understanding the requirements of physicochemical properties of the substituents in many 
key locations as well as molecules as a whole. An investigation on the QSAR results relative 
to the CPT derivatives has suggested that the hydrophobic and molar refractivity descriptors 
of the compound/substituents are the two most important determinants for their activity. 

Although CPTs are therapeutically effective, they are not curative as single agents. The 
full curative/therapeutic potential of CPTs will not be realized without the development of 
approaches to compensate for their dose-limiting toxicities. Currently, two anticancer CPT 
derivatives, topotecan and irinotecan are in clinical use. These compounds have shown 
tremendous promise as solid tumor drugs and become a part of the multi-million dollar 
industry, but suffer from low tumor response rates and dose- limiting toxicity. At present, the 
extensive clinical trials are continuing to describe the better picture of the clinical chemistry 
of topotecan, irinotecan, and several new CPT derivatives (which are in various stages of 
clinical trials) to determine their optimal dose, route of administration, schedules, and their 
possibility to use in the combination with other chemotherapeutic agents to improve their 
antitumor activities and reduce their toxicities.  

We hope that the knowledge of the clinical chemistry, together with the generation of 
SAR and QSAR, constitutes a large body of evidence that may assist in the development of 
new CPT with excellent antitumor activity and low dose-limiting toxicity. 
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Abstract 
Lanthanides [especially Europium (Eu) and Terbium (Tb)] are not biometals, however 
lanthanide nanomaterials play an appreciable role in biology and medicine. Nanoparticles 
are at the leading edge of the rapidly developing field of nanomedicine and 
nanobiotechnology. Their unique size-dependent properties make these nanomaterials 
superior and indispensable in many biological and medicinal areas of human activity. 
Nanomedicine/nanobiotechnology is the medical/biological application of 
nanotechnology that will hopefully lead to useful research tools, advanced drug delivery 
systems, and new ways to detect and treat disease or repair damaged tissues and cells. In 
this particular chapter, we have discussed the most recent developments of lanthanide 
(especially europium & terbium) nanorods/nanoparticles in the field of fluorescent 
labeling and angiogenesis (the budding of capillaries that leads to the formation of new 
microvessels from pre-existing vascular structures) in biology and medicine. Firstly, we 
have discussed the synthesis, characterization and application of these non-toxic 
inorganic lanthanide (europium and terbium) nanorods as a fluorescent label (a novel 
alternative to conventional organic dyes) in biomedical research due to their unique 
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optical and electronic properties. It is important to point out that fluorescence labeling of 
molecules is a standard technique in biomedical application. Therefore, these lanthanide 
nanorods offer useful and alternative inorganic fluorescent probes for targeting various 
molecules in living cells. Secondly, we have demonstrated the pro-angiogenic properties 
of europium(III) hydroxide nanorods which could be used to develop new treatment 
strategies for cardiovascular ischemic and peripheral vascular diseases where the most 
important objective of angiogenesis is to induce or stimulate vessel growth in patients 
with conditions characterized by insufficient blood flow. In addition to that we have also 
discussed the diagnostic and therapeutic applications of lanthanide compounds. This 
book chapter tries to summarize the most recent developments of lanthanide (especially 
europium and terbium) nanorods in the field of biomedical nanotechnology, and 
discusses the current standing with respect to nanotechnology.  
 

Keywords: Rare earth, Lanthanides, Europium, Terbium, Nanoparticles, Nanorods, 
Synthesis, Fluorescent, nanomedicine, Angiogenesis & Cardiovascular Disease. 
 
 

1. Introduction  
 
Lanthanides [especially Europium (Eu) and Terbium (Tb)] are not biometals (the role of 

metal ions in biology, biochemistry and medicine), however lanthanide compounds and their 
chelates play an appreciable role in biology and medicine due to their unique optical, 
electronic, physical and chemical characteristics arising from their 4f electrons[1]. Among 
lanthanide elements, the luminescence of Eu3+ and Tb3+ are particularly interesting because 
of their high color purity and high luminescence efficiency. Again the major emission band 
centered of Eu3+ is near 612 nm, which is one of the three primary colors [2]. Therefore, 
lanthanides especially Eu3+ and Tb3+ have been studied as luminescent activator in host 
lattices and as luminescent label in biomedical application[2]. Again, europium (Eu) and 
terbium (Tb) salts and their chelates have been used in diverse biomedical applications, 
namely time-resolved fluorometric assays and immunoassays [3-12] due to their better optical 
properties-enhanced photostability and large Stokes shift compared to conventional organic 
fluorophores. In order to enhance the luminescence intensity of lanthanide ions, scientists are 
developing new approaches. In this context, nanotechnology, the creation of new objects in 
nanoscale dimensions, is a cutting edge technology having important applications in modern 
biomedical research [13-21]. Because the dimension of nanoscale devices is similar to 
cellular components such as DNA and proteins [22-26], tools developed through 
nanotechnology may be utilized to detect or monitor several diseases at the molecular level 
[15, 27, 28]. Bio-imaging with inorganic fluorescent nanopartcles probes have recently 
attracted widespread interest in biology and medicine [13-17, 29-31]. Recently, 
nanoparticles, such as quantum dots (CdSe, ZnS, PbSe, ZnSe, and ZnS), have attracted a 
great deal of attention in biology due to presence of strong optical emission that exhibits a 
sharper spectral peak than typical organic dyes [17, 32-37]. However, these compounds are 
toxic to the cells [17, 36, 37]. In this context, several groups including our group have 
observed that lanthanide nanomaterials are not toxic to endothelial cells [38-44]. Again 
lanthanide compounds in the nanometer range have several better unique properties such as 
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(i) size dependent emission wavelengths, (ii) fluorescent peak profiles are sharp (the half-
widths are 10 nm – 20 nm), (iii) photostability, (iv) large stokes shift, (v) simultaneous 
excitation of multiple fluorescence colors, (vi) Improved signal brightness, (vii) long life time 
(several hundreds microseconds) compared to conventional fluorescent organic dyes and 
inorganic bulk materials. In this context, lanthanide-based inorganic fluorescents, especially 
Eu- and Tb-phosphate/oxide/hydroxide nanoparticles/nanorods, have attracted a great deal of 
attention in cell biology and medicine due their non-toxic effect [38-40]. Moreover, recently 
we have observed the pro-angiogenic properties of lanthanide (especially europium) 
nanomaterials[40]. In the following sections, we focus the application of lanthanide 
(europium and terbium) nanorods as (i) fluorescent labeling in cell biology and (ii) pro-
angiogenic agent, which could be used as alternative strategies for the treatment of 
cardiovascular and different limb ischemia diseases. We are not presenting a comprehensive 
review of these fields but, rather, to exemplify of the main applications. 

 
 

2. General Properties of Lanthanides  
(Brief Description) 

 
A group of 15 transition metals from lanthanum (Z=57) to lutetium (Z=71) in group-III 

of periodic table are known as rare earth (RE) or lanthanides (Ln) or lanthanoids. The symbol 
Ln, not assigned to any particular element, is commonly used to designate the lanthanides or 
rare earth elements as a class. Originally, lanthanide series were known as rare-earth, not 
because they are rare, but because at one time they were thought to be rare as they were 
difficult to identify from one another, difficult to extract from their corresponding ores and 
difficult to separate from each other. Now-a-days, these elements are not known as rare-earth 
due to their normal occurrence. They are f-block elements except lutetium (d-block element). 
The lanthanide series is named after lanthanum and the lanthanides are abbreviated to Ln. 
The lanthanide consists of 14 elements: lanthanum (La), cerium (Ce), praseodymium (Pr), 
neodymium (Nd), promethium (Pm), samarium (Sm), europium (Eu), gadolinium (Gd), 
terbium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb), 
lutetium (Lu). The lanthanides have the general electronic configuration [Xe]4fn5d16s2 with n 
= 0 (La) to 14 (Lu). Readers who are interested to know about the properties of rare earth 
elements in detail can refer to the following books, articles or reviews or the websites [21, 
45-48, 49 Beatty, 2007 #464, 50-55]. Now-a-days chemists are paying more attentions to the 
studies of chemical, biological, medical and environmental applications of lanthanide 
elements to develop rare-earth/lanthanide industry. In this context, the two most important 
properties of lanthanide nanoparticles are fluoresence and pro-angiogenic properties. 
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3. Biomedical Nanotechnology:  
Definition and Application  

 
The ‘Nãnos’, a Greek word meaning "dwarf" is used in the metric system to refers to 10-9 

or one-billionth. Thus a nanometer is 10-9 or one billionth of a meter. Nanoscience and 
nanotechnology, a branch of applied science and technology is devoted to understand, create, 
design and use material structures, devices and systems at the atomic, molecular, or 
macromolecular range (~1-100 nanometers) with fundamentally new properties and functions 
[22, 56-58]. 

There are many reasons why scientists with diverse interests and backgrounds have 
converged in their interest to work with and understand material properties on a nanoscale. 
One of the fundamental reason is that the dimension of nanoscale devices is similar to 
cellular components such as DNA and proteins [22-26], therefore tools developed through 
nanotechnology may be utilized to detect or monitor several diseases at the molecular level 
[15, 27, 28]. For example, hemoglobin, the molecule that carries oxygen in red blood cells, is 
approximately 5 nanometers in diameter. The width of a DNA molecule is approximately 2.5 
nm. The dimensions of most proteins are in the range of 1.0 to 15.0 or 20.0 nm, and the width 
of cell membranes is in the range of 6–10 nm [23, 59]. 

Therefore, these nanoparticles can easily enter the cells after and before 
functionalization, depending upon the chemical nature of nanoparticles due to their small size 
compared to human cells (one hundred to ten thousand times smaller than human cells). 
Therefore, nanoscale devices/nanoparticles can readily interact with biomolecules on both the 
surface of cells and inside of cells [60]. As they have easy access to the many parts of the 
body, they have the potential to detect disease and deliver the drug to the malignant cells with 
better therapeutic efficacy using targeting molecule linked to the nanoparticles. 

 
 

4. Development of Lanthanide  
Compounds (Background) 

 
The chemistry of the rare earth metals has been slow to develop compare to that of other 

metals in periodic table. Weissman first reported the luminescence properties of lanthanide-
centered coordination compounds in 1942 [61]. He observed characteristic line luminescence 
from f-f transitions of trivalent europium during the absorption of radiation (sun is a source of 
light) with the wavelengths in the range 320-440 nm by organic part of EuIII complexes. The 
first well-characterized organometallic complexes of the lanthanide, the 
tris(cyclopentadienyl) derivatives Cp3Ln, were synthesized by Wilkinson and Birmingham in 
1954 [62]. Due to the intrinsic instability of these organometallic compounds towards 
moisture and oxygen, further development of this new area of organometallic chemistry was 
hampered. Again the slow initial development of the organometallic chemistry of the rare 
earth metals was the belief that these compounds were ionic and represented merely trivalent 
versions of alkali and alkaline earth metal organometallic species [63]. After two decades, the 
availability of relatively more sophisticated experimental and analytical techniques made the 
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rigorous exclusion of traces of air and moisture during preparation and characterization 
possible in the 1970s. Further development of organolanthanides was observed in the late 
1970s and early 1980s and it shows a rich and interesting chemistry, such as catalytic alkene 
hydrogenation [64, 65] and polymerization [66, 67] at very high rates [68, 69] and reactivity 
towards the C-H bonds of arenes, alkenes and alkanes [70, 71]. Up to the early 1970s organo 
rare-earth metal chemistry had been limited to π-bonded organometallic compounds, such as 
tris(cyclopentadienyl) [62] tris(indenyl) [72] and cyclooctatetraene [73] complexes. 

Few years back, the work in this field has shown a departure from organolanthanides 
chemistry to lanthanide salt/chelate chemistry which have been used in diverse biomedical 
applications, namely time-resolved fluorometric assays and immunoassays using the optical 
properties of lanthanide (especially Eu & Tb) salts and their chelates [3-11]. Some of the 
applications of examples lanthanide salt/chelate chemistry, in brief are described below: 

 
 

5. Application of Lanthanide Salt and  
Chelates in Biologgy and Medicine 

 
In general, lanthanide chelates in biomedical studies contain an organic chromophore 

(conjugated π-system or metallic part of the molecule responsible for its color). Selvin et al 
introduced three prototypical luminescent probes which contain organic chromophore, acting 
as an antenna or sensitizer, absorbing the excitation light and transferring the energy to 
lanthanide ion (Fig.1.a-c) [46].These probes have been used as detection agents to replace the 
conventional fluorescent probes or radioactive probes [74, 75]. 

Optical properties of europium (Eu) and terbium (Tb) salts and their chelates have been 
used in diverse biomedical applications, namely time-resolved fluorometric assays, magnetic 
resonance imaging (MRI) and immunoassays [3-11, 49, 76, 77]. For examples, Yuan et al 
summarized the recent developments of lanthanide complex-based fluorescence labels and 
their applications in time-resolved fluorescence bioassays [78]. The luminescence properties 
of trivalent lanthanide ions have been used for the applications of lighting displays, solar 
energy, lasers, optical telecommunications, biotechnology, medical diagnostics, bio-imaging 
and various other fields [45, 79, 80]. Mathis et al. developed a homogeneous assay method 
based on the long-lived fluorescence of rare earth cryptates and amplification by non-
radiative energy transfer for immunoassays [81]]. Synthesis, characterization, and application 
of Eu(III), Tb(III), Sm(III), and Dy(III) lanthanide chelate nanoparticle labels have been used 
long life time fluorescent label in a heterogeneous sandwich-type fluoroimmunoassay for 
human prostate-sppecific antigen(PSA) [82]. Huhtinen et al also introduced the possibility of 
using europium(III)-labeled 68 nm particles coated with monoclonal antibodies or 
streptavidine (SA) to detect prostate-specific antigen [83]. Siitari et described an 
immunoassay of hepatitis B surface antigen (HBsAg) based on time-resolved (TR) 
fluorescence using a lanthanide (Eu, Tb, Sm, Dy) chelate as label having a long fluorescent 
lifetime [84]. Jaras et al developed ENSAM (Europium Nanoparticles for Signal 
enhancement of Antibody Microarrays) based on two nanomaterials (polystyrene and 
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nanoporous silicon), incorporated with europium chelate (β-diketone) and coated with 
streptavidin in order to improve the sensitivity of antibody microarray assays [85]. 

 

 

Figure1. Structure of representative lanthanide (Eu & Tb) chelates. For (a) cryptates and (b) terpyridine, the 
chelate and antena are logically same entity. For (c) DTPA-cis124, the complex contains a DTPA chelate and 
a cis 124 antena. Reprinted, with permission from [46]. Selvin et al.,Principles and biophysical applications 
of lanthanide-based probes. Annual Review of Biophysics and Biomolecular Structure 2002, 31:275-302 © 
2002 by Annual Reviews www.annualreviews.org). 

Magnetic resonance imaging (MRI) is one of the most important and prominent 
technique in diagnostic clinical medicine and biomedical research. Gadolinium(III) is the 
dominant starting material for contrast agent design biomedical research but other lanthanide 
ions (europium, dysprosium) are also being increasingly investigated as alternatives to 
gadolinium(iii) within laboratory conditions [77]. Paramagnetic lanthanide complexes as 
PARACEST agents for medical imaging based upon the chemical shift saturation transfer 
(CEST) mechanism has been well demonstrated by woods et al in a special issue of Chem. 
Soc. Review [86]. Readers who are interested to know about the medicinal use of lanthanide 
elements in MRI in detail can refer to the following books, articles or reviews [49, 76, 77]. 

 
 

5.1. Forensic Applications 
 
Allred et al introduced a lipid-specific europium-bioconjugate method for the detection 

of latent fingerprints using the unique properties of europium (large Stokes shift and long 
luminescence lifetime) [87]. Considering the all factors such as applicability of this new 
method to porous and smooth surface, basis of covalent interaction with lipid, absence of 
chlorofluorocarbon as solvent, cost, faster etc imply that this approach will become a major 
fingerprint detection method. They also demonstrated that this method would be applicable to 
the chemistry of DNA profiling. 

In another study, the luminescence property of europium-beta-diketone chelates, 
produced by the interaction of Eu3+ ions with aryl-beta-diketones as fluorescent dyes was 
applied for the detection of cyanoacrylate developed fingerprints on human skin [88]. 
Emission spectra of europium with narrow band (10 nm) at 614 nm as a result of an 
intramolecular energy transfer was used for this study. 
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5.2. Detection of DNA Hybridization and Protein Expression 
 
DNA hybridization is one of the powerful methods for the detection of specific nucleic 

acids sequences, which is required for the analysis of gene expression profile. Several groups 
have been demonstrated for the detection of DNA hybridization based on the luminescence 
properties of europium labeled probes [89-93]. Rintamaki et al reported the detection of 
streptococcus pneumoniae DNA by using polymerase chain reaction (PCR) with the help of 
time-resolved fluorescence (TRF) of the Europium-labelled probes [90]. 

In another study, Nojima et al developed a lanthanide (europium) fluorescent intercalator 
that specifically binds to double stranded DNA [89]. They have demonstrated the detection of 
double stranded DNA (dsDNA) immobilized on a solid surface using a fluorescent 
intercalator consists of naphthalene diimide derivative moiety and two fluorescent 
tetradentate p-diketone-Eu3+ chelates. This compound selectively binds to only dsDNA, and 
the binding to single stranded DNA (ssDNA) is negligible.  

Komiyama et al demonstrated the sequence-specific and hydrolytic scission of DNA and 
RNA using lanthanide complex-oligoDNA hybrids [94]. They have found that the cerium(IV) 
ion is the most active as to DNA scission, whereas the europium(III), thulium(III), and 
lutetium(III) ions are the most effective for RNA scission. 

Franz et al reported that peptide sequences with a 40-fold higher affinity for Tb3+ ions 
and significantly brighter luminescence intensity compared with existing peptides [95]. They 
have found that incorporation of an lanthanide binding tags (LBT) onto ubiquitin as a 
prototype fusion protien allows the use of powerful protein-visualization techniques, which 
include rapid luminescence detection of LBT-tagged proteins in SDS-PAGE gels, as well as 
determination of protein concentrations in complex mixtures. The LBT strategy is a new 
alternative for expressing fluorescent fusion proteins by routine molecular biological 
techniques. 

 
 

5.3. Heparin Determination 
 
Heparin (Hep), a highly-sulfated glycosaminoglycan has the highest negative charge 

density of any known biological molecule. Hep and its derivatives with an average molecular 
weight 15,000 have various biological activities such as anticoagulant, antilipemic, 
antithrombotic, immunoregulatory, antiphlogistic and antianaphylactic activities. It is widely 
used in many clinical procedures[96].Therefore, the Hep level in the patients’ blood needs to 
be carefully accurately monitored during surgery and recovery. Wei et al developed a very 
simple, practical and a new spectrofluorimetric method for determination of trace amount of 
heparin (Hep) using lomefloxacin (LOM)-terbium ion (Tb3+) as a fluorescent probe (where 
LOM is one kind of antibacterial containing α-carbonyl carboxylic acid configuration is an 
ideal ligand Tb3+ ion), in the physiological buffer solution of pH 8.7 [96]. The emission 
wavelength of Tb3+ is λ = 545 nm was used for this study. The linear range for the 
determination of Hep was 0.6-2.0 μg/ml and the detection limit was 45.22 ng/ml. This 
method developed by Wei et al is very simple, practical and relatively free of interference 
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from coexisting substances and it can be successfully applied to assess Hep in biological 
samples. 

 
 

5.4. Staining the Nucleolus of Cells 
 
It is well established that nucleoli are nuclear sites of ribosomal RNA transcription, 

processing, and ribosome assembly [3, 97]. Studies of nucleoli and nucleolus-related 
processes sometimes require the visualization of nucleoli. Techniques such as silver nitrate 
staining [98], employment of antibodies against a certain component of the nucleolus [99], 
commercial nucleolar stain "SYTO RNA-Select” [100] have been used for nuclear staining 
for the visualization of nucleoli. In this context, Yu et al has reported the selective staining 
the nucleolus of NIH 3T3, HeLa, and HDF cells using a cationic europium(III) complex 
[EuL]3+ [3]. The europium complex, [EuL]3+ (controlled alkylation of the trans-disubstituted 
cyclen diamide gives the desired ligand, L,) can be used both in live cell and fixed cell 
imaging, giving an average intracellular concentration on the order of 0.5 M. They have 
demonstrated that lanthanide complexes have the advantage of a long luminescence lifetime, 
large Stokes shift, and relatively high quantum yield compared to common organic 
fluorescent dyes and semiconductor quantum dots (QDs). These results suggest that europium 
complex will be suitable for use in selective cell staining experiments and amenable to 
examination by time-resolved microscopy. 

However, there are some problems about the application of lanthanide salts and chelates, 
for example lanthanide ions are toxic and a sensitization process of lanthanide metal ion 
luminescence is needed via the antenna effect (vide supra) [52, 101, 102]. Therefore they are 
not welcome for diagnostic purpose in biomedical application due to their toxic effect. In this 
context, inorganic lanthanide nanoparticles/nanorods have raised new possibilities for the 
ultrasensitive and multiplexed imaging of molecular targets in living cells and animal models. 
In last few years, lanthanide-based inorganic fluorescents, especially Eu- and Tb-
phosphate/oxides/hydroxide nanoparticles, have attracted a great deal of attention in 
medicine and cell biology [21, 38-40, 103]. Some of the applications of lanthanide (Eu & Tb) 
nanorods/nanoparticles are described below: 

 
 

6. Lanthanide (Eu & Tb) Nanorods/Nanoparticles 
in Nanobiotechnology 

 
6.1. Synthesis 

 
Since this book chapter will mainly focus on the application of lanthanide, (especially 

europium and terbium) nanopartcicles in biomedical application, therefore it is important to 
describe, in brief, the synthesis of oxide, hydroxide and phosphate lanthanide (Eu & Tb) 
nanorods/nanomaterials. The chemical, physical, optical properties and reactivity, as well as 
the catalytic activity, of lanthanide nanoparticles can be dramatically enhanced when the 
particle size is reduced to nanometer scale from bulk size. The synthesis of lanthanide 
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nanoparticles (europium and terbium) is mainly classified in to two groups: (a) chemical 
method and (b) physical method. Readers who are interested to know the synthesis of 
europium and terbium nanoparticles in detail can refer to the following articles, reviews or 
books [104, 105]. 

 
6.1.1. Chemical Methods 

Various low-dimensional nanostructures, such as nanowires, nanotubes, nanosheets, and 
fullerene-like nanoparticles have been selectively synthesized from rare-earth compounds 
(hydroxides, nitrates, fluorides) based on a facile hydrothermal method. Wang and Li et al 
have selectively synthesized various low-dimensional nanostructures such as nanoparticles, 
nanowires, nanorods, nanotubes,nanosheets and fullerene like nanoparticles using facile 
hydrothermal method[106-110]. Lanthanide (especially Eu and Tb) doped nanomaterials or 
lanthanide naoparticles (oxides, hydroxides, phosphates) were synthesized by hydrothermal 
methods [82, 105, 106, 111-123]. For example, Wang et al developed a hydrothermal method 
for the synthesis of rhabdophane rare earth phosphate nanorods [115] lathanide hydroxide 
and synthesis of Eu or Tb doped Lu2O3 square nanosheets were prepared by hydrothermal 
method [106, 116]. Fang et al has been developed for the systematic synthesis of lanthanide 
orthophosphate crystals with different crystalline phases and morphologies using a simple 
hydrothermal method [105]. Yan et al demonstrated the synthesis of phase-pure and single-
crystalline monoclinic, hexagonal, and tetragonal one-dimensional LnPO4 nanostructures of 
different aspect ratios by hydrothermal method [118]. Yan and Zhang et al developed a 
hydrothermal method for the synthesis of hexagonal LnPO4·nH2O (Ln=La, Ce, Pr, Nd, Sm, 
Eu, Gd) and orthorhombic LnPO4·nH2O (Ln=Tb, Dy) one-dimensional nanomaterials [119, 
120]. Tang et al introduce a template assited hydrothermal route for the synthesis of Tb(OH)3 

nanotubes [123]. A facile, surfactant-assisted, hydrothermal approach has been developed by 
Bu et al to synthesize lanthanide phosphate single-crystalline nanowires/nanorods with 
smooth surface, uniform diameter, and good crystallinity [122]. Cao et al have been 
successfully synthesized LaPO4 and CePO4 nanorods/nanowires with controlled aspect ratios 
using a hydrothermal microemulsion method under mild conditions [124]. Xu et al developed 
a method for the synthesis of multiple fluorescent labeling of silica nanoparticles with 
lanthanide chelates by microemulsion method [125]. Wang et al demonstrated synthesis of 
luminescent Ca1-xF2+x:Eux nanoparticles by a chemical co-precipitation method in an 
ethanol solution [126]. A series of rare earth hydroxide and oxide nanoparticles have been 
prepared by precipitation method with alcohol as the dispersive and protective reagent by 
Dong et al [127]. 2-40 nm of Eu2O3 nanocrystals synthesis was introduced by Wakefield et al 
using a colloidal precipitation route [128]. Nunez et al proposed a ionic liquid based 
synthesis of luminescent lanthanide fluoride nanoparticles[129].  

 
6.1.2. Physical Methods 

Physical methods for the synthesis of lathnide nanoparticles/nanorods involve microwave 
irradiation methods, sonchemical methods, etc. [22, 38-40, 130-135]. For example, Patra et al 
introduced a microwave approach for the synthesis of rhabdophane-type lanthanide 
orthophosphate (Ln = La, Ce, Nd, Sm, Eu, Gd and Tb) nanorods under solvothermal 
conditions [131]. Panda et al described the microwave synthesis and optical properties of 
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uniform nanorods and nanoplates of rare earth oxides. Patra et al reported the sonochemical 
preparation and characterization of Eu2O3 and Tb2O3 and doped in and coated on silica and 
alumina nanoparticles [132]. In another study, Zhu et al demonstrated a facile sonochemical 
synthesis of single-crystalline europium fluorine with novel nanostructure [133]. Pol et al 
also introduced the synthesis of europium oxide nanorods by ultrasound irradiation [135]. 

 
 

6.2. Characterization of Lanthanide 
Nanorods/Nanoparticles 

 
The most common characterization techniques used for the characterization of lanthanide 

nanomaterials involve x-ray diffraction (XRD: in order to find out the crystalline nature, 
geometry or shape of a compound) method [112-115, 117, 119, 120, 127, 131, 134], scanning 
electron microscope (SEM: is a method for high-resolution imaging of surfaces of 
nanomaterials) [105, 128], transmission electron microscopy (TEM is used to characterize the 
microstructure of materials with very high spatial resolution) [113, 115, 119, 120, 127, 131, 
134], high resolution transmission electron microscopy (HRTEM: is an imaging mode of the 
transmission electron microscope (TEM) that allows the imaging of the crystallographic 
structure of a sample/nanomaterial at an atomic scale. Because of its high resolution, it is an 
invaluable tool to study nanoscale properties of crystalline material such as semiconductors 
and metals) [105, 111, 112, 115, 117, 119, 120, 131, 134], absorption 
spectroscopy(techniques employing the interaction of electromagnetic radiation with 
nanomaterials) [105, 111, 115, 123, 128], luminescence spectroscopy (related to three 
spectroscopic techniques: Molecular fluorescence spectroscopy, Molecular phosphorescence 
spectroscopy and Chemiluminescence spectroscopy) [38, 39, 105, 111-113, 115, 117, 123, 
128, 131], UV-vis absorption spectroscopy (is the measurement of the wavelength and 
intensity of absorption of near-ultraviolet and visible light by a sample) [113, 127, 134], 
Fourier transform infrared (FTIR is most useful for identifying chemicals that are either 
organic or inorganic in solid ,liquid or gaseous state. It can be utilized to quantitate some 
components of an unknown mixture.) [119, 120, 127, 131], Raman spectroscopy (is a 
spectroscopic technique used in condensed matter physics and chemistry to study vibrational, 
rotational, and other low-frequency modes in a system) [131], Cofocal microscopy (The 
technique is applicable to all fluorescence microscopy for biomedical applications) [38, 39], 
upconversion spectra (used for ultrafast fluorescence measurements) [117], and X-ray 
photoelectron spectroscopy (XPS is a quantitative spectroscopic technique that measures the 
elemental composition, empirical formula, chemical state and electronic state of the elements 
that exist within a material) etc.[115, 131]. 

 
 
 
 
 



Application of Lanthanide (Ln = Eu & Tb) Nanoparticles in Biology and Medicine 

 

109

7. Application of Lnpo4.H2o (Ln = Eu, Tb) 
Nanorods in Cell Biology  

 
It is important to point out that fluorescence labeling of molecules is a standard technique 

in biomedical technology. One of the fundamental goals in biology is to understand the 
complex spatiotemporal interplay of biomolecules from the cellular to the integrative level. 
To study these interactions, researchers commonly use fluorescent labeling for both in vivo 
cellular imaging and in vitro assay detection [15, 39, 136]. In this context, one of the fastest 
developing and most exciting interfaces of nanotechnology is the use of inorganic quantum 
dots or fluorescent nanoparticles in cell biology. In addition, the ability to make such 
nanoparticles and then target these particles to specific biomolecules has led to promising 
applications in cellular labeling, deep-tissue imaging, and assay labeling, and also as efficient 
fluorescence resonance energy transfer (FRET) donors [39]. 

Conventionally organic dyes (Fluorescein, Texas Red™, Lissamine Rhodamine B, and 
Tetramethylrhodamine), fluorescent proteins (Green fluorescent protein, GFP), lanthanide 
chelates, which are still the most commonly used fluorescent labels as they have some 
advantages such as (i) they can be very small, (ii) highly water soluble (at high salt 
concentrations), (iii) the ease of their usage and (iv) the existence of standard protocols for 
their bioconjugation [8, 76, 137]. However, these conventionally used fluorescent labels, 
have several disadvantages de to their intrinsic properties such as broad spectral features, 
short lifetime (a fluorophore which is excited by a photon will drop to the ground state with a 
certain probability based on the decay rates through a number of different (radiative and/or 
nonradiative) decay pathways), low photobleaching thresholds, poor photo chemical stability 
and potential toxicity to the cells [137]. 

On the other hand, inorganic fluorescent nanoparticles have several unique optical and 
electronic properties such as size- and composition-tunable emission from visible to infrared 
wavelengths, long life time, a large stokes shift, symmetric emission spectrum, large 
absorption coefficients across a wide spectral range, simultaneous excitation of multiple 
fluorescent colors, very high levels of brightness, high resistance to photobleaching, and an 
exceptional resistance to photo- and chemical degradation [15-18, 29, 46, 138-140]. 

In this context, compare to the traditional organic fluorescent dyes/materials, the 
lanthanide compounds have several advantages: (1) Long lifetime. Lanthanide compound, 
mainly of europium and terbium, have long fluorescent lifetimes longer than several 
hundreds microseconds, whereas traditional organic reagents have several nano seconds [5, 
89]; (2) Large Stokes shift. In most case, the lanthanide compounds are excited by UV 
absorption, and emit light of wavelength longer than 500 nm. The emission peaks of Eu, Sm, 
Tb, and Dy complexes are 615 nm, 643 nm, 545 nm, and 574 nm, respectively [5, 89]; (3) 
The fluorescent peak profiles are sharp: The half-widths are 10nm – 20 nm. It is known that 
the fluorescence is based on the energy-transfer from the ligand to the central lanthanide 
metal ion [5, 89]; (4) Lanthanide compounds, especially hydroxide and phosphates of 
europium and terbium are not toxic to endothelial cells [38-40, 130]. 
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7.1. Synthesis of Lnpo4.H2O Nanords 
 
Recently our group has reported the synthesis, characterization of inorganic lanthanide 

phosphate nanorods (LnPO4.H2O where Ln = Eu, Tb) and demonstrated that these nanorods 
retain their fluorescent properties after internalization into human umbilical vein endothelial 
cells (HUVEC), 786-O cells (RCC: renal carcinoma cells) [38, 39]. Therefore these nanorods 
can be used as novel fluorescent label in cell biology. Patra et al synthesized LnPO4.H2O (Ln 
= La, Ce, Nd, Sm, Eu, Gd, Tb & Er) nanorods/nanoparticle by the interaction of aqueous 
solution of NH4H2PO4 and aqueous solution of Ln(NO3)3 in a round-bottomed flask on a 
domestic microwave oven (DMO) using microwave irradiations as follows: 

 
Ln(NO3)3 + NH4H2PO4 + H2O + MW-Heating   LnPO4.H2O (i) 
 
 

7.2. Advantage of Microwave Heating 
 
The microwave-assisted products are obtained pure, in high yields, and are structurally 

uniform and well-crystallized. The method does not need high temperatures (though local 
high temperatures are obtained), high pressures, catalyst, templates, surfactants, vacuum 
conditions or preprocessing. It is simple, fast, clean, efficient, economically cheap, nontoxic. 
The MW technique is considered to be ecologically friendly for the following reasons: (a) the 
speed of chemical reactions is enhanced with minimal energy output and thus the heating 
energy is very focused; in contrast, the use of a heating plate wastes more energy; (b) 2.45-
GHz radiation is not harmful; and (c) the solvents used, such as water and ethanol, efficiently 
absorb MW radiation and are also considered environmentally friendly[39]. 

 
 

7.3. Characterization of Lnpo4.H2O Nanords 
 
These nanorods were characterized by several physico-chemical analysis such as powder 

X-ray diffraction, BET measurements, low resolution transmission electron microscopy, high 
resolution transmission electron microscopy, selected area electron diffraction, 
thermogravimetric analysis, differential scanning calorimetry, infrared spectroscopy, Raman 
spectroscopy, X-ray photoelectron spectroscopy, and photoluminescence spectroscopy [131]. 
The experimental conditions for the synthesis of LnPO4.H2O nanoparticles/nanorods and 
selected data (XRD, TEM, BET) are shown in Table-1 [131]. According to the TEM 
experiments, it is found from Fig.2 that the as-synthesized EuPO4.H2O products consisted of 
nanorods (6 to 8 nm in diameter and 100 to 300 nm long), and TbPO4.H2O products were a 
mixture of two types rods in micrometer sizes (small rods 0.5 to 1.5 µm long and 6 to 8 nm 
wide, and bigger rods 1.1 to 2.2 µm long and 80 to 130 nm wide) [38, 131].  
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Table-1: Experimental conditions of microwave -assisted synthesis of different lanthanide ortho phosphate [Ln(PO)4.nH2O] and their physico-
chemical characterizations. 

 

XRD TEM Entry 

No. 

Lanthanid
e nitrate 

Ln(NO3)3 

bLanthanide 
ortho 
phosphate 

LnPO4.nH2O 

Yield 
of the 
produc

t 
(wt.%) 

BET 
surfac
e area 

(m2g-1)

JCPDS 
No. 

Length 
(nm) 

Width 
(nm) 

Morphology 

1. La(NO3)3 LaPO4.0.5H2O 98.3 127 46-1439 70-180 6-9 nanorods 

2. Ce(NO3)3 CePO4.H2O 99.1 114 35-0614 130-240 8-9 nanorods 

3. Nd(NO3)3 NdPO4.0.5H2O 95.3 110 34-0535 210-350 7-9 nanorods 

4. Sm(NO3)3 SmPO4.0.5H2
O 

99.8 112 34-0537 70-790 8-9 nanorods 

5. Eu(NO3)3 EuPO4.H2O 97.3 105 20-1044 70-180 6-9 nanorods 

6. Gd(NO3)3 GdPO4.H2O 99.3 110 39-0232 100-300 6-7 nanorods 

1.1-2.2 
μm 

80-130 nanorods 7. Tb(NO3)3 TbPO4.H2O 98.4 86 20-1244 

0.5-1.5 
μm 

6-8 nanowires 

8 Er(NO3)3 ErPO4.0.3H2O 98.2 90 20-0391 20-100  Nanoparticles 
  

Experimental conditions, Yield, BET surface area, XRD and TEM of rhabdophane type LnPO4.nH2O synthesized using Ln(NO3)3 and NH4H2PO4 under microwave 
irradiation.Reaction Conditions: Microwave heating a mixture of 20 rn1 0.05 (M) of an aqueous solution of lanthanide(III)nitrate and 20 rnl 0.05 (M) of an aqueous solution of 
NH4H2PO4. The pH of the solution 1.8- 2.2, time = 20 min, bEDX analysis gives a Ln/P/O atomic ratio of ~ 1: 1 :4 to 1: 1:4.5, in agreement with the LnPO4.nH2O. All as-
prepared samples are well crystallined (confirmed by XRD). Adopted from [Ref. No.]. Reproduced by permission of The Royal Society of Chemistry (RSC) on behalf of the 
Centre National de la Recherche Scientifique (CNRS) and http://dx.doi.org/10.1039/b415693e. Patra et al. Microwave approach for the synthesis of rhabdophane-type lanthanide 
orthophosphate (Ln= La, Ce, Nd, Sm, Eu, Gd and Tb) nanorods under solvothermal conditions. New Journal of Chemistry, 2005, 29, 733-739. Patra et al. © Royal Society of 
Chemistry 2008. 
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Figure 2. TEM images of as-synthesized (A-B) EuPO4·H2O nanorods and (C-D) TbPO4·H2O nanorods with 
different magnifications, respectively. Reprinted with the permission from [38], Patra et al. Inorganic 
phosphate nanorods are a novel fluorescent label in cell biology. J Nanobiotechnology 2006, 4. 
doi:10.1186/1477-3155-4-11. © 2006 Patra et al; licensee BioMed Central Ltd. 

 
7.4. Fluorescence Spectroscopy of HUVEC and 786-O cells treated with 
LnPO4.H2O Nanords 

 
The excitation and emission spectra of EuPO4.H2O and TbPO4.H2O nanorods are 

presented in Fig.3(A-D). The most intense emission peak EuPO4.H2O was observed at 588 
nm during the excitation at 393 nm (Fig. 3A). Again, the most prominent emission peak of 
TbPO4.H2O was observed at 543 nm (Fig. 3D) during the excitation at 378 nm (Fig. 3C). 

In order to measure the fluorescence activity of these LnPO4.H2O (Ln = Eu &Tb) 
nanorods remain unchanged inside the cell, 786-O cells and HUVEC cells were incubated for 
24 hours with these nanorods at various concentrations (0-100 μg/mL). After extensive 
washing with phosphate buffered saline (PBS), the cells were trypsinized and re-dispersed in 
PBS and finally the emission (fluorescence) spectra were recorded. (Fig.4.A-B) We have 
found that with increasing concentrations of LnPO4.H2O nanorods (0 to 100 μg/ml), the 
fluorescence intensity from curve -a to curve -c/d of Fig.4.A-B increases which indirectly 
prove the internalization of these nanorods inside the 786-O and HUVEC cells and increasing 
the rate of nanorod accumulation with increasing concentration.  
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Figure 3. Excitation (A,C) and emission spectra (B,D) of as-synthesized EuPO4·H2O, TbPO4·H2O 
nanorods. Reprinted with the permission from [38], Patra et al. Inorganic phosphate nanorods are a novel 
fluorescent label in cell biology. J Nanobiotechnology 2006, 4. doi:10.1186/1477-3155-4-11. © 2006 Patra et 
al; licensee BioMed Central Ltd. 

 
7.5. Internalization of Lnpo4.H2O Nanorods in HUVEC and 786-O Cells 

 
The internalization of LnPO4.H2O nanorods into 786-O and HUVEC cells were 

determined by several techniques such as differential interference contrast (DIC) microscopy, 
confocal microscopy, and transmission electron microscopy (TEM) [38]. In order to find out 
the effect of nanorods on cells, it is very important to detect the localization (nucleaus, 
cytoplasom or cell surface) of these nanorods in cells. TEM images in Fig.5. (A-F) indicate 
the direct proof of internalization of LnPO4.H2O nanorods into HUVEC cells. Interestingly, 
both EuPO4.H2O and TbPO4.H2O nanorods remain unchanged their morphology after 
internalization into the cytoplasm of the cell. The exact nature of the cytoplasmic vesicles is 
still unknown to us, but it appears that nanorods internalize in double-membrane layered 
early endosomelike compartments away from the nucleus or late endosomelike structures 
close to the nucleus. 



Chitta Ranjan Patra, Priyabrata Mukherjee and Debabrata Mukhopadhyay 

 

114 

460 480 500 520 540 560 580 600
-5000

0

5000

10000

15000

20000

25000

30000 B

543 nm

d

c
b

a

550 600 650 700 750
0

5000

10000

15000

20000

25000

30000

c

b
a

697 nm

616 nm

590 nm

A

 

Figure 4. Emission spectra of (A) EuPO4·H2O nanorods loaded inside 786-O cells treated at various 
concentrations (a = 0 μg/ml, b = 50 μg/ml, c = 100 μg/ml), (B) TbPO4·H2O nanorods loaded inside HUVEC 
cells treated at various concentrations (a = 0 μg/ml, b = 20 μg/ml, c = 50 μg/ml, d = 100 μg/ml). Reprinted 
with the permission from [38], Patra et al. Inorganic phosphate nanorods are a novel fluorescent label in cell 
biology. J Nanobiotechnology 2006, 4. doi:10.1186/1477-3155-4-11. © 2006 Patra et al; licensee BioMed 
Central Ltd. 
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Figure 5. Fluorescent LnPO4·H2O nanorods were visualized by TEM inside the cytoplasmic compartments 
of HUVEC. (A-C) EuPO4·H2O nanorods and (D-F) TbPO4·H2O nanorodsare observed inside the HUVEC 
with increasing magnifications. B was the enlarge picture of white block in A, C was the enlarge picture of 
white block in B. Similarly, E was the enlarge picture of white block in D and F was the enlarge picture of 
white block in E. Reprinted with the permission from [38], Patra et al. Inorganic phosphate nanorods are a 
novel fluorescent label in cell biology. J Nanobiotechnology 2006, 4. doi:10.1186/1477-3155-4-11. © 2006 
Patra et al; licensee BioMed Central Ltd. 
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7.6. Confocal Microscopy of HUVEC and 786-O Cells Treated with 
Lnpo4·H2O 

 
After incubating HUVEC and 786-O cells with LnPO4·H2O (Ln= Eu & Tb) nanorods on 

glass cover slips and fixing the cells with freshly prepared 4% paraformaldehyde the plates 
were examined the fluorescence properties with confocal microscopy [39]. Two-dimensional, 
confocal fluorescence microscopy images were collected through the use of an LSM 510 
confocal laser scan microscope (Carl Zeiss) with an argon ion laser excitations at 364 and 
488 nm for Eu and Tb, respectively). The red and green fluorescence emissions were 
collected through a 601- and 505-nm long-pass filter for EuPO4.H2O and TbPO4.H2O 
nanorods, respectively and shown in Fig. 6 (A-J). 

 
786-O cells

LnPO4.H2O

a b

c d

e f

g h

i j

 

Figure 6. Fluorescence (A, C, E, G, and I) and corresponding phase images (B, D, F, H, and J) of LnPO4 · 
H2O nanorods (A–D), control untreated 786-O cells (E, F), and 786-O cells treated with LnPO4 · H2O 
nanorods (G–J): red fluorescence (A) and corresponding phase images (B) of EuPO4 · H2O nanorods can be 
observed, along with green fluorescence (C) and corresponding phase images (D) of TbPO4 · H2O nanorods. 
(E, F), control 786-O cells with no treatment, no fluorescence (E), and no nanoparticles (F). (G, H), 786-O 
cells treated with EuPO4 · H2O nanorods and red fluorescence are visible in (G) due to the presence of Eu+3 
ions; and nanoparticles are visible in the corresponding phase image (H). (I, J), 786-O cells treated with 
TbPO4 · H2O nanorods and green fluorescence are visible in (I) because of the presence of Tb+3 ions, and 
nanoparticles are visible in the corresponding phase image (J). Reprinted with permission from [39], Patra et 
al. Lanthanide phosphate nanorods as inorganic fluorescent labels in cell biology research. Clinical 
Chemistry 2007, 53:2029-2031.Doi:10.1373/clinchem.2007.091207. ©2007 American Association for 
Clinical Chemistry, Inc. 
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A red and green fluorescence (Fig. 6.A) were observed in Fig.6.A and Fig.6.C due to 
EuPO4.H2O and TbPO4.H2O nanorods, respectively and their corresponding phase images 
were found in Fig. 6.B and Fig.6.D indicating the presence of particles. Fig.6.E indicates the 
confocal image of control 786-O cell without nanorods and it does not show any fluorescence 
even no auto-fluorescence was observed. However, Fig.6.G shows the significant red 
fluorescence of 786-O cells due to presence of EuPO4.H2O nanorods inside the cells. 
Similarly, a prominent green fluorescence (Fig.6.I) was observed due to presence of 
TbPO4.H2O nanorods inside the cells [39]. Our inorganic fluorescent label method is a simple 
tool for examining the cellular compartments of living cells as these nanorods are non-toxic 
to endothelial cells (toxicity discussed later). Fluorescent nanorods may enable improved 
detection of malignant tumor cells. These results indicate that these fluorescent nanorods can 
internalize in cells, which in turn can be visualized by microscopy. Therefore, these nanorods 
offer useful and alternative inorganic fluorescent probes for targeting various molecules in 
living cells. These resulst suggest that this technique might be used for live-cell imaging, a 
requisite analytical tool in most cell biology experiments and a routine procedure in 
neurobiology, developmental biology, pharmacology, and several other related biomedical 
research fields [39]. 

 
 

7.8. In Vitro Toxicity (Cell viability test, Cell Proliferation and Apoptosis 
assay) 

 
As we have observed the distinct fluorescence activity of LnPO4.H2O upon cellular 

internalization, therefore before going to apply these nanorods as fluorescent label in cell 
biology, in vitro toxicity measurement is a topic of considerable importance. It is reported 
that exposure to certain nanomaterials and metallic salts of lanthanides might lead to adverse 
biological effects, this appears to dependent upon the chemical and physical properties of the 
material [17, 36, 37, 41, 42, 141]. 

Initially, to observe viability, HUVEC cells were incubated with 50 μg/mL of 
LnPO4.H2O nanorods for 24–48 hours. There was no difference in cell death between 
untreated control cells (no treatment) and nanorod-treated HUVEC cells as assessed by 
trypan blue. These results clearly indicate a biocompatibility between the nanorods and the 
cells. We have investigated the in vitro toxicity using [3H]-thymidine incorporation assays 
(cell proliferation assay) on HUVEC cells and found them to be non-toxic up to 100 μg/mL 
[38]. However, they are acting as pro-angiogenic agent (discussed later)[40]. 

In order to investigate whether uptake of these nanorods induce apoptosis, we have done 
two type of apoptosis assay name (i) flow cytometry method using Annexin V-FITC and (ii) 
TUNEL assay (dUTP nick-end labeling). In both cases we have observed that LnPO4·H2O 
nanorods are nontoxic to endothelial cells [38]. 

Fig.7. illustrates the results of TUNEL assay of HUVEC cells treated with nanorods 
where red color nuclei (TMR red –stained) in first column indicates the apoptotic cells, blue 
color in second column indicates the nuclei stained with DAPI (4'-6-Diamidino-2-
phenylindole) and third column indicates the merge pictures of first and second column. Red 
color nuclei in Fig. 7.A indicate the apoptotic cells in presence of ~2.5 mM camptothecin, 
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served as positive inducer. There is no presence of red nuclei in control HUVEC cells as 
expected. No red nuclei (TMR red-stained) of HUVEC cells treated with nanorods in Fig. 7.C 
& D were detected indicating the absence of apoptotic cells. These results clearly indicate 
that these nanorods were not toxic to endothelial cells. We have first time demonstrated the in 
vitro toxicity experiments using nanorods in cell biology research.  

 

 

Figure 7. TUNEL assay apoptosis of HUVEC. First row: positive control experiment, second row: untreated 
control experiment, third row: HUVEC treated with EuPO4·H2O at 50 μg/ml for 20 h of incubation at 37°C 
and fourth row: HUVEC treated with TbPO4·H2O at 50 μg/ml for 24 h of incubation at 37°C. TUNEL assay 
apoptosis of HUVEC using camptothecin (4 h incubation at 37°C) as positive inducer (First row). A: TMR 
red -stained nuclei of HUVEc appear in red color due to presence of apoptotic cells, A1: The DAPI-stained 
nuclei appear in blue and A2: merged picture of A and A1. First Column: The nuclei of HUVEC were 
stained with TMR red (B-D), red staining was not observed due to absence of no apoptotic cells. Second 
column: The DAPI-stained nuclei appear in blue (B1-D1), and Third column: merged picture of first and 
second column (B2-D2). Reprinted with the permission from [38], Patra et al. Inorganic phosphate nanorods 
are a novel fluorescent label in cell biology. J Nanobiotechnology 2006, 4. doi:10.1186/1477-3155-4-11. © 
2006 Patra et al; licensee BioMed Central Ltd. 
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8. Europium Oxide Nanoparticles in an 
Immunoassay for Atrazine  

 
Synthesis and surface functionalization of nanoparticles is an important area of research 

in nanotechnology [142]. The basic application of surface functionalization of nanoparticles 
is to enhance the overall performance of nanoparticles for targeted delivery of DNA, drugs, 
proteins, antibodies etc. Functionalization of metal oxide nanoparticles enables their use in 
biological applications via modification of surface properties[143]. In general, metal oxide 
nanoparticles have no affinity to bind drug molecules/proteins/DNA due to absence of free 
reactive functional groups such as hydroxyl (-OH), amino (-NH2), mercapto (-SH) on the 
surface of these nanoparticles. Therefore, functionalization of the surface of the nanoparticles 
is one of the key step in drug delivery. In this context, Feng et al and his co-workers have 
demonstrated the microwave assisted functionalization of europium oxide (Eu2O3) 
nanoparticles, used as fluorescent label in an immunoassay for atrazine [144]. Direct coating 
of nanoparticles with Si-containing matrix may provide the best way to preserve the optical 
properties of Eu2O3 nanoparticles and to provide biologically functional groups at the same 
time. Therefore, they have demonstrated the functionalization of Eu2O3 nanoparticles using 
3-amino-propyl trimethoxy silane (APTMS), which provides the free reactive -NH2 amino 
group for conjugation with drugs (atrazine) (Fig.8) and investigated their efficacy in a model 
immunoassay. The application of the functionalized nanoparticles in competitive 
immunoassay foratrazine is presented schematically in Fig.9. This method is very simple and 
rapid method for functionalization of the metal oxide nanoparticles. The application of this 
material to an immunoassay for atrzine showed promise as a simplified competitive assay 
with little reduction sensitivity. In another study they have developed a method for coating 
Eu:Gd2O3 particles with proteins and described the use of these particles as phosphores for 
the visualizaion of protein micropatterns where avidin-biotin specific binding was used as a 
model system [103].  

 

 

Figure 8. (A) and (B) atrazine and derivative used for conjugation. Reprinted with the permission from [144], 
Feng et al. Functionalized europium oxide nanoparticles used as a fluorescent label in an immunoassay for 
atrazine. Analytical Chemistry 2003, 75:5282-5286. DOI: 10.1021/ac034063m S0003-2700(03)04063-0. 
©2003 American Chemical society. 
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However, inorganic lanthanide nanoparticles have raised new possibilities for the 
ultrasensitive and multiplexed imaging of molecular targets in living cells, animal models, 
and possibly in human subjects. Lanthanide-based inorganic fluorescents, especially Eu- and 
Tb-phosphate/oxides/hydroxide nanoparticles, have attracted a great deal of attention in 
medicine and cell biology [38, 39]. 

 

 

Figure 9. Schematic presentation of the competitive assay using magnetic separation. The assay was carried 
out as follows: (a) the atrazine-derivatized europium particles (O-), the free atrazine in the sample (), and the 
monoclonal anti-atrazine antibody (Y) are added together and (b) allowed to react. (c) Magnetic beads coated 
with anti-mouse antibody are then added. Free antibody, antibody bound to free analyte (-Y), and antibody 
bound to the atrazine-derivatized europium particles are all removed from the solution, leaving only atrazine-
derivatized europium particles in solution. (d) The solution is then measured for fluorescence. If the analyte 
concentration is low, then most of the atrazine-derivatized europium particles will be bound to anti-atrazine 
antibody and subsequently to the magnetic beads and removed from solution; thus, the fluorescence of the 
solution will be low. If the analyte concentration is high, then the anti-atrazine antibody will be bound to the 
free analyte. When the magnetic beads are applied, very little atrazine-derived antibody will be removed 
from solution, since most of the antibody is bound to free atrazine; thus, the fluorescence of the solution will 
be high. This format results in a calibration curve in which the concentration of free analyte in the sample is 
directly proportional to the amount of fluorescence detected in the solution. Reprinted with the permission 
from [144], Feng et al. Functionalized europium oxide nanoparticles used as a fluorescent label in an 
immunoassay for atrazine. Analytical Chemistry 2003, 75:5282-5286. DOI: 10.1021/ac034063m S0003-
2700(03)04063-0. ©2003 American Chemical society. 
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9. Angiogenesis By Euiii(Oh)3 Nanorods 
 
It is now well established tha angiogenesis is the process of formation of new capillaries 

from preexisting blood vessels [145] and it is a complex process involving both pro-
angiogenic and anti-angiogenic factors. The process of angiogenesis consists of several steps, 
which include the stimulation of endothelial cells by growth factors, degradation of the 
extracellular matrix by proteolytic enzymes, migration and proliferation of endothelial cells, 
and, ultimately, capillary tube formation [146]. Endothelial cell migration and proliferation 
are critical steps in the angiogenic process [147]. Angiogenesis plays an essential role in 
physiological processes such as embryonic development, the menstrual cycle, and in 
pathologic conditions (e.g. wound healing, tumor growth and metastasis, rheumatoid arthritis, 
proliferative diabetic retinopathy, atherosclerosis, and post ischemic vascularization of the 
myocardium) [145, 148-153]. However, the most important objective of angiogenesis is to 
induce or stimulate vessel growth in patients with conditions characterized by insufficient 
blood flow, such as ischemic heart disease and peripheral vascular diseases. Ischemic heart 
disease is the most common cause of death in United States as well as several countries 
around the world [154, 155]. According to ‘Morbidity and Mortality Weekly Report’ (Feb 
21, 1997), in 1994, a total of 481,458 persons died as a result of ischemic heart disease 
(IHD), which comprises two thirds of all heart disease - the leading cause of death in the 
United States. The development of drugs that stimulate revascularization of ischemic tissues 
remains an exciting but unrealized goal in cardiovascular therapeutics. 

A number strategies including prevention through diet, exercise, and lipid-lowering 
drugs and medical intervention via angioplasty, stent placement, surgery, and pro-angiogenic 
factors such as vascular endothelial growth factor A (VEGF-A) and basic fibroblast growth 
factor (bFGF) [149, 150, 152, 156], used to enhance blood flow in ischemic tissues via 
formation of collateral blood vessels have also been associated with pathological 
angiogenesis, thrombosis, fibrosis and/or the proliferation of tumor cells [156-158]. The latter 
observation warrants that the development of novel pro-angiogenic as well as anti-angiogenic 
molecules is very important step in biomedical research (especially ischemic heart disease 
and peripheral vascular diseases) where nanotechnology (a multidisciplinary field, which 
covers a vast and diverse array of devices derived from engineering, biology, physics and 
chemistry) can play a pivotal role. Earlier reports suggest that transition and lanthanide 
elements have important role in biology and medicine [3, 38, 39, 44, 49, 102, 159-165]. With 
a view to understanding the biological impact of lanthanide metals, we have investigated the 
pro-angiogenic properties of europium(III) hydroxide nanorods [EuIII(OH)3] by several in 
vitro analyses and also by in vivo CAM (chick chorioallantoic membrane) assays [40]. 
Therefore, we strongly believe that the pro-angiogenic properties of [EuIII(OH)3] nanorods 
can be used to develop new treatment strategies for cardiovascular ischemic and peripheral 
vascular diseases, or limb ischemia-related diseases in near future.  

The pro-angiogenic properties of EuIII(OH)3 nanorods was investigated by several in 
vitro assays and CAM assay (in vivo model) which are summarized below. 
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9.1. Synthesis, Characterization and Internalization of Euiii(OH)3 Nanorods 
 
EuIII(OH)3 nanorods were prepared by microwave heating a mixture of an aqueous 

solution containing Europium(III)nitrate and aq.NH4OH at atmospheric pressure in an open 
reflux system [40]. The nanorods were characterized by several analytical tools such as X-ray 
diffraction (XRD), Thermo-gravimetric (TG) and Differential Scanning Calorimetric (DSC) 
Analysis, Transmission electron microscopy (TEM) study, fluorescence spectroscopy (FS), 
confocal microscopy etc in order to evaluate the crystal structure, morphology and chemical 
nature [40]. We prepare [EuIII(OH)3] nanorods suspension solution in sterile TE (tris- EDTA) 
buffer and use only freshly prepared suspension in TE buffer for all cell culture experiments 
and CAM assay. Internalization and colocalization of these nanorods inside the cells was 
investigated by several techniques such as FS, differential interference contrast (DIC) 
microscopy, confocal microscopy, and transmission electron microscopy (TEM). 

 
 

9.2. Cell Viablity, Apoptosis Assay and [3H]Thymidine Incorporation Assay 
 
Before applying these nanorods in vitro, we have decided to check their toxicity to 

endothelial cells (HUVEC) by several in vitro assays. However we have first tested the 
viability of HUVEC cells treated with EuIII(OH)3 nanorods at different concentrations from 
20-100 μg /mL and incubated for 24-48 hrs to observe apoptosis. Both in the untreated 
control and in the nanorod treated samples HUVEC remained equally viable, as assessed by 
Trypan Blue exclusion assay (data not shown). This indicated that these nanorods were 
biocompatible and did not affect cell viability. According to tunnel-based apoptosis (dUTP 
nick-end labeling) assay (as described before) the red colored nuclei were not observed when 
the HUVEC cells were incubated with 50 μg /mL indicating no induction of apoptosis in 
presence of these nanorods. However, there was ~10% of the nuclei stained red when treated 
with nanorods at 100 μg/mL compared to control untreated cells. We also determined the in 
vitro toxicity of these nanorods by performing [3H]thymidine incorporation assay in HUVEC 
[38-40, 153]. Endothelial cell proliferation is one of the critical steps in angiogenesis [145, 
153, 166]. In order to determine whether our EuIII(OH)3] nanorods can stimulate the 
endothelial cells, we have performed [3H]-thymidine incorporation assay for HUVECs treated 
with these nanorods in dose dependent and time dependent way (Fig. 10a). We have found 
that these nanorods promote a dose-dependent increase in endothelial cell proliferation when 
used at a concentration of 20-50 μg/ml as compared to that of untreated controls. However, 
less cell proliferation was observed when nanorods concentration was 100 μg/ml (Fig.10a). 
At the same time we have carried out the [3H]-thymidine incorporation assay to endothelial 
cells incubated with amorphous europium hydroxide and oxide materials and observed no 
significant proliferation. Even we did not found any significant change in endothelial cell 
proliferation by the treatment of other lanthanide [Neodymium (Nd), Samarium (Sm), 
Gadolinium (Gd) and Terbium (Tb)] hydroxide nanoparticles under identical experimental 
conditions. As expected, HUVECs treated with VEGF (10 ng/ml) have shown increased 
proliferation in similar fashion (Fig.10.a). Hence, our results clearly show that EuIII(OH)3 
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nanorods, although inorganic material, function like other proangiogenic cytokines such as 
VEGF.  

 

 

Figure 10. a) Effect of EuIII(OH)3 nanorods [Eu-20, Eu-50, Eu-100 indicates 20, 50, and 100 lgmL–1, 
respectively, and VF = VEGF (10 ng mL–1)] on HUVECs, observed by cell proliferation assay, represented 
as fold stimulation. b) Western blot analysis for phosphomapkinase (phos-MAPK) and total mapkinase from 
lysate of i) untreated control HUVECs, and HU-VECs treated with ii) EuIII(OH)3 nanorods of 50 lgmL–1 
between 5 min to 6 h, and iii) VEGF (10 ng mL–1) for 5 min. c) HUVECs treated with Eu-III(OH)3 
nanorods at different concentrations for 24 h. d) Cell-cycle analysis of HUVECs treated with EuIII(OH)3 
nanorods (0–100 lgmL–1). The data are statistically significant where p ≤ 0.05 [(mean  γ  one standard 
deviation) of three separate experiments performed in triplicates]. See main text for further explanation of 
cell cycle classification. Reprinted with the permission from [40], Patra et al. Pro-angiogenic properties of 
europium(III) hydroxide nanorods. Advanced Materials 2008, 20:753-756. DOI: 0.1002/adma.200701611.© 
2006 Patra et al; Wiley-VCH Verlag GmbH & Co.KGaA. 
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9.3. Mapkinase Phosphorylation 
 
Mitogen-activated protein kinase (MAPK) activation is one of the key important 

signaling for the angiogenesis, demonstrating by several groups including our group [167-
172]. To further confirm the results obtained from cell proliferation assay, western blot 
analysis for phospho-MAPK of HUVEC treated with and without EuIII(OH)3 nanorods were 
performed in a dose-dependant (20-50 μg/mL) (Fig.10.c) and time dependant fashion (5min -
6h) (Fig.10.b). As a positive control, HUVEC cells were treated with vascular endothelial 
growth factor (VEGF) at a concentration of 10 ng/ml for 5 min [173]. Western blot analysis 
for phospho-MAPK of HUVEC treated with and without EuIII(OH)3 nanorods between 15 
min 30 min is comparable to VEGF treated 5 min sample. Again, with increasing the 
concentration of EuIII(OH)3 nanorods (20-50 μg/ml), mapkinase phosphorylation was 
increased and reached maximum at 50 μg/ml. These results support the cell proliferation 
analysis data where we got maximum proliferation at50 μg/ml concentration. The mechanism 
of up-regulation of phospho-mapkinase by nanorods is currently unknown and a subject of 
future investigation. 

 
 

9.4. Cell Cycle Assay  
 
To investigate the mechanism of HUVEC cell proliferation in the presence of 

EuIII(OH)3 nanorods, we have performed cell cycle analysis. The cell cycle in eukaryotes is 
broadly classified into four phases, G1-preparation of the chromosomes for replication, S-
synthesis of DNA and centrosomes, G2-preparation for mitosis and M-mitosis; the cell 
dividing into two daughter cells each with a complete set of genes [174, 175]. Therefore, it is 
expected that the proliferation of HUVEC cells should be reflected in cell cycles where 
higher population would be expected in the S-phase and fewer population in the G1-phase. 
[176] Cell cycle analysis using PI staining in HUVEC cells revealed a significant increase in 
the percentage of cells in S-phase when treated with 50 μg/ml of EuIII(OH)3 nanorods as 
compared with that of untreated control cells (Fig.10.d). Conversely, percentage of cells in 
the S-phase decreased at a concentration of 100 μg/ml of EuIII(OH)3 nanorods. These cell 
cycle data further supports the results obtained from thymidine incorporation assay and 
MAPK activation assay. 

 
 

9.5. Chick Chorioallantoic Membrane (CAM) Assay (In Vivo Model) 
 
In order to determine the in vivo relevance of our in vitro findings we performed CAM 

assays to measure nanoparticle-induced angiogenesis. Chick eggs were maintained in a 
humidified 39 0C incubator (Lyon Electric, CA). Pellets containing 0.5% methylcellulose, 
plus recombinant human VEGF-A (50 ng, positive control) or water (negative control) or TE 
(diluent control) or 50uL of nanoparticles at various concentrations were placed onto the 
CAM’s of separate 10-day-old chick pathogen-free embryos (SPAFAS; Charles River 
Laboratories, Wilmington, MA). The CAM’s were exposed by cutting a small window in the 
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egg shell to facilitate application of the relevant substances. CAMs were imaged on Day 13 
either following fixation and excision or with real time live imaging using a digital camera 
(Canon Supershot6) attached to a Zeiss stereomicroscope. Angiogenesis was quantified by 
counting branch points arising from tertiary vessels from a minimum of 10 specimens from 
three separate experiments.  

Fig.11.a and Fig.11.b illustrate negative control experiment and positive control 
experiment where CAMs were treated with only TE (tris-EDTA) buffer solution and VEGF, 
respectively. As expected, we have observed vascular sprouting when CAMs have been 
treated with pro-angiogenic stimulus VEGF (50 ng) (Fig. 9b). EuIII(OH)3 nanorods in 
different concentrations (1μg and 10μg) induced significant angiogenesis (Fig.11.c-d) 
compared to control CAMs without nanorods. White arrows mark the matured vascular 
sprouting in presence of these nanorods. The quantitative data for the angiogenesis assay 
(CAM assay) using nimrods were also shown in Fig.11.e as a histogram. The formation of 
vascular sprouting as observed by CAM assay in the presence of Euro III(OH)3 nimrods 
directly suggest that these inorganic nimrods have unique pro-angiogenic properties like 
VEGF. 

 

a b

c d

 

Figure 11. (a-d) Chick CAM assays treated with a) TE (tris-EDTA; tris-ethylenediaminetetraacetate) buffer, 
b) VEGF (50 ng), c,d) 1 and 10 ng of nanorods, respectively, in TE buffer at higher magnification. 
Magnification for (a,b,d) = x1.6. Magnification for (c) = x 4.  
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Figure 11e). Angiogenesis was quantified by counting branch points arising from tertiary vessels from a 
minimum of ten specimens from three separate experiments. hpf: high power field. Reprinted with the 
permission from [40], Patra et al. Pro-angiogenic properties of europium(III) hydroxide nanorods. Advanced 
Materials 2008, 20:753-756. DOI: 10.1002/adma.200701611.© 2006 Patra et al; Wiley-VCH Verlag GmbH 
& Co.KGaA. 

 
9.6. Plausible Mechanism for Nanorods Induced Angiogenesis 

 
Formation of reactive oxygen species (ROS) plays an important role in angiogenesis 

demonstrated by several researchers [177-182]. Therefore we investigated the formation of 
ROS in nanorods induced angiogenesis in HUVEC cells (Fig.12.a-I). A weaker green 
fluorescence was observed in control untreated HUVEC cells due to formation of 
endogenous ROS (Fig. 12.a-c). The green fluorescence as seen in Figure 12(d-f) indicates 
that the production of ROS inside HUVECs induced with 100 μM of tert-butyl hydroperoxide 
(TBHP) for 1h served as a positive inducer. Figure 12(g-i) and Figure 12(j-l) indicate the 
generation of ROS in the presence of EuIII(OH)3 nanorods at the concentrations of 20 and 50 
μg/ml, respectively, suggesting nanorods induce angiogenesis most likely due to increased 
production of ROS.  

Other than our above-mentioned in vitro and in vivo investigations we have carried out 
some other in vivo experiments. For example, the nude mice ear model showed the formation 
of new blood vessels in the nanorods treated mice ear compared to vehicle (tris-EDTA) 
treated control ears. (unpublished data)The detailed in vivo toxicity experiments on C57BL6 
mice did not show any biochemical or hematological toxicity after peritoneal injection. 
However, the efficacy of these nanorods in promoting angiogenesis in the mammalian heart 
and its safety with in vivo use has not been established. The data obtained from this study 
may provide the basis for the development of novel therapeutics for patients who otherwise 
have non-revascularizable ischemic heart disease. 
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Figure 12. ROS are produced during the endothelial cell proliferation in the presence of EuIII(OH)3 
nanorods at different concentrations. a–c) Control, untreated HUVECs. d–f) HUVECs treated with 100 lM 
mL–1 of tert-butyl hydroperoxide as a positive ROS inducer. g–l) HUVECs treated with 20 lg mL–1 (g–i) 
and 50 lg mL–1 (j–l) of EuIII(OH)3 nanorods. Reprinted with the permission from [40], Patra et al. Pro-
angiogenic properties of europium(III) hydroxide nanorods. Advanced Materials 2008, 20:753-756. DOI: 
10.1002/adma.200701611.© 2006 Patra et al; Wiley-VCH Verlag GmbH & Co.KGaA. 

 
10. Therapeutic Application Lanthanide Nanoparticles 

 
Before discussion application of lanthanides in therapy we should inform readers who are 

interested to know about the biological/medicinal use of lanthanide elements in detail can 
refer to the following books, articles or reviews [12, 45, 49, 76, 183-197]. Inorganic and 
bioinorganic chemistry have made important contributions to bio-medical science and human 
health care in the past half century. Now-a-days, metal-containing imaging agents are 
extensively used in therapeutics, which constitute a multi-billion dollar industry[198].  
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Lanthanide ions are trivalent metallic cations (Ln3+) and it can interact with different 
types of biologically important proteins including G protein-coupled receptors, ion channels 
[186-189]. The strong interactions of Ln3+ ions with these protein molecules are due to the 
sharing of biologically important properties with divalent calcium ions (Ca2+). The Ln3+ ions 
have strong affinity to Ca2+ sites on biological molecules due to variety of similarity to Ca2+ 
ions with respect to ionic radii, coordination chemistry, and affinity for the oxygen donor 
groups underlies their strong interaction with Ca2+-binding sites on a wide range of proteins. 
Hence lanthanides ions can act as either Ca2+ inhibitors or probes on biological molecules 
[190-194].  

Blockade of current through single calcium channels and T-type calcium channels by 
trivalent lanthanide cations are well established [195, 196]. Time-resolved fluorometry is a 
technology that exploits the unique fluorescence properties of lanthanide chelates. 
Lanthanide-based luminescent assays, a highly sensitive assay, have been used for different 
types of ligand-receptor interactions [186-189].  

Fricker et al demonstrated the therapeutic application of lanthanides in his review [43]. 
Lanthanide compounds for therapeutic and diagnostic applications have been also described 
elaborately by Thompson and Bünzli et al [44, 76]. Recent report by Chen et suggested that 
rare earth nanoparticles prevent retinal degeneration induced by intracellular peroxides [185].  

Storr et al described the recent advances in medicinal inorganic chemistry pertaining to 
the use of multifunctional ligands that target specific tissues, membrane receptors, or 
endogenous molecules, including enzymes [184]. The application of Eu2O3, known as 
inorganic red phosphor nanoparticles labels in an immunoassay yields very good sensitivity 
in an immunoassay for atrazine (sub-parts-per-billion detection limit) without optimization of 
the detection system [144]. 

 
 

11. Conclusion 
 
The low cost synthesis method (especially microwave method) and unique properties of 

lanthanides (Eu &Tb) nanorods/nanoparticles make them very attractive in varieties of 
applications in biomedical nanotechnology. The shrap spectral features, size dependent 
emission wavelengths, photostability, large stokes shift, Improved signal brightness and long 
life time (several hundreds microseconds) of lanthanide-based nanoparticles are promising 
for their implementation in multiplexed detection schemes. Various applications of lathanide 
compounds/chelates/nanoparticles/nanorods in biomedical technology have been described in 
this book chapter. The pro-angiogenic properties of europium(III) hydroxide nanorods could 
be used to develop new treatment strategies for cardiovascular ischemic and peripheral 
vascular diseases, the most common cause of death in United States as well as several 
countries around the world. Recent discoveries in the synthesis of inorganic nanoparticles, 
especially lanthanide elements opens up a new route for biological imaging, drug delivery 
and therapeutic agents. These areas represent some of the most recent and still relatively 
unexplored themes in nanotechnology that might be exciting and fruitful topics of study for 
the community interested in 'metals in medicine. 
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12. Abbreviations 
 
bFGF: Basic fibroblast growth factor  
CAM: Chick chorioallantoic membrane) 
DIC: Differential interference contrast  
DMO: Domestic Microwave Oven 
DSC: Differential scanning calorimetry 
Eu: Europium 
FS: Fluoresence spectroscopy 
HBsAg: Hepatitis B surface antigen  
HRTEM: High resolution transmission electron microscopy 
HUVEC: Human umbilical vein endothelial cells  
IR Spectroscopy: Infrared spectroscopy 
LBT: Lanthanide binding tags  
LnPO4.H2O: Lanthanide phosphate (Ln = lanthanide) 
LRTEM: Low resolution transmission electron microscopy 
MAPK: Mitogen-activated protein kinase  
MRI: Magnetic resonance imaging 
PCR: Polymerase chain reaction  
PS: Photoluminescence spectroscopy 
PSA: Prostate-specific antigen 
RCC:Renal carcinoma cells (786-O cells) 
ROS: Reactive oxygen species  
RS: Raman spectroscopy 
SA: Streptavidine 
SAED: Selected area electron diffraction 
Tb: Terbium 
TBHP: Tert-butyl hydroperoxide  
TEM: Transmission Electron Microscopy 
TGA: Thermogravimetric analysis 
TRF: Time-resolved fluorescence (TRF)  
VEGF-A: Vascular endothelial growth factor A  
XPS: X-ray photoelectron spectroscopy 
XRD: X-ray diffraction 
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Abstract 
 
Natural medicines play their biological and pharmacological roles after orally 
administered, based upon their effective substances including both the original 
components in the natural medicines absorbed and their metabolites. These effective 
substances can only be identified when chemical structures of these components and their 
metabolites are revealed, and corresponding pharmacological experiments have been 
carried out. Identification and analysis of the effective components following oral 
administration of natural medicines in animal biofluids are of great importance both to 
understand how these natural medicines exert their biological effects, and to improve 
methods for quality control in production of natural medicines. However, advances in the 
field have seldom been reviewed. Based on research experience of our group for dozens 
of years and corresponding literature, we will review on the identification and analysis of 
effective components following orally administration of natural medicines in animal 
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biolfuids, mainly in blood and urine. First, we will address the biological and 
pharmacological significances of identification and analysis of effective components of 
natural medicines. Then, we will describe, in detail, the commonly used methods and 
procedures for identification and analysis of effective components of natural medicines. 
These methods and procedures include how to prepare natural medicines for oral 
administration, how to choose appropriate animals, how to administer natural medicines, 
how to collect blood and urine samples of animals, how to prepare samples for 
identification, and how to identify and analyse chemical structures of effective 
components. Finally, we wish to provide the potential future prospects in the field.  
 

Keywords: Natural Medicine, Traditional Chinese Medicine, Effective Constitutes, 
Medicated Biofluids, Serum, Urine 
 
 

1. Introduction 
 
Effective components in natural medicines are responsible for their therapeutic effects 

and of great importance in quality control. Phytochemitry method is the routine way for 
screening effective components in natural medicines and its analysis process is summarized 
below. Firstly, pure compounds and fractions were extracted from natural medicines by 
separation means. Then, pharmacological tests are carried out to determine the bioactivity of 
these pure compounds and fractions，respectively. Although the phytochemitry method is 
very straightforward and objective, some disadvantages have been found. For example, there 
are hundreds or even thousands of compounds contained in one herb. It is extremely difficult 
to isolate and identify chemical structures and clear the therapeutic mechanism of every 
compound by common technologies at the present. The components of natural medicines are 
very complicated and many of the compounds can not get into blood circulation by oral 
administration. Only those compounds which can be absorbed into blood and reach target 
organ are able to exert bioactive effects. Moreover, some components are changed by 
gastrointestinal or liver metabolism, therefore, the actual effective components are not always 
the components in original natural medicines. It has been reported that many compounds 
whose pharmacological effects has been demonstrated by in vitro experiments show no or 
different bioactive activities in vivo. Wang et al demonstrated Agrimony decoction showed 
strong anti-tumor activities in vitro while its medicated serum had no anti-tumor effects [1]. 
Iwama et al also found Minor Radix Bulpleri decoction but not its medicated serum had 
mitogenic effects in vitro [2]. On the contrary, Wang et al demonstrated that Sophora 
Flavescens Ait decoction and medicated serum had obvious anti-tumor effects in serum 
pharmacological experiments [1]. Medicated serum showed even higher inhibition rates on 
tumor cells than decoction, which suggested that metabolites from the transformation of some 
components in original medicine had stronger anti-tumor activities.  

Therefore, the actual effective components are not always the components in original 
natural medicines. The real bioactive components might be the metabolites from the 
transformation of some components in original medicines by absorption and metabolism in 
vivo. However, it is still unclear that how these original constitutes will be metabolized. So, it 
is of great importance to screen effective components which include the original components, 
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metabolites by gastrointestinal tract, and metabolites by other organs after being absorbed. 
Thus, Dr. Xinsheng Yao put forward a new strategy of in vivo direct effective substances of 
natural medicines research [3]. In vivo direct effective substances of natural medicines are 
composed of some original components and some metabolites. Not all of the components of 
natural medicines are effective substances. Only those which can be absorbed into blood can 
possibly have pharmacological effects. His new strategy for screening bioactive components 
is very straightforward and helpful to discover the real active components in natural 
medicines.  

Serum pharmacochemistry, proposed by Tashiro Shinichi in 1980s, is a serum 
pharmacological screening strategy to discover the real bioactive components in natural 
medicines [4]. It has been widely approved and attracts much attention of many famous 
experts. The method of serum pharmacochemistry utilizes the physiology of animal to 
separate the bioactive components of natural medicines into blood of animals, and then 
extract and identify these bioactive components in the blood subsequently by common 
techniques. This method put enough consideration to metabolism of natural medicines, which 
can give much information of transformation and changes of effective components in vivo. 
Its objects are mainly focused on small molecules absorbed into blood and metabolites of 
natural medicines. Yoshihiro et al screened active compounds in medicated serum of the 
Gancao-Fuzi decoction and Artemisia Capillatis by high performance liquid chromatography 
(HPLC) method [5，6]. Wang et al carried out a lot of fruitful research on natural medicines 
by the serum pharmacochemistry [7]. They identified effective substances of granule of 
Liuwei Dihuang and some single folium after investigating their original constitutes and 
metabolites. They systematically reviewed application of serum pharmacochemistry method 
in research of natural medicines which put solid foundation for development of serum 
pharmacochemistry. But serum pharmacochemistry also has some unavoidable deficiencies 
which obviously limited its application in pharmacological screening. For example, it is very 
difficult to detect some substance in medicated serum even by LC-MS because their 
concentrations are very low in serum. It is also hard to obtain enough serum to carry out 
pharmacological evaluation and structural identification since it will cause injury to animals 
to get blood.  

In Recent years, we isolate, enrich, analyze and identify original compounds and 
metabolites of natural medicines in medicated urine. The correlation between effective 
components and their pharmacological effects were also investigated. This chapter reviewed 
some aspects on how to identify effective substances in medicated biofluids (serum and 
urine) and determine the metabolic process and parameters after orally administering natural 
medicines and prescriptions. 

The routine process for analysis of multi-constituents in animal biofluids following 
administration of natural medicines is to quantitatively determine or qualitatively identify the 
natural compounds absorbed and their metabolites in the biofluids. Several problems should 
be unavoidably considered in this procedure. For example, how to prepare the natural 
medicine samples? What kinds of the experimental animals and drug administration methods 
can be used? How to collect and dispose the biofluids (blood and urine) containing drugs? 
How to analyze natural constituents in the biofluids? These questions are the most vital to be 
concerned. In this chapter, we will discuss them in detail. 
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2. The Natural Medicine Sample Preparation 
 
Sample preparation is the first step to carry out our research which is the fundamental 

base for the whole study. Generally, there are two kinds of sample preparation methods 
according to the purity of the natural medicine used in the experiments, the pure natural 
compounds, and the crude natural medicine extracts. The pure natural compounds are 
preferred in western countries. But for the traditional Chinese medicines, crude natural 
medicine extracts have been more frequently used in China. These two kinds of sample 
preparation methods are both of great importance in research. 

 
 

2.1. The Pure Natural Compounds 
 
The formation for oral administration can be prepared by simply mixing the pure 

compounds with sodium carboxymethylcellulose (CMC-Na) solution, deionized water or β-
cyclodextrin. For example, pure natural compound mangiferin was isolated, from 
Anemarrhena asphodeloides Bge in our lab. Then, this compound was blended with sodium 
carboxymethylcellulose and distilled water to prepare the suspension for oral administration 
[8]. Our research group also used sodium carboxymethyl cellulose water solution to prepare 
the oral administration formula of calycosin-7-O-β-D-glucopyranoside for male Sprague-
Dawley (SD) rats [9].  

Deionized water is a good solvent for intravenous administration. In quantitative 
determination of saikosaponin in rat plasma, saikosaponin was dissolved in the deionized 
water for intravenous administration to SD rats after fasting [10]. Similarly, Xu et al 
dissolved natural compound Sal B in deionized water, and orally administered to normal and 
antibiotic-treated rats [11]. In the contribution of Qian et al, pure compound Rg3 was 
dissolved in β-cyclodextrin and sonicated, then diluted by adding saline to the solution for the 
intravenous administration to SD rats [12].  

Since properties of pure compounds are certain to be detected and stable, sample 
preparation methods can be easily selected according to their physical properties  

 
 

2.2. The Crude Natural Medicine Extracts 
 
The literatures on preparations of crude natural medicine extracts sample are much less 

than those of pure natural compounds, probably because of the low concentration of target 
compounds in biofluids samples and difficulty for detection. The crude natural medicines 
extracts include extracts of the single natural medicine and of the herb formulas. They were 
usually prepared by following several common steps. Firstly, extract natural medicines with 
proper solvents. Then, filter extracts. Finally, evaporate extracts in vacuum. This procedure is 
in accordance with the conventional method of extracting traditional Chinese medicine. In 
this procedure, the quality stability of the extracts is guaranteed by the establishment of the 
corresponding quality control indicators. In our lab, we prepared the Rhizoma Anemarrhenae 
decoction in the following methods [13]. The mixture of Rhizoma Anemarrhenae was 
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extracted with water twice, and filtered. The filtrate was collected and concentrated by rotary 
vaporization under reduced pressure. In order to obtain the Yin-Zhi-Ku decoction, the herbal 
materials were extracted twice by refluxing in water, filtered, concentrated, and lyophilized 
[14, 15]. 

Many different kinds of constituents are in the final extracts obtained by the method 
above, which will make concentrations of the active constituents very low. Technologies like 
liquid–liquid extraction (LLE) and different kinds of chromatography are often employed in 
order to get rid of these interfering constituents. Our research group developed the isolation 
methods of active fractions by macroporous resin column technique from Huangbai-Zhimu 
drug pair. At first, the mixture of Huangbai and Zhimu was extracted by reflux with ethanol, 
filtered and concentrated to dryness under reduced pressure. The residue was divided into 
two subfractions by D101 macroporous resin eluted with different proportion of ethanol and 
water. One of the subfractions was the final extract for oral administration to rats [16]. There 
are many similar reports. He et al prepared their sample fractions by macroporous resin and 
silica gel columns in the following procedures [17]. Fresh rhizomes were cut into pieces and 
refluxed with ethanol. After evaporated under vacuum, the residue was then recovered with 
distilled water and subjected to D101 resin and silica gel column. Eluted by the different 
concentration of ethanol and CHCl3–MeOH–H2O solvent system respectively, the fractions 
containing the target constituents were obtained. Liquid-liquid extraction, macroporous resin 
column and polyamide chromatography column techniques were also employed by other 
researchers, like Zhou et al, Lai et al and Qiu et al in their experiments to get the active 
fractions for further administration [18-20]. 

No matter what kind of sample preparation methods are used, there are two common 
steps in sample preparation procedures. One is to select proper experimental animals and 
drug administration methods. The other is to collect and dispose medicated biofluids. When 
addressing the next two steps in section 2.2 and 2.3, we will not elaborate them by subtitles 
of different kind of sample preparation methods. 

 
 
3. The Proper Experimental Animals and Drug 

Administration  
 
The most popular animals used are rats and mice since they are cheap and easy to operate 

[21-23]. Rats are used as the experimental animals at most of time, such as in the 
contributions of Wang et al, Ye et al, Tang et al and Ma et al [8-10, 13-16, 24]. Mice are also 
widely used. But they can not provide as much blood as rats. Wang et al and Xiong et al used 
mice as the experimental animals in their experiments [25, 26]. Moreover, other animal 
models such as dogs [27], pigs [28], rabbits [29, 30], and horses [31] are also chosen when 
needed.  

Oral administration, intravenous and intraperitoneal injections are the most common 
methods of drug administration. Oral administration was the most popular administration 
method under the guidance of traditional Chinese medicine theories in China, such as the 
studies on the magiferin, calycosin-7-O-β-D-glucopyranoside, huangbai-zhimu drug pair and 
Yi-Zhi-Ku decoction [8, 9, 13-16, 24]. Other researchers like Xu et al, Si et al, Wen et al and 
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Cao et al all gave their natural medicines to animals by oral administration [21-23, 27]. When 
the saikosaponin was determined in rat plasma, the intravenous injection administration 
method was used [10]. Yang et al, Ma et al, Wang et al and Xiong et al used intravenous and 
intraperitoneal injections in their experiments [25, 26, 32, 33]. In addition, there were some 
other ways for the medicine administration, such as intramuscular injection, subcutaneous 
injection, nasal sprays and transdermal delivery system. For example, Huang et al 
administered palmatine to the canine by intramuscular injection in order to determine the 
palmatine content in canine plasma [34]. Badeau et al used subcutaneous injection when they 
quantitatively determined the genistein fatty acid esters in monkey plasma [35]. Jung et al 
applied nasal sprays for administration of proliposomes of nicotine to rats [36]; Batchelder et 
al gave the major catechins and caffeine from extract of Camellia sinensis to animals by 
transdermal delivery system [37]. 

 
 
4. Medicated Biofluids Collection and Disposal 
 

4.1. Medicated Biofluids Collection 
 
Animals should be kept in a controlled environment for at least 3 days before 

experiments. They are fed with standard laboratory food and water. Before the test, they are 
fasted overnight but with access to water. Then a proper dose of natural medicines are 
administered. After a certain period of time, blood and urine can be collected for further 
detection.  

 
4.1.1. The Blood Collection 

Blood collection has great influence on further detection. If large amount of blood is 
expected, the animal will unavoidably be executed. Abdominal aorta and arteria carotis are 
the best place to collect large amount of blood. When carrying out research of identification 
of major alkaloids and steroidal saponins in rat serum by HPLC-DAD-MS/MS technique, we 
opened the rat abdomen and collected the blood from the abdominal aorta in order to get as 
much blood as possible [16]. By the same way, Moon et al obtained the rat blood from the 
abdominal aorta, too [38]. For most of the big animals, like pigs, dogs or horses, arteria 
carotis is a good place to collect blood. For example, Yang et al obtained the pig blood 
samples from the arteria carotis after the last dosing [39]. If little amount of blood is enough, 
the tail vein, vena orbitalis and leg vein will be the proper positions. When quantitatively 
determined calycosin-7-O-β-D-glucopyranoside, geniposide, saikosaponin and mangiferin in 
rat plasma, Ye et al, Tang et al and Wang et al all collected the rat plasma from the tail vein 
because of the advantages of easiness to operation, without slaughter to the animals and 
repetitious time’s collection in our lab [8-10, 15]. Murugaiyah et al also withdrew rat blood 
from the tail vein after dose administration [40]. In addition, Ying et al acquired the rat blood 
from the vena orbitalis [41]. Cao et al collected the dog blood samples from the foreleg vein 
after administration [27]. 
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4.1.2. The Urine Collection 
The collection of urine is simpler than that of blood. Almost all the operations are carried 

out in the metabolism cages. The metabolic cage is developed to have a control of total intake 
of feed and water and the excretion of urine and feces. We all used metabolism cages to 
collect animal urine in our lab. For example, Ma et al obtained the urine sample by 
metabolism cages when they wanted to identify the major xanthones and steroidal saponins in 
rat urine by HPLC-MS/MS technique following oral administration of Rhizoma 
Anemarrhenae decoction [13]. Wang et al obtained the rat urine samples in the same way. In 
that experiment, they identified and determined four metabolites of mangiferin in rat urine 
[24]. In order to determine the content of geniposide in rat urine after oral administration of 
the traditional Chinese medicinal prescription Yin-Zhi-Ku decoction, we collected urine 
samples by metabolism cages until 96 hours after dosing [14]. There are also many examples 
in other research groups. For instance, Kuwayama et al obtained urine by metabolism cages 
when they studied on the analysis of amphetamine-type stimulants and their metabolites in 
urine [42]. The contributions of some other scientists like Ge et al, Yang et al and Roig et al 
are also good examples [43-45]. 

 
 

4.2. Medicated Biofluids Disposal 
 
Some measures should be immediately taken to dispose the biofluids after they are 

collected. Blood acquired from animals should be transferred into the heparinized tubes and 
centrifuged. Plasma samples should be kept at 4 °C for further use. Otherwise, in order to 
prevent from rotting, the urine collected should be kept at -20 °C or -80 °C.  

There are many endogenous components (mostly proteins) in animal blood and urine 
which shows great influences on the further identification or analysis of the natural medicine 
constituents and their metabolites in biofluids. They should be eliminated as completely as 
possible from biofluids. This step is the most important one of the whole research. It is 
closely correlated with . Generally, four kinds of methods can be used to remove proteins. 

 
4.2.1. Removal of Proteins by Precipitators or Denaturants 

The suitable precipitators or denaturants, like organic solvents, neutral salts or acids, can 
make the protein dehydrate or form the indissoluble salts, which can remove proteins from 
medicated biofluids. For example, acetonitrile-acetic acid was added into the biofluids as 
precipitator or denaturant to remove the proteins after the sample collection and necessary 
predisposition such as centrifugation. After another centrifugation for a few minutes, the 
supernatant was transferred into a clean test tube and evaporated to dryness in water bath 
under a stream of nitrogen. The residue was reconstituted in methanol and then centrifuged, 
and finally the supernatant could be analyzed by HPLC [8]. In order to quantitative analyze 
of five active constituents in rat plasma, Xu et al pipetted an aliquot of plasma into plastics 
centrifuge tubes with addition of methanol (containing 0.1% formic acid) to precipitate 
protein [21]. Zhang et al selected methanol and acetonitrile as the denaturants for 
deproteinization [46]. Joo et al tested various solutions such as perchloric acid, 
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trichloroacetic acid, methanol and acetonitrile, to get an optimal condition for 
deproteinization of rat plasma [47].  

 
4.2.2. Removal of Proteins by Organic Solvents Extraction 

Most of the molecules absorbed into the biofluids or their metabolites produced in vivo 
can be easily dissolved in the high polar organic solvents such as methanol or ethanol, while 
proteins in the biofluids can not be got through of these organic solvents. Extraction with 
methanol or ethanol can efficiently separate the proteins and the interested molecules in 
biofluids. In the research of Huangbai-Zhimu drug pair, we mixed all the serum samples, and 
froze them to a dry powder. Then the dry powder was sonicated three times with methanol. 
After evaporated under reduced pressure to remove methanol, the sample for HPLC-DAD-
MS/MS analysis was obtained [16]. Similarly, in the contribution of Yang et al, they also 
used this method to treat the blood samples and obtainedgood results [39]. 

Liquid-liquid extraction can be used to extract the non-polar or weak-polar constituents 
from the aqueous solutions. The organic layers can be evaporated to dryness under stream of 
nitrogen. Then the residues are dissolved in proper solvent for the high performance liquid 
chromatography analysis. Zhang et al tested deproteinization by liquid-liquid extraction with 
different organic solvents including dichloromethane-isopropanol, N-hexane-
dichloromethane-isopropanol and chloroform [46]. Dai et al used ether, ethyl acetate, ethyl 
acetate-isopropanol and n-hexane-dichloromethane-isopropanol as solvents in liquid-liquid 
extraction operation to remove protein [47].  

 
4.2.3. Removal of Proteins by Solid Phase Extraction (SPE) 

Solid phase extraction (SPE) plays more and more important roles in sample preparation. 
Many problems associated with liquid-liquid extraction can be prevented with the help of 
SPE, such as incomplete phase separations, less-than-quantitative recoveries, use of 
breakable glassware, and disposal of large quantities of organic solvents. SPE is more 
efficient than liquid-liquid extraction. It yields quantitative extractions that are easy to 
perform rapidly and automatically. Solvent use and lab time can be significantly reduced. 
There are several kinds of SPE cartridge, such as reversed phase SPE, normal phase SPE, and 
ion exchange SPE (anion and cation exchange SPE). There are five common steps in SPE 
procedure. The first is to select the proper SPE tube or disk. The second is to condition the 
SPE tube or disk. The third is to add the sample. The fourth is to wash the packing. The last 
one is to elute the target compounds. SPE has been widely used in biofluids analysis. We 
selected solid-phase extraction to treat the rat blood samples, in order to carry on 
pharmacokinetic study of geniposide in rat serum. The procedures in detail were as the 
following. C18 cartridges were conditioned before use by means of methanol and triple-
distilled water. Rat serum with geniposide and paeoniflorin was transferred into an SPE 
column cartridge. Columns with absorbed geniposide were washed with distilled water first. 
Then the compounds were eluted with methanol under low vacuum. After the resulting 
solution evaporated to dryness in vacuo, the evaporated residue was dissolved in the mobile 
phase and could be injected into HPLC for analysis [15]. We also used the SPE method to 
dispose urine samples, and the similar specific procedures were applied [9, 14]. Many of 
other scholars, like Tang et al, Liang et al, Wang et al, Zhang et al, Wang et al, Han et al and 
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Lai et al all used SPE to remove proteins from plasma and urine samples [10, 19, 48-53]. The 
SPE technique has been become very popular in this field in the past decades which will still 
play important roles in the future. 

We often synthetically apply some of the deproteinization methods in the experiments to 
acquire the best results. Organic solvents and SPE are used together to remove the protein in 
rat serum. The plasma sample was first diluted with methanol in phosphate buffer. After 
vortex mixing and centrifugation, the supernatant was transferred to a HLB cartridge 
preconditioned by sequential washing with methanol and phosphate buffer. The cartridge was 
washed with water first. After the eluent evaporated to dryness under a gentle stream of 
nitrogen, the residue was redissolved in methanol, and was injected into the HPLC system for 
analysis [54]. 

 
4.2.4. The Pure Compounds Isolated from Biofluids 

The best way to completely avoid the interference from the endogenous proteins is to 
isolate pure interest compounds directly from the biofluids. This method also has advantages 
in structural elucidation. Many technologies such as nuclear magnetic resonance spectra, 
infared spectra, ultraviolet spectra, and some related chemical methods can be easily used 
with this method to obtain the precise structure of the compounds. If we do not isolate the 
pure compounds from the biofluids, it will be only tentative for us to identify the constituents 
just by the HPLC-DAD-MSn technique. We isolated four metabolites from the rat urine by 
the liquid-liquid extraction and chromatography column techniques. By the NMR and mass 
spectra, their structures were precisely elucidated [24]. The procedures were as follows. The 
collected urine samples were concentrated to dryness. The residue was suspended in 
methanol and deposited for few hours. The supernatant was removed and evaporated to 
dryness. Then the residue was dissolved in water and partitioned with n-butanol three times. 
The n-butanol layer was subjected to D101 macroporous resin chromatography column and 
eluted with H2O-EtOH solvent stepwise. The eluting fractions were further subjected to 
Sephadex LH-20 with a MeOH-H2O system, and then the eluted fractions were combined 
and subjected to a silica gel chromatography column, sephadex LH-20 and semi-preparative 
HPLC to give 1,3,7-trihydroxyxanthone, 1,3,6,7-tetrahydroxy- xanthone, 1,3,6-trihydroxy 
methoxyxanthone and 1,7-dihydroxyxanthone. 

 
 

5. Analysis of Medicated Biofluids 
 
After finishing pretreatment procedures, the biofluids samples will be analyzed by 

separation techniques, such as HPLC with ultraviolet detector [55-58], fluorescence detector 
[59], optical emission detector [60], high performance liquid chromatography-mass 
spectrometry (LC-MS) [61-64], and gas chromatography with mass spectrometry [65] or 
flame ionization detector [66]. As we know, crude medicine extracts are complex mixtures 
containing up to hundreds or even thousands of different compounds. The large numbers and 
low concentrations of compounds in crude medicine extracts make the analysis and 
identification of bioactive components in biofluids obtained from animal after administrated 
crude medicine extracts extremely difficult. So, there are many differences in the methods of 
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analysis and identification between the medicated biofluids with pure compounds and crude 
medicine extracts. How to efficiently solve these problems is the key procedure in the whole 
research process. In this section, we will elaborate the analysis methods of medicated 
biofluids according to two before-mentioned natural medicine sample preparation methods. 

 
 

5.1 Analysis of Pure Compounds 
 
Compared with crude medicine extracts, pure compounds has the advantage of rapid 

efficiency, small volume and easy to administer. Usually, it presents high concentration in 
biofluids which will make the analysis comparably easy to carry out. In this kind of research 
process, the quantitative determination and qualitative identification are the two popular 
aspects for analysis of pure compounds. 

 
5.1.1 Qualitative Identification 

Generally, there are three kinds of methods for qualitative identification. The first is by 
the standard pure compound; the second is by HPLC-MSn analysis; the third is by nuclear 
magnet resonance (NMR) spectrum, ultraviolet absorbance (UV) spectrum, Infrared (IR) 
spectrum, mass (MS) spectrum and other chemical ways. The proper choice of identification 
methods is mainly based on whether the standard compound are present and whether the 
interest compounds can be isolated from biofluids. 

 
5.1.1.1 Qualitative Identification by the Standard Sample Compounds 

In the research process, we can apply this method for qualitative identification if the 
standard sample compound is provided. For example, when determined the saikosaponin in 
rat plasma, we purchased saikosaponin as the standard sample and by the comparison of the 
retain time, the peak of saikosaponin in plasma HPLC chromatograms were assigned (see 
Fig. 1) [10]. With the same manner, in our research group, Ye et al determined calycosin-7-
O-β-D-gluco-pyranoside in rat plasma (see Fig. 2) [9]. Furthermore, there are many other 
scientists used this kind of method, like Qian et al, Wang et al, Huang et al and Ying et al 
[12, 25, 34, 41]. 

 
5.1.1.2 Qualitative Identification by HPLC-Msn 

HPLC-MSn had been proved to be a modern powerful tool for the identification of 
substances in biofluids due to its high sensitivity and specificity. In addition, MSn technique 
also provides rich structural information of analytes of interest. Wittig et al used the SRM 
experiments identify the quercetin glucuronides in human plasma by high-performance liquid 
chromatography–tandem mass spectrometry technology [67]. Song et al analyzed ten 
metabolites of lobeline in the rat urine by liquid chromatography–tandem mass spectrometry 
[68]. Ge et al identified the amygdalin and six its major metabolites in rat urine by LC–
MS/MS technology [43]. Han et al studied dauricine and eight its metabolites in rat urine by 
liquid chromatography–tandem mass spectrometry [69]. These researches are the good 
examples for qualitative identification by HPLC-MSn technique. 
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Figure 1. Chromatograms of : (A) blank rat plasma; (B) rat plasma sample spiked with SSa and I.S.; (C) 
plasma sample from a rat following intravenous dose of SSa. 1. jujuboside A (I.S.) 2. SSa 

A

B 
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Figure 2. Chromatograms for the analysis of calycosin-7-O-β-D-glucopyranoside in rat plasma. (A) 
Chromatogram of a blank rat plasma sample. (B) Chromatogram of a plasma sample from rat spiked with IS 
after oral administration of calycosin-7-O-β-D-glucopyranoside. (C) Chromatogram of a blank plasma 
sample spiked with calycosin-7-O-β-Dglucopyranoside and IS. 1. calycosin-7-O-β-D-glucopyranoside 2. I.S. 
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5.1.1.3 Qualitative Identification by Spectrums  
Besides the HPLC-MSn technique, the phytochemical structural elucidation techniques, 

such as NMR, UV, IR, MS spectra and related chemical techniques can also be used for 
qualitative identification in the event of the deficiency of the standard pure compound. 
However, the pure interest compounds isolated from the biofluids were required in these 
techniques. For example, we successfully isolated four metabolites of mangiferin in the rat 
urine. By the NMR and MS analysis, the structures of these four metabolites were precisely 
determined as 1,3,7-trihydroxyxanthone, 1,3,6,7-tetrahydro-xyxanthone, 1,3,6-trihydroxy-7- 
methoxyxanthone and 1,7-dihydroxy xanthone, and the possible metabolic pathways for 
mangiferin was also deduced (see Fig. 3). In addition, Moon et al determined the structure of 
quercetin 3-O-β-D-glucuronide as an antioxidative metabolite in rat plasma after oral 
administration of quercetin [70]. Houghton et al isolated several C18 neutral steroids from the 
urine of the male horse and identified their structures [71].  
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Figure 3. Structure of mangiferin metabolites and possible metabolic pathways for their production. 
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5.1.2 Quantitative Determination 
In the quantitative analysis, assay validation is a critical procedure which demonstrates 

that the performance characteristics of the newly developed method were suitable and reliable 
for the intended applications. So the high pure standard samples are required for the assay 
validation. The criteria used to validate the method for quantification of multiple analytes 
from plasma should not be compromised for each analyte in accuracy, precision, selectivity, 
sensitivity, reproducibility, and stability. Each analyte should be tested to ensure no cross-
interference from the other analytes. In our research group, a plenty of work has been done in 
the recent years. For example, based on the necessary validation for the assay method, we 
determined saikosaponin in rat plasma, and then successfully obtained the concentration-time 
profile of saikosaponin in plasma after single intravenous administration of saikosaponin to 
rats (see Fig. 4) [10]. In the same way, we also determined calycosin-7-O-β-D- 
glucopyranoside in rat plasma, and obtained its mean plasma concentration-time profile of 
calycosin-7-O-β-D-glucopyranoside after an oral dose to rat (see Fig. 5) [9]. Many other 
scientists, like Qian et al, Wang et al, Huang et al and Ying et al have also done much of this 
kind of work and obtained the good results [12, 25, 34, 41]. 

 

Figure 4. Mean concentration-time profile of SSa in plasma after single intravenous administration of SSa to 
rats. Each data point represents the mean of four animals. 

 
5.2 Analysis of Crude Natural Medicine Extracts 

 
The crude natural medicine includes single natural medicine, the herb formulas and 

fractions. The medicine preparation method for administration is in accordance with those of 
the traditional Chinese formulas. Development of the analysis methods for the crude natural 
medicine extracts is in great importance.  
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5.2.1 Qualitative Identification 
There are three kinds of methods same as the pure compounds provided for the analysis 

of crude natural medicine extracts in biofluids, and some contributions have been done on the 
qualitative identification of crude natural medicine extracts in biofluids using the first and 
second methods. However, for the third one, no research paper is reported to our knowledge 
until now, probably because of the lower concentrations of the interest compounds in the 
biofluids and the difficulty to acquire plenty of biofluids to isolate the interest compounds. 

 
5.2.1.1 Qualitative Identification by the Standard Sample Compound  

The lower concentration of the interest compounds makes the detection extremely 
difficult. In this research process, strict pretreatment experiments were required to enhance 
the interest compounds concentration in the biofluids. Furthermore, the advanced mass 
technology, such as single reaction monitoring (SRM), multiple reaction monitoring (MRM), 
will be used to help scientists find the target compounds in the biofluids. For example, we 
identified four bioactive substances in the duck serum after oral administration of Sophora 
flavescens extracts by LC-MS technology. The identification was mainly based on 
comparison of the chromatographic properties of interest peaks with those of the standard 
pure compound. Furthermore, the MS of the peak also gave the additional information. The 
TIC chromatogram in positive mode of duck serum after administrated of S. flavescens 
extract and MS spectra of the four identified compounds were shown in Fig. 5 and 6, 
respectively. By the similar way, Lai et al assigned four flavonol peaks in the HPLC 
chromatograms of rat plasma and urine after oral administration of Abelmoschus manihot 
extract [19]. Pan et al identified five absorbed and metabolic components in rat plasma after 
oral administration of ‘Shuangdan’ granule by HPLC–DAD–ESI-MS/MS [72].  
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Figure 5. TIC chromatogram in positive mode of duck serum after administrated of S. flavescens extract. 
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Figure 6. Continued on next page. 
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Figure 6. MS spectra of the four identified compounds in positive mode. 

 
5.2.1.2 Qualitative Identification by HPLC-Msn 

HPLC-MSn will be a powerful technique to identify the constituents absorbed into the 
biofluids and their metabolites. In our research group, Ma et al successfully identify four 
alkaloids and five steroidal saponins including magnoflorine, menisperine, palmatine, 
berberine, timosaponin N or timosaponin E1, timosaponin D, timosaponin BIII or 
anemarsaponin C or xilingsaponin B, timosaponin BII and timosaponin AIII in rat serum by 
HPLC-DAD-MS/MS method following oral administration of Huangbai-Zhimu herb-pair 
Extract. The TIC chromatogram, the CID spectra and the proposed mechanistic pathways for 
fragments formed in MS2 of the representative magnoflorine (alkaloid) and timosaponin D 
(steroidal saponin) are shown in Fig. 7-9, scheme 1 and 2, respectively [16]. They also 
identified four xanthones and seven steroidal saponins in rat urine by HPLC-MS/MS 
technology following oral administration of Rhizoma Anemarrhenae decoction [13]. They 
were neomangiferin, Glucuronide and monomethyl conjugate of mangiferin, mangiferin, 
monomethyl conjugate of mangiferin, Dimethyl conjugate of mangiferin, timosaponin N or 
timosaponin E1, timosaponin BII, timosaponin BIII Anemarrhenasaponin I or 
Anemarrhenasaponin II, timosaponin AII and timosaponin AIII. The peaks of these eleven 
compounds were all presented in the TIC chromatogram (see Fig. 10). The proposed 
mechanistic pathways for fragments formed in MS2 were also deduced. The CID and the 
fragments deduction of the representative neomangiferin (xanthone) and timosaponin BII 
(steroidal saponins) were shown in Fig. 11, 12 and scheme 3, 4, respectively. By now, only a 
small amount of literatures related to this kind of research were published, in which Yang et 
al identified nine constituents of Buyang Huanwu decoction in pig serum using combined 
HPLC–DAD–MS techniques [39]. 
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Figure 7. MS total ion current chromatograms of blank rat serum (A), the serum sample after oral 
administration of HBZMHP extract (B) and HBZMHP extract (C); Labelled chromatographic peaks were 
identified by mass spectrometry as follows: magnoflorine (1), menisperine (2), palmatine (3), berberine (4), 
timosaponin N or timosaponin E1 (5), timosaponin D (6), timosaponin BIII or anemarsaponin C or 
xilingsaponin B (7) timosaponin BII (8) and timosaponin AIII (9). 
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Figure 8. CID spectrum of the ion at m/z 342.2 of magnoflorine. 

 

Figure 9. CID spectrum of the ion at m/z 342.2 of timosaponin D. 
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Figure 10. Continued on next page. 
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Figure 10. MS total ion current chromatograms of blank rat urine (A), the urine sample collected after oral 
administration of Rhizoma Anemarrhenae decoction (B) and Rhizoma Anemarrhenae decoction (C). 
Labelled chromatographic peaks were identified by mass spectrometry as follows: neomangiferin (1), 
glucuronide and monomethyl conjugate of mangiferin (2), mangiferin (3), monomethyl conjugate of 
mangiferin (4), dimethyl conjugate of mangiferin (5), timosaponin N or timosaponin E1 (6), timosaponin BII 
(7), timosaponin BIII or anemarsaponin C or xilingsaponin B (8) anemarrhenasaponin I or 
anemarrhenasaponin II (9), timosaponin AII (10) and timosaponin AIII (11). 

 

Figure 11. CID spectrum of the ion at m/z 342.2 of neomangiferin. 
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Figure 12. CID spectrum of the ion at m/z 342.2 of timosaponin BII. 

N

H3CO

H3CO

HO

HO

+

1: m/z 342

-C2H7N

H3CO

H3CO

HO

HO

+

m/z 297

N

H3CO

HO

HO

+

 m/z 311

-CH3O.

.

-CH3OH

H3CO

HO

+

m/z 265

O

H3CO
+

-CO

-C2H4

H3CO +

m/z 192

HO

..

H3CO +

HO

...
-OH.

 

Scheme 1. Proposed mechanistic pathway for fragments formed in MS2 of magnoflorine. 
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Scheme 4. Proposed mechanistic pathway for fragments formed in MS2 of timosaponin BII . 

 
5.2.2 Quantitative Determination 

The quantitative determination methods for the medicated biofluids obtained form the 
animal after administrated crude natural medicine extracts have no much difference with 
those for pure natural compounds, even though the concentration of interest compounds are 
comparably low. The standard compounds and the validation of the method for quantification 
are both of necessaries. Great contributions have been dong in this kind of research. In our 
research group, Ye et al determined the geniposide in rat serum and urine respectively, after 
oral administration of traditional Chinese medicinal preparation Yin-Zhi-Ku decoction. They 
successfully acquired the Serum concentration-time curve of geniposide (see Fig. 13) [15] 
and the profile of cumulative excretion of geniposide into urine (see Fig. 14) [14]. Lai et al 
determined four flavonols in rat plasma and urine after oral administration of Abelmoschus 
manihot extract [19]. Si et al studied the pharmacokinetic of isoferulic acid in rat plasma by 
high-performance liquid chromatography after oral administration of isoferulic acid and 
Rhizoma Cimicifugae extract [22]. Wen et al simultaneously determined calycosin-7-O-β-d-
glucoside, ononin, astragaloside IV, astragaloside I and ferulic acid in rat plasma after oral 
administration of Danggui Buxue Tang extract for their pharmacokinetic studies by liquid 
chromatography–mass spectrometry [23]. Cao et al studied the pharmacokinetic of 
bufadienolides in dog's plasma after administration of Liu-Shen-Wan by high performance 
liquid chromatography time-of-flight mass spectrometry [27]. Yu et al Simultaneously 
analyzed five ginsenosides in rabbit plasma using solid-phase extraction and HPLC/MS 
technique after intravenous administration of ‘SHENMAI’ injection [30].  
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Figure 13. Serum concentration-time curve of geniposide in rats after oral administration of YZK (at a dose 
containing 310 mg/kg geniposide). Each point and bar represent the mean ±SD (n=5). 

Time (h)

0 12 24 36 48 60 72 84 96

C
um

ul
at

iv
e 

ur
in

ar
y 

ex
cr

et
io

n 
 ( 

%
 o

f d
os

e)

0

1

2

3

4

 

Figure 14. Profile of cumulative excretion of geniposide into urine after oral administration of the YZK 
decoction. 
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6. Conclusion 
 
For most of natural medicines by oral administration, compounds absorbed into blood 

circulation will be excreted into urine finally. Most of compounds and metabolites of natural 
medicines can be detected in urine. We analyzed and identified compounds in urine which 
can indirectly gave us valuable information on effective substances of natural medicines. 
Effective substances concentrations in urine are higher than in serum since they are 
concentrated in the production of urine. HPLC-MS has high separation ability, high 
sensitivity, high selectivity, and high specificity, which is especially good at identifying trace 
components in biofluids [73, 74]. This technique is employed to analyze these compounds 
which are sensitive and reliable.  

Most of previous studies on natural medicines metabolism research focused on pure 
component. Reports on metabolites structures and pharmacological screenings were very 
limited. Since the concentrations of original components and metabolites are low in the 
medicated serum, it is difficult to enrich and identify them by serum pharmacological 
method. We orally administered natural medicines to animals, enriched and isolated original 
components and metabolites in urine, carried out pharmacological screening, and identified 
their structures. By this method, active compounds can be identified. This method has several 
advantages. First, detected compounds in urine are all absorbed which possibly have 
pharmacological effects. Secondly, the concentrations of effective components in urine are 
higher than in serum, which makes it possible to detect most of components in urine. Finally, 
in contrast to serum pharmacological method, enough amount of urine sample for enriching 
and isolating effective components can be easily obtained since it will not cause injury to 
animals to get urine. The present research model separates the possible bioactive components 
from the numerous compositions in natural medicines and makes the determination of 
effective components more easily. It reduces the scale of screening and excludes those 
components which are existed in natural medicines, but can not be absorbed. Obviously, this 
research method can increase hit rate of identifying active compounds and is an important 
supplement to phytochemistry method and serum pharmacochemistry method. 

The main aim of analyzing multi-constitutes of natural medicines in vivo is to elucidate 
effective components of natural medicines. Thus, analyzing and identifying structures of 
possibly effective substances are not enough for this aim. Possibly effective components must 
be largely enriched, isolated, and then screened by pharmacological experiments. Therefore, 
effective substances in natural medicines and their mechanisms of pharmacological effects 
can be elucidated by the systemic study. The metabolism pathway of some components can 
also be illustrated. Some lead compounds or pure compounds may be found for new drug 
development by the study.  

There are still some technical difficulties though many advances have been made on in 
vivo multi-constitutes analysis. For example, to enrich and isolate effective components with 
enough purity is a prerequisite to carry on pharmacological screening and identification. It is 
still very difficult to enrich and isolate effective components in medicated serum or urine 
until now. Some endogenous constitutes in medicated biofluids will cause serious 
interference in pharmacological experiments. Effective approaches must be employed to 
reduce interference. Furthermore, the relationship of original components and their 
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metabolites should be cleared, which will elucidate metabolism procedure, and also provide 
information for large preparation of effective metabolites. With the development of novel 
analysis technologies, sample pretreatment technologies, and pharmacological screening 
technologies, these difficulties will be solved gradually. Therefore, in vivo multi-constitutes 
of natural medicines analysis and pharmacological screening will become an effective and 
promising research method to identify effective substances of natural medicines in the future.  
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Introduction 
 
Current methods of prenatal diagnosis for chromosomal and single gene disorders 

involve invasive procedures such as amniocentesis, chorion villus sampling or fetal blood 
sampling to obtain fetal genetic material for cytogenetic and/or molecular analysis. These 
procedures involve a 1-4% risk of miscarriage that is unacceptable to some couples. Invasive 
prenatal diagnosis can cause a psychological burden on pregnant women. The anxiety about 
the invasive nature of the procedure and the attendant risk of fetal loss of a wanted pregnancy 
can cause emotional stress (Beeson and Golbus, 1979; Weinman and Johnston, 1988; 
Kowalcek, 2007). Missed diagnosis of handicapping congenital diseases occurs in at-risk 
women who reject invasive prenatal diagnosis due to the risk of fetal loss or morbidity 
(Chitty, 1998). Noninvasive and accurate prenatal diagnosis that does not carry any risk of 
procedural-related fetal loss is therefore desirable to at-risk pregnant women. The presence of 
cell-free fetal DNA/RNA circulating in the maternal blood offers an alternative source of 
fetal genetic material for prenatal diagnosis. Fetal DNA is readily detected in maternal 
plasma and serum (Bianchi and Lo 2001; Lo and Poon 2003; Birch et al., 2005; Galbiati et 
al., 2005). The estimated 3-6% fetal DNA in maternal plasma (Lo et al., 1997) can be 
detected in as early as 5 gestational weeks (Rijnders et al., 2003). In theory, fetal DNA 
sequences that differ from maternal DNA sequences can be identified in maternal plasma, 
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thus allowing noninvasive prenatal testing of paternally-inherited genetic diseases. However, 
enrichment and detection of fetal sequences is hindered by the high amounts of background 
maternal sequences. The detection of fetal DNA sequences is therefore, dependent on the 
sensitivity of the assay and the amount of fetal sequences. Using innovative strategies and 
state-of-the-art technologies, researchers had overcome many technical challenges by the 
development of many potential noninvasive tests with significant clinical applications.  

 
 

Results in Real-Time 
 
Polymerase chain reaction (PCR) was invented in 1983 by Nobel laureate, Kary Mullis to 

amplify specific regions of a DNA strand exponentially, detecting small amounts of DNA 
template with high sensitivity. Since then, PCR-based technologies such as real-time PCR 
were developed to improve sensitivity and specificity. Unlike conventional PCR where the 
detection of amplicon is end-point, real-time PCR detects and quantifies the amount of 
amplicons generated “live” during PCR. This technique is similar to conventional PCR 
except that additional non-sequence specific intercalating double-stranded DNA dyes (SYBR 
Green) or sequence-specific fluorescence-labeled probes (TaqMan probes, molecular 
beacons, scorpion primers and probes) are used as reporters to reflect the quantity of 
amplicons. The emitted fluorescence is detected by a combined thermal cycler/fluorescence 
detector with the ability to monitor the progress of individual PCR reactions. SYBR Green 
was the first fluorescence detector to be used in real-time PCR. Although it is inexpensive, 
easy to use and relatively sensitive, it binds to any double-stranded DNA and is not specific. 
This results in misdiagnosis and overestimation of the amount of targeted DNA as SYBR 
Green binds to all double-stranded DNA in a PCR reaction. Specificity is essential in 
noninvasive prenatal diagnosis as the target fetal sequences exist in small amounts within the 
high background of maternal DNA in the maternal plasma (mean, 35.8 copies of fetal DNA/ 
(1019) copies of maternal DNA per ml maternal plasma, Galbiati et al., 2005). Sequence-
specific probes such as TaqMan and molecular beacons are thus preferred. These molecular 
hybridisation probes rely on Fluorescence Resonance Energy Transfer (FRET) which is 
based on the 5’-nuclease assay. FRET is a distance-dependent interaction between the 
electronic excited states of two dye molecules, the quencher (Q) and the reporter (R) (Figures 
1, 2). In close proximity of each other, excitation is transferred from the reporter molecule to 
the quencher molecule without emission of a photon. The reporter and quencher molecules 
are located at the 5’ and 3’ ends of the molecular hybridisation probe respectively. This dual-
labeled fluorogenic hybridisation probe is included in addition to the two amplification 
primers normally used in conventional PCR and is complementary to the target sequences. 
During the extension phase of PCR in the TaqMan system, the 5’ to 3’ exonuclease activity 
of the Taq DNA polymerase cleaves the reporter molecule from the TaqMan probe, releasing 
it from the quencher. Photons are emitted and the resulting fluorescent emission from the 
reporter molecule is captured by the charge coupled device camera. These fluorescence 
measurements are performed without opening the PCR tube and thus, risk of carry-over 
contamination is reduced. In addition to the ease of automation, real-time PCR is less 
cumbersome than conventional PCR as end-point analyses such as gel or capillary 
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electrophoresis are not required. An alternative variation to linear hydrolysis probes such as 
TaqMan is the molecular beacon. Molecular beacons are short segments of single-stranded 
DNA containing R and Q molecules but FRET only occurs when the Q molecule is directly 
adjacent to the R molecule. These hybridisation probes are structured as “hairpins” when 
“free” in solution to allow R and Q molecules to be in close proximity. During hybridisation 
of the molecular beacon and extension of the target sequences in PCR, the hairpin structure 
of the molecular beacon denatures, separating the R and Q molecules and FRET cannot 
occur. This results in the emission of photons from the R molecule. The advantage of using 
molecular beacons over TaqMan probes is that molecular beacons remain intact during the 
amplification process and will rebind to the target sequences in every cycle for signal 
measurement (Figure 2). A Scorpion is a specific probe sequence that is held in a hairpin loop 
conformation by complementary stem sequences on the 5’ and 3’ sides of the probe similar to 
a molecular beacon. The reporter molecule attached to the 5’-end is quenched by the 
quencher molecule on the 3’-end by FRET. However, unlike TaqMan probes and molecular 
beacons which probe by bimolecular mechanisms, a Scorpion probe by unimolecular 
mechanism as the primers and probes are linked together. With its unimolecular mechanism, 
Scorpions give a more intense signal than either of the two probe systems under fast cycling 
condition (Thelwell et al., 2000). 

 

 

Figure 1 Real-time PCR using TaqMan system. 
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Figure 2 Hairpin conformation of a molecular beacon.  

 
Girl or Boy? 

 
Real-time PCR was instrumental in the detection and quantitation of Y-chromosome-

specific DNA sequences (SRY) in maternal plasma throughout pregnancy in many studies. 
The use of real-time PCR to detect and quantify fetal SRY sequences in the maternal plasma 
was first demonstrated by Dennis Lo and colleagues in 1998 (Lo et al., 1998a). The amount 
of fetal DNA was estimated to be 3.4 - 6.2% of total DNA in the maternal plasma throughout 
pregnancy. Since then, fetal SRY sequences could be detected and quantified in as early as 5 
gestational weeks in many studies using real-time PCR (Birch et al., 2005; Galbiati et al., 
2005). The overall 87-100% sensitivity with 100% specificity was observed when in real-
time PCR amplification of Y-specific sequences (SRY, DYS14, DYZ3, DAZ) in maternal 
plasma of pregnancies carrying male fetuses (Avent and Chitty, 2006; Vainer et al., 2008). 
The use of multi-copy DYS14 and DAZ sequences instead of single-copy SRY improves the 
sensitivity of real-time PCR (Zimmermann et al., 2005; Purwosunu et al., 2008; Vainer et al., 
2008). Targeting multi-copy DYS14 sequences of TSPY allowed the detection of fetal DNA 
in maternal plasma in as early as 4 weeks’ gestation (Illanes et al., 2007). A recent large-scale 
study to compare the efficiencies of predicting fetal gender using real-time PCR targeting 
DYS14 and SRY assays were performed on 145 plasma samples from healthy pregnant 
women (11-12 gestational weeks). The efficiencies of DYS14 and SRY assays were found to 
be 97.9% and 80% respectively, indicating that the multi-copy DYS14 assay as the best 
approach for early fetal gender assessment as it is more sensitive, accurate and efficient than 
using the single-copy SRY assay (Picchiassi et al., 2008).  
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The high sensitivities and specificities of real-time PCR to noninvasively determine fetal 
gender result in its implementation into routine clinical practice for pregnancies at risk of 
sex-linked disorders. Sex-linked disorders such as haemophilia, Fragile X and Duchenne 
Muscular Dystrophy (DMD) occur only in males and therefore, early determination of fetal 
gender can exclude unnecessary invasive testing of female fetuses (Norbury and Norbury, 
2008; Bustamante-Aragones et al., 2008).  

Fetal gender determination is also useful in the clinical management of pregnancies at 
risk of congenital adrenal hyperplasia (CAH). CAH individuals have high levels of androgens 
and as a result, female fetuses in CAH-affected pregnancies exhibit varying degrees of 
virilisation and can develop ambiguous genitalia from as early as 8 gestational weeks. 
Administration of steroid dexamethasone in pregnancies with female fetuses suppresses the 
hypothalamic-pituitary-adrenal axis and prevents virilisation. The determination of fetal 
gender in pregnancies at risk of CAH enables early cessation or avoidance of steroid 
treatment in all male fetuses (Rijnders et al., 2001; Chiu et al., 2002a). 

The application of real-time PCR extends to monitoring mothers in pregnancy-related 
pathological complications such as pre-term labour and preeclampsia (PE). Using 
quantitative real-time PCR of Y-chromosome-specific sequences, the concentrations of fetal 
DNA in the maternal plasma in normal pregnancies throughout gestation provide a 
comparative set of standard values (Lo et al., 1998a; Farina et al., 2002; Chan et al., 2003; 
Birch et al., 2005). When compared with plasma samples obtained from women with various 
complications of pregnancy, including PE, pre-term labour, invasive placenta, aneuploidies, 
hyperemesis gravidarum and fetal growth restriction, a significant increase in the number of 
copies of fetal DNA was observed. These elevations are useful as noninvasive prognostic 
markers to monitor and manage adverse pregnancy outcomes (Leung et al., 1998; Lo et al., 
1999; Zhong et al., 2000; Pertl and Bianchi, 2001; Leung et al., 2001; Zhong et al., 2001; 
Zhong et al., 2002; Swinkels et al., 2002; Sekizawa et al., 2003; Shimada et al., 2004; Tjoa et 
al., 2004; Farina et al., 2004; Levine et al., 2004; Bauer et al., 2006; Alberry et al., 2009). 
Unfortunately, as the detection and quantitation of fetal sequences from the maternal plasma 
using real-time PCR is dependent on the presence of male-specific DNA sequences, this 
strategy is applicable only to pregnancies of male fetuses (50% of all pregnancies) (Hyett et 
al., 2005). As such, quantitative fluorescence PCR (QF-PCR) of X chromosome short tandem 
repeats was used to detect female fetal DNA from maternal plasma (Tang et al., 1999a; Pertl 
et al., 2000; Vecchione et al., 2008).  

The most extensive clinical application of real-time PCR in noninvasive prenatal 
diagnosis is to assess whether the fetus is at risk of HDFN (haemolytic disease of the fetus 
and newborn) (Lo et al., 1998b; Finning et al., 2002; Brojer et al., 2005; Minon et al., 2008; 
Avent, 2008). The fetus of a sensitized RhD-negative mother and a father who is 
heterozygous for the D antigen has a 50% chance of being RhD positive and at risk of 
alloimmune intrauterine haemolysis, leading to fetal anaemia and death (Choolani et al., 
2006). Determination of fetal RHD status can permit early intervention either by in utero 
transfusion by cordocentesis or administration of prophylactic anti-D during pregnancy. 
These clinical measures will prevent alloimmunization caused by fetomaternal haemorrhage 
during the third trimester of pregnancy. The screening of HDFN to identify at risk mothers 
during pregnancy includes monitoring levels of maternal anti-blood group-specific antibodies 
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(anti-D and anti-c). The detection of elevated levels of anti-D in D-negative mothers leads to 
fetal Rh genotyping. This will avoid unnecessary antenatal prophylaxis of RhD-negative 
fetuses in RhD-negative mothers and allow early antenatal prophylaxis in affected mothers. 
However, invasive procedures such as amniocentesis and chorionic villus sampling are 
required to obtain fetal DNA for analysis. Besides a procedural-related risk of miscarriage, 
these invasive procedures might further sensitize the mother against fetal Rhesus antigens. 
Noninvasive detection of fetal RhD sequences in maternal plasma using real-time PCR will 
eliminate such procedural-related risks. The diagnostic accuracy of large-scale noninvasive 
fetal RhD determination using real-time PCR was more than 99% (Rouillac-Le Sciellour et 
al., 2004; Van der Schoot et al., 2006; 2008). The International Blood Group Reference 
Laboratory (IBGRL) currently offers molecular tests for fetal Rh genotyping. However, 
similar to fetal gender determination, the use of Y-chromosome-specific sequences as 
positive control to demonstrate the presence of detectable fetal DNA is limited to pregnancies 
involving male fetuses. The absence of a positive control that is applicable in all pregnancies 
regardless of fetal gender limits Rh testing. As fetal sequences may be undetected due to low 
concentrations or loss of fetal DNA during sample processing, false-negatives may result, 
leading to misdiagnosis. A positive control that is gender-independent will eliminate false 
negatives. These positive controls should contain fetal-specific sequences that are 
polymorphic to enable discrimination between fetal and maternal DNA sequences. Studies 
exploring the use of genetic polymorphisms such as epigenetic sequences and single 
nucleotide polymorphisms (SNPs) can be developed into universal fetal DNA markers. Chim 
et al. (2005) described hypomethylated maspin (SERPINB5) gene as the first universal 
marker for quantitative and qualitative applications of fetal DNA in maternal plasma. In the 
study, DNA isolated from paired placental tissues and maternal blood samples was bisulfite-
converted for DNA sequencing of the maspin gene promoter (Frommer et al., 1992). Bisulfite 
converts unmethylated cytosine into uracil while leaving methylated cytosine unchanged 
(Herman et al., 1996). The methylation status of the maspin promoter in the placental tissues 
and maternal blood cells were found to be hypomethylated (U-maspin) and densely 
methylated (M-maspin) respectively. The concentrations of U-maspin and M-maspin 
promoter DNA sequences were quantified in maternal plasma from preeclamptic and 
nonpreeclamptic pregnancies by real-time quantitative methylation-specific PCR (Chim et 
al., 2005). The maternal plasma concentration of unmethylated maspin sequences was 
elevated by a median of 5.7 times in preeclamptic pregnancies compared with 
nonpreeclamptic pregnancies. Hypomethylated maspin sequences allowed the measurement 
of fetal DNA concentrations in pregnancy-associated disorders, irrespective of fetal gender 
and genetic polymorphisms. The ease of use, sensitivity, published assays, and ability to 
automate and thus avoid contamination issues were factors influencing the use of real-time 
PCR.  

 
 

Being Selective to be Specific 
 
The vast amounts of maternal DNA sequences present a major problem in noninvasive 

prenatal diagnosis as it obscures the detection and analysis of fetal-specific sequences in the 



Frontiers of Molecular Technologies in Noninvasive Prenatal Diagnosis 

 

183

maternal plasma. Strategies using allele-specific PCR (ASPCR) to selectively amplify target 
fetal-specific sequences had been developed. ASPCR was reportedly capable of detecting 
more than 5 copies of target allele in the presence of up to approximately 100 000 copies of 
the background allele without interference from the background sequence (Nasis et al., 2004). 
However, a low quantity of target allele and reduced PCR efficacy resulting from stringent 
PCR conditions in ASPCR require a high number of amplification cycles. This increased in 
the number of PCR cycles lead to high levels of nonspecific amplification, interfering with 
detection of target alleles. The addition of replication accessory proteins (thermostable 
proteins) to ASPCR would suppress potential false-positive results caused by high amounts 
of wild-type allele (background) by destabilizing mismatched primers and inhibit 
amplification of wild-type allele. As such, Nasis et al. (2004) combined replication accessory 
proteins from Pfx System with Taq polymerase (without 3’-exonuclease proofreading 
activity) and TaqMaster PCR Enhancer. This additive was found to decrease the formation of 
primer-dimer artifacts. Primer-dimer artifacts are known to reduce PCR efficacy as they 
compete with the target amplicon, thus reducing the yield. These modifications were 
implemented in ASPCR to detect paternally-inherited cystic fibrosis D1152H mutation in the 
maternal plasma of a pregnant carrier at 11 gestational weeks (Nasis et al., 2004).  

ASPCR was commonly used in real-time PCR with allele-specific primers and a 
fluorescent probe. Using primers and a probe specific for a deletion in codon 41/42 (-CTTT) 
in the beta-globin gene, Chiu et al. (2002) excluded fetal inheritance of paternally-inherited 
codon 41/42 mutation in 2 out of 8 pregnancies at risk of beta-thalassaemia major 
noninvasively using maternal plasma (Chiu et al., 2002b).  

 

 

Figure 3 Chemical structure of a peptide nucleic acid (PNA). 

Besides selective amplification of target fetal alleles, strategies to suppress amplification 
of maternal alleles using a peptide-nucleic-acid (PNA) clamp were also explored. PNA is an 
artificially synthesized polymer similar to DNA or RNA. In PNAs, the ribose phosphate 
backbone is replaced with a polyamide backbone of repeating units of N-(2-aminoethyl)-
glycine linked by peptide bones (Figure 3). The various purine and pyrimidine bases are 
connected to the backbone by methylene carbonyl bonds. There are no charged phosphate 
groups in the backbone of PNA and binding between PNA-DNA strands is stronger than 
between DNA-DNA strands due to the lack of electrostatic repulsion. PNA oligomers thus 
show greater specificity in binding to complementary DNAs forming PNA-DNA strands with 
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much higher thermal stability than corresponding DNA-DNA strands. In addition, PNA-DNA 
strands are more susceptible to destablization when single base pair mismatches are present. 
Thus, there is preferential amplification of the PNA-free target DNA strand than the wild-
type PNA-DNA strand in maternal plasma due to the suppression of amplification by PNA. 
Allele-specific real-time PCR with prior PNA-clamp PCR can therefore, selectively suppress 
the amplification of normal wild-type (background) allele. 

 
 

Size Matters 
 
The use of size fractionation in the enrichment of cell-free fetal DNA from cell-free 

maternal DNA in the maternal plasma was based on observations that the majority (>99%) of 
fetal-derived DNA molecules in the maternal circulation were shorter (<313 bp in length) 
than the maternal-derived DNA molecules (Chan et al., 2004). Agarose gel electrophoresis of 
extracted total cell-free DNA followed by excision of the gel slice containing approximately 
100-300 bp for DNA isolation can enrich cell-free fetal DNA from maternal DNA (Li et al., 
2004). Many researchers combined different strategies to improve sensitivity and specificity. 
With a selective enrichment of fetal DNA species by size fractionation in addition to PNA-
clamp PCR before allele-specific real-time PCR, paternally-inherited fetal mutant alleles for 
were readily detected (Li et al., 2008a). With this strategy, β-thalassaemia mutations from 
size-fractionated DNA from maternal plasma can be detected (Li et al., 2005). Thirty-two 
maternal plasma DNA samples from pregnant women at risk of β-thalassaemia were analysed 
for the presence or absence of 4 common β-thalassaemia mutations that were paternally-
inherited (IVSI-1, IVSI-6, IVSI-110, codon 39). Of the 32 maternal plasma samples that were 
analysed, 6 (86%) of 7 cases with the IVSI-1 mutation, 4 (100%) of 4 with the IVSI-6 
mutation, 5 (100%) of 5 with the IVSI-110 mutation, and 13 (81%) of 16 with the codon 39 
mutation were correctly identified. One false-positive test result was scored for the IVSI-1 
mutation. Two cases with the codon 39 mutation were classified as uncertain and 1 case was 
excluded due to lack of a diagnostic test results at the time of analysis. The combined use of 
size fractionation, PNA clamps and fluorescence-based detection in allele-specific real-time 
PCR achieved an overall sensitivity of 100% and specificity of 93.8%, with classified cases 
removed. The usefulness of PNA-clamps was further demonstrated in a recent study by 
Galbiati and colleagues. PNA-mediated enriched PCR of maternal plasma was used in 
combination with microelectronic microchip analysis, direct sequencing and pyrosequencing 
to detect 7 frequent β-globin gene mutations in 41 pregnancies (9-12 gestational weeks) at 
risk of beta-thalassaemia. Results were completely concordant in the microchip analysis 
while >96% accuracy was achieved in direct sequencing and pyrosequencing (Galbiati et al., 
2008).  

The effect of size fractionation of cell-free DNA on the detection of paternally inherited 
SNPs was examined when using either the homogeneous MassEXTEND (hME) or the single 
allele base extension reaction (SABER) assay for the Matrix-assisted laser 
desorption/ionization time of flight mass spectrometry (MALDI-TOF MS) analysis. Size 
fractionation led to increase in the sensitivity of hME and not SABER. This improvement in 
hME is attributable to the increased concentration of fetal DNA sequences relative to 
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maternal cell-free DNA sequences in the size-fractionated preparation. The use of size 
fractionation also gave clearer mass spectra signals although it did not lead to an increase in 
the sensitivity of detection in SABER (Li et al., 2006a). In a separate study, the combination 
of size fractionation and MALDI-TOF MS lead to a more precise detection of the fetal 
G1138A mutation in the maternal plasma of two pregnant women affected with 
achondroplasia (Li et al., 2007). Subsequently, MALDI-TOF MS hME was also used to 
detect paternally inherited SNP alleles in size-fractionated maternal plasma DNA. Allele-
specific MALDI-TOF MS SABER was also used to detect fetal KEL1 gene in maternal 
plasma from KEL1-negative pregnant women with 94% accuracy (Li et al., 2008b).  

 
 

All about Mass 
 
Matrix-assisted laser desorption/ionization time of flight mass spectrometry (MALDI-

TOF MS) is a powerful tool in SNP genotyping, quantitative DNA analysis, detection of 
insertions and deletions (indels) associated with microsatellite repeat instability (MSI) and 
short tandem repeats, gene expression analysis, DNA and RNA sequencing and DNA 
methylation analysis (Tang et al., 1999b; Tolson and Nicholson, 1998; Ragoussis et al., 
2006). MALDI-TOF MS with a resolution of approximately 100 times higher than capillary 
sequencing for DNA analysis is effective in detecting paternally-inherited SNPs from 
maternal plasma for noninvasive prenatal diagnosis. Sensitivities of MALDI-TOF MS and 
TaqMan real-time PCR in detecting fetal-specific sequences in maternal plasma were 
compared and found to be comparable at 95% and 93% respectively (Li et al., 2006b). 
However, with the low quantity of fetal DNA in maternal plasma at approximately 20 copies 
per ml of maternal plasma in the first trimester, MALDI-TOF MS is a preferred alternative to 
real-time PCR for the detection and analysis of cell-free fetal DNA in maternal plasma (Ding 
and Lo, 2006).  

Two amplification steps enhanced the high sensitivity and specificity of MALDI-TOF 
MS. DNA is first amplified by PCR, followed by an additional linear amplification step 
called base extension reaction (hME or SABER). In hME, base extension reaction is 
performed with an extension primer designed to anneal to regions immediately upstream of 
the mutation site. Both mutant and wild-type alleles are interrogated by the base extension 
primer which is being extended by adding a mixture of 2’,3’-dideoxynucleoside triphosphates 
and deoxynucleotide triphosphates (dNTPs) (Tang et al., 1999b). In SABER, primer 
extension was restricted to the fetal-specific allele of interest by the addition of a single 
species of dideoxynucleoside triphosphate (ddNTP) without any dNTP (Ding et al., 2004). 
Therefore, depending on the specific mutation introduced and the ddNTP/dNTP mixtures 
used, either one or two bases are added to the extension primer, producing two extension 
products from the wild-type DNA and the mutant DNA. MALDI-TOF MS was then used to 
discriminate between the single nucleotide differences by the determination of the unique 
molecular mass of the target amplicons containing the interrogated SNP. 

The detection sensitivities of standard base extension in hME and single allele base 
extension reaction in SABER were compared by MS analysis of fetal inheritance of the four 
most common Southeast Asian β-thalassaemia mutations (CD 41/41-CTTT, IVS2 654 (C → 
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T), nt - 28 (A → G), and CD 17 (A → T) in maternal plasma by Ding and colleagues in 2004. 
Maternal plasma samples from 12 pregnancies (7-21 gestational weeks) at risk of β-
thalassaemia major were analysed. Among the 12 at risk pregnancies, 11 pregnancies 
involved couples where both parents carried different β-thalassaemia mutations. While hME 
gave two false-negatives, the detection of paternal mutation in all six maternal plasma 
samples by SABER was completely concordant with the fetal genotype. The protocols of 
hME and SABER are similar, involving PCR amplification of the paternally inherited fetal 
allele and the maternal background alleles from maternal plasma, followed by a base 
extension reaction before MS analysis. The primary difference of SABER from hME is that a 
different base extension step that is restricted to the allele of interest to improve sensitivity is 
used. SABER was thus able to specifically detect fetal alleles instead of both fetal and 
maternal alleles (Ding et al., 2008).  

The usefulness of SABER is not limited to detecting fetal-specific SNP alleles in the 
maternal plasma. With the low amounts of fetal DNA (3-6%, Lo et al., 1998a) in the maternal 
plasma, fetal sequences may not be detectable due to the low concentrations or loss of fetal 
DNA during sample processing. These false-negative results may lead to misdiagnosis 
without the use of internal positive controls. As such, a SNP panel was developed using 
SABER to serve as internal positive controls to detect fetal DNA in maternal plasma (Chow 
et al., 2007). The SNP panel consists of 9 SNPs that were selected from the RealSNPTM 
Assay Database (www.realsnp.com, Sequenom) for a minor allele frequency of ≥35%. 
hME was used to determine the fetal and maternal genotypes while SABER was used to 
detect fetal-specific SNP alleles from the maternal plasma. Fetal-specific SNP alleles were 
detected in 36 out of 41 maternal plasma samples where the fetal genotype was informative. 
There were no false-positives and the SABER assays were able to detect at least one of the 
informative SNPs in all of the cases when the 9 SNPs were applied as a panel. 

Universal fetal epigenetic markers can be developed for maternal plasma detection and 
hypomethylated maspin (SERPINB5) DNA is the first universal marker for fetal DNA in 
maternal plasma. Methylation status of maspin gene, a tumour suppressor gene expressed in 
the placenta, was explored using real-time quantitative methylation-specific PCR and 
MALDI-TOF MS (Chim et al., 2005). The methylation status of maspin gene promoter in 
paired placental tissues and maternal blood cells from pregnant women was analysed using 
bisulfite sequencing and found to be hypomethylated and densely methylated respectively. 
SNP genotyping using MALDI-TOF MS within the unmethylated maspin sequences in 
maternal plasma demonstrated that these sequences originated from the fetus. As maspin gene 
is located on chromosome 18, the allelic ratio for placenta-derived hypomethylated maspin in 
maternal plasma is useful for noninvasive detection of fetal trisomy 18 (Tong et al., 2006). 
Using a similar strategy to develop a noninvasive detection test for trisomy 21, Chim et al. 
(2008) went on to search for placental DNA-methylation markers on chromosome 21. 
Methylation-sensitive single nucleotide primer extension (Ms-SNuPE) followed by MALDI-
TOF MS was used for high-throughput and cost-effective screening of CpG islands 
containing differentially methylated CpG sites in the placenta and maternal blood cells. 
Twenty-two CpG islands encompassing 255 CpG sites located on chromosome 21 were 
identified as potential candidates for development of circulating markers of fetal DNA. Of 
these, two novel fetal-DNA markers, U-PDE9A and U-CGI137 that are pregnancy-specific in 
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maternal plasma were shown to clear within 24 h postpartum. As these CpG islands that 
showed epigenetic differences between samples of placenta and maternal blood cells are 
located on chromosome 21, they are potential markers for noninvasive prenatal diagnosis of 
Down syndrome, either by the analysis of epigenetic allelic ratios or by direct comparison 
with a placenta-specific DNA methylation marker on a reference chromosome (Chim et al., 
2008). 

Besides exploring epigenetic differences in genomic DNA of placental tissues and 
maternal blood cells, differences in gene-expression patterns between placental tissues and 
maternal blood cells were also explored. Microarray-based strategy to identify placental 
mRNA that would be detectable in maternal plasma was developed (Tsui et al., 2004). 
PLAC4 mRNA, which is transcribed from chromosome 21 and expressed by the placenta, 
showed the highest absolute level of expression in the placenta and the largest relative 
difference in expression levels between the placenta and maternal blood cells. The 
determination of allelic ratio of a SNP rs8130833 in PLAC4 mRNA by MALDI-TOF MS 
hME in maternal plasma identified fetal trisomy 21 with a sensitivity of 90% and a specificity 
of 96.5% in ten cases of trisomy 21, demonstrating the potentials of using MALDI-TOF MS 
to measure plasma RNA-SNP allelic ratio as indicators of fetal aneuploidy status (Lo et al., 
2007a). 

 
 

Back to Real-Time in Digital 
 
Digital PCR was first described in 1997 by Kalinina and colleagues by monitoring PCR 

in volumes of 10 nl in glass microcapillaries using FRET (TaqMan) assay (Kalinina et al., 
1997). The assay was shown to be able to detect single starting template molecules in 
dilutions of genomic DNA and results suggest that it may be feasible to determine the 
number of template molecules in a sample by counting the number of positive PCRs in a set 
of replicate reactions using terminally diluted sample. Dennis Lo and colleagues were the 
first to utilise digital PCR for prenatal diagnosis of fetal aneuploidies (Lo et al., 2007b). 
Similar to the study described by Kalinina et al., PCR was set up to amplify extracted DNA 
that had been diluted to a concentration of one template molecule per reaction well except 
that 96-well and 384-well reaction plates were used in this study. Each reaction well could 
contain zero, one or more template molecules based on Poisson distribution. The number of 
positive and informative wells in a digital PCR run would then be counted. Two digital PCR 
methods, a polymorphic-dependent (digital RNA SNP) and a polymorphic-independent 
(digital relative chromosome dosage) were developed. Digital RNA SNP was used to 
determine allelic imbalance in the ratio of polymorphic alleles of an A/G SNP, rs8130833, 
located on PLAC4. As described earlier, PLAC4 is a placenta-expressed transcript located on 
chromosome 21. For an euploid fetus with heterozygous rs8130833, the A and G alleles 
would be equally represented in the fetal genome as 1:1 while a fetus with trisomy 21 would 
present with a ratio of 2:1 or 1:2. This ratio was determined by digital RNA SNP real-time 
PCR that targets A and G PLAC4 alleles and by using the sequential probability ratio test 
(SPRT), euploidy or aneuploidy could be classified depending on the degree of allelic 
imbalance. In cases where SPRT failed classification, additional 384-well plates were 
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analysed until the aggregated data become classifiable by SPRT. Computer stimulation and 
empirical validation confirmed the high accuracy of the disease classification algorithm by 
SPRT. Digital RNA SNP was applied on plasma RNA samples from nine women carrying 
euploid fetuses and four women carrying trisomy 21 fetuses and all cases were correctly 
classified. A second method named digital relative chromosome dosage (RCD) is 
polymorphic-independent and was used to assess whether the total copy number of 
chromosome 21 in a sample containing fetal DNA is overrepresented with respect to a 
reference chromosome. In this method, digital PCR analysis was used to determine 
chromosome dosage by calculating the proportion between nonpolymorphic loci on 
chromosome 21 (chr21) and a reference chromosome, chromosome 1 (chr1) in a sample. A 
fetus with trisomy 21 will therefore, exhibit a ratio of 3:2 in chr21:chr1 ratio while an euploid 
sample will exhibit a ratio of 2:2. Even without elaborate instrumentation, digital RCD allows 
the detection of trisomy 21 in samples containing 25% fetal DNA. The advantage of digital 
RCD over digital RNA SNP is that it is polymorphic-independent and measurements can still 
be conducted if the fetus is homozygous for the analysed SNP. The principles of digital RCD 
and digital RNA SNP bring about the development of digital relative mutation dosage (RMD) 
approach for monogenic diseases such as beta-thalassaemia. Digital real-time PCR assays 
were developed to discriminiate between mutant and wild-type alleles, and their allelic ratios 
were analysed using SPRT to determine whether an allelic imbalance is present. To enrich 
fetal DNA molecules that are shorter than maternal DNA fragments in maternal plasma, 
digital nucleic acid size selection (NASS) was developed. In this duplex digital PCR, two 
forward primers and one reverse primer were designed to amplify a short target region that 
overlaps with a long amplicon. When a DNA molecule with the same length as the expected 
long amplicon was amplified, both long and short amplicons were produced. When a DNA 
molecule is shorter than the expected long amplicon, only the short target region is amplified. 
The resulting long and short amplicons were detected by specific hybridisation probes or 
extension primers where only short amplicons were counted to obtain a higher effective fetal 
DNA fraction for digital RMD analysis. With this combined digital NASS/ RMD approach in 
digital PCR, locus-specific enrichment of fetal DNA can be performed without additional 
enrichment steps or extra volumes of maternal plasma for precise allelic discrimination and 
subsequent analysis of allelic imbalance (Lun et al., 2008a).  

The novel nanofluidic biochip (Fluidigm, South San Francisco, CA) enhance the clinical 
applicability of using digital PCR for noninvasive prenatal diagnosis. The nanofluidic 
biochip utilises integrated channels and valves that partition mixtures of sample and reagents 
into 765 nanolitre volume reaction chambers. DNA molecules in each mixture are randomly 
partitioned into the 765 chambers of each panel. The chip is then thermocycled and imaged 
on Fluidigm’s BioMark real-time PCR system and the positive chambers that originally 
contained 1 or more molecules can be counted by the digital array analysis software (Dube et 
al., 2008). With the advent of digital PCR, the concentrations of cell-free fetal DNA in 
maternal plasma can be precisely measured. Lun et al. (2008b) explored the variations of 
microfluidics digital PCR, real-time PCR and mass spectrometry in estimating the 
concentrations of male DNA in artificial mixtures of male and female DNA. The 
imprecisions of microfluidics digital PCR and nondigital real-time PCR are compared by 
measuring male fetal DNA in maternal plasma. Microfluidics digital PCR showed the least 
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quantitative bias for measuring the fractional concentration of male DNA and had a lower 
imprecision and higher clinical sensitivity than nondigital real-time PCR. The median 
fractional concentration of fetal DNA in maternal plasma was found to be 2-fold higher than 
previously reported for all 3 trimesters of pregnancy when microfluidics digital PCR was 
used. This suggests that the noninvasive detection of Down syndrome using fetal DNA from 
maternal plasma is technically more feasible than previously assumed with a decrement by a 
factor of ~4 in the number of analysed molecules required to diagnose Down syndrome (Lun 
et al., 2008b).  

Digital PCR can also be applied to bisulfite-converted DNA for single-molecule high-
resolution DNA methylation analysis and for increased sensitivity DNA methylation 
detection. Weisenberger et al. (2008) developed digital bisulfite genomic sequencing to 
efficiently determine single-base pair DNA methylation patterns on single-molecule DNA 
templates without an interim cloning step. Digital MethyLight was used to identify single-
molecule, cancer-specific DNA hypermethylation events in the CpG islands of RUNX3, 
CLDN5 and FOXE1 present in the plasma samples from breast cancer patients 
(Weisenberger et al., 2008). The applications of digital PCR can thus be extended to the 
analysis of placenta-specific DNA methylation markers located on chromosomes 18 and 21 
that were identified in previous placenta-specific methylation studies. The complementation 
of new technologies and strategies will allow clinical implementation of noninvasive prenatal 
diagnosis using cell-free nucleic acids in the maternal circulation. 
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Abstract 
 
In recent years, polymeric nanoparticles have emerged as a powerful tool in bio-related 
fields. Their application in the diagnostics and drug delivery systems is a rapidly 
advancing research area. A detailed understanding of particle-cell interaction is essential 
and of immense interest in order to create a specific carrier for each particular application 
need. Changes in the structural and functional properties of the particle, namely chemical 
composition, surface charge and morphology, can significantly affect particle-cell 
interaction. In this chapter, we consider the cellular uptake of nanoparticles as a function 
of several parameters, such as polymeric material (polystyrene- or polyester-based), 
surfactant type (nonionic versus ionic), surface charge sign (cationic versus anionic), 
surface groups’ density, and type of cell line. Furthermore, the influence of surface 
charge sign on the uptake mechanism of polystyrene particles was studied on the 
example of HeLa cells. The particle uptake efficiency was evaluated as a function of 
different factors (e.g. temperature, presence of drugs, etc.) known to inhibit the 
endocytosis. 
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1. Introduction 
 
Polymeric particles in the sub-micrometer size range are extensively utilized in 

biomedical applications[1-8]. Their main advantages over the others nanoparticular systems 
such as liposomes, micelles, etc., are their increased colloidal stability, their chemical 
resistance, and their simple formulation procedures. A growing interest in the development of 
nanoparticles as specific carriers for therapeutic, contrasting or imaging agents is generally 
focused on their tissue permeability. The drugs encapsulated inside a nanoparticle can be 
efficiently protected against enzymatic and hydrolytic degradation. Understanding the 
interactions of nanoparticles with cells and establishing the effects that influence the 
intracellular uptake of the nanoparticles are the crucial tasks for improving the delivery of 
bioactive agents.  

Over the past decades, the cellular uptake of various polymeric micro- and nanoparticles, 
prepared from natural or synthetic polymers has been extensively described in the literature. 
Unfortunately most studies were carried out in different systems of synthesis and therefore it 
is hard to compare these studies among each other. Recent studies demonstrate that the rate 
and extent of particle uptake can be influenced by many factors: i) concentration of 
nanoparticles in the medium[9, 10]; ii) incubation time and temperature[9, 11]; iii) cells type 
and density[12]; iv) encapsulated drug; v) polymer material[13]; vi) size and surface 
characteristics of the particles[11, 14]; vii) etc., which determines the particle 
adsorption/adhesion to and interaction with the living cells.  

Müller et al.[15] studied the uptake of negatively charged polystyrene particles with 
different sizes (100, 200, and 500 nm) and different surface hydrophobicity in HL60 cells. 
The authors reported that hydrophobic particles were taken up more efficiently in the cells 
compared to the hydrophilic ones. An increase in cellular uptake was also observed with 
increasing particle size. Uptake studies of polystyrene particles (50, 100, 200, 500, and 1000 
nm) in Caco-2 cells were reported by Win and Feng[10]. All of the particles were negatively 
charged in the range of -18 to -37 mV. However, in contrast to Müller et.al.[15] the obtained 
results show that the uptake of particles decreases with the increase of the particle size. The 
exception were the 50 nm particles, which showed the lowest uptake efficiency, indicating 
therefore that there may be a limit below which the particle size does not play a significant 
role in the uptake mechanism. Such particles are treated by the cell as other macromolecules 
that either required a specific receptor for internalization or a channel. The explanation for 
the contrary results in the uptake of the same size particles reported by Müller et al.[15] and 
Win and Feng[10] could be related to the difference in the cell type used in their studies. A 
size- and cell type-dependent particle uptake was reported by Zauner et al.[12]. The authors 
used different sized negatively charged polystyrene particles (20 nm, 93 nm, 220 nm, 560 
nm, and 1010 nm) for in vitro uptake studies in six different cell lines (HUVEC, ECV 304, 
HNX 14C, KLN 205, HepG2 and Hepa 1-6). It was found that different cell types have 
different cut-off values for the size of particles that can be taken up, although the particles in 
the size range of 100-220 nm were taken up by all cell lines efficiently. The uptake and 
distribution of colored polystyrene microspheres of much bigger sizes (0.75 μm, 2 μm, and 
4.5 μm) were studied in intestinal lymphoid tissues[16]. Particles of all sizes were found in 
Peyer’s patches; however, the density of 0.75 μm microspheres was higher as compared with 
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the other particles. The interaction of polystyrene particles with the inflamed tissue of 
experimental model colitis as a function of particle size was studied by Lamprecht et. al.[17]. 
Particles used for the studies had an average diameter of 100 nm, 1000 nm, and 10 μm and 
possessed a negatively charged surface. A higher deposition rate was observed for smaller 
particles. Furthermore, it was proposed that particles possessing negative charge may adhere 
more readily to inflamed tissues, especially in the stomach[18], which contain high 
concentrations of positively charged proteins incorporated into the cell membrane, and 
therefore the affinity to negatively charged substances increases. 

The effect of the particle material was studied for example for biodegradable fluorescent 
PLGA and polystyrene nanoparticles (500 nm) by Pietzonka et al.[13]. From the obtained 
uptake results in Caco-2 cells the authors concluded that both particle types were not taken 
up by Caco-2 monolayers and explain these results with the physical properties of the 
particles such as size, surface charge, and hydrophobicity. Several authors have extensively 
reviewed this subject[19-21]. 

Although it is known that the size and the surface properties of the nanoparticles play a 
key role in a cellular uptake[22], more detailed studies are lacking which could clarify the 
uptake behavior of nanoparticles as a function of polymer nature and surface charge. 
Moreover, the variety in the analytical methods and experimental models that have been used 
to investigate the particle uptake results in difficulties to compare the data obtained from 
different systems. Also the studied material is not always well characterized. The 
commercially available polymer latex particles, which are commonly used for the cellular 
uptake study, have different physical properties depending on the type of surfactant and 
initiator employed during the polymerization process, components that are not given in the 
data sheet and are treated as proprietary information by most suppliers. 

The current chapter focuses on studies of the nanoparticle cellular uptake as a function of 
several parameters, including polymer and surfactant type (nonionic versus ionic), surface 
charge (cationic versus anionic), surface groups’ density, and the effect of the cell type. 
Experiments were performed using non-biodegradable carboxyl- or amino-functionalized 
polystyrene and biocompatible and biodegradable poly(L-lactide) (PLLA), poly(ε-
caprolactone) (PCL), and poly(D,L-lactide-co-glycolide) 50:50 (PLGA) latex particles. The 
uptake experiments were performed without using any (toxic) transfection agent. As cell lines 
we chose HeLa as an adherent cell line which is well established in cell culture labs, 
mesenchymal stem cells for their potential in regenerative medicine, KG1a as model for 
CD34+ hematopoetic stem cells and Jurkat as model for T cells. Furthermore, in order to 
determine whether the route of uptake depends on the nanoparticles surface characteristics, 
negatively and positively charged polystyrene particles of the same size were used for uptake 
experiments in HeLa cells in the presence of different inhibitors in order to obtain 
information about the uptake mechanism. 

All analyzed nanoparticles presented here were synthesized using the miniemulsion 
process. “Miniemulsion” generally implies a method that allows one to create small stable 
droplets in a continuous phase by applying high shear stress[23]. Under high shear, e.g. 
ultrasonication, the broadly distributed macrodroplets are broken into narrowly distributed, 
defined small nanodroplets in the size range between 50 and 500 nm. The size of the droplets 
mainly depends on the type and the amount of the emulsifier used in the particular system.  
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Polystyrene particles were prepared by free-radical polymerization of the monomer(s) 
within nanodroplets (Scheme 1)[24, 25]. This type of heterophase polymerization enables to 
functionalize the nanoparticles surface in a controlled manner. The combination of 
emulsion/solvent evaporation method and miniemulsion technique was applied in order to 
obtain biodegradable polyester-based nanoparticles from preformed polymer prior to the 
emulsification process (Scheme 2)[26].  
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Scheme 1. Synthesis of polystyrene-based nanoparticles via the miniemulsion process. 
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Scheme 2. Formation of biodegradable nanoparticles from preformed polymer via the miniemulsion process. 
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An encapsulated hydrophobic fluorescent dye (i.e. N-(2,6-diisopropylphenyl)-perylene-
3,4-dicarbonacidimide (PMI)) was used as a model marker in order to study the entrapment 
efficiency and diffusion yield out of the particle.  

 
 

2. Polystyrene Nanoparticles 
 

2.1. Synthesis and Characterization  
 
Initial experiments were carried out to synthesize pure polystyrene particles and particles 

composed of polystyrene and functional comonomers, i.e. negatively charged acrylic acid and 
positively charged aminoethyl methacrylate. Depending on the type and amount of 
comonomer used during polymerization, the particle surface is comprised of long or short 
chains of the hydrophilic segments of the copolymer between styrene and functionalized 
monomer. Moreover, performing the polymerization with different surfactants (non-ionic or 
ionic) will results in polymeric particles which exhibit an additional steric layer or 
electrostatic barrier around the particle surface.  

In order to prevent polymerization of the hydrophilic monomer in the water phase and to 
avoid the presence of the hydrophilic groups originated from the initiator, the polymerization 
was started by using the hydrophobic initiator V-59. Latex particles were synthesized either 
in the presence of low molecular weight ionic surfactants, i.e. SDS and CTMA, or a non-
ionic polymeric surfactant, i.e. Lutensol AT50. Their chemical structures are shown in Figure 
1. In Table 1, the analytical characteristics of functionalized particles are summarized.  
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Figure 1. Chemical structures of the surfactants used for particle preparation.  

It can be seen, that the particles stabilized with Lutensol AT50 are slightly bigger in size 
compared to those obtained with ionic surfactant. However, this difference is not significant 
regarding the uptake mechanism of particles, as it has been shown earlier that no size-
dependent changes for particles within a diameter range of 100-200 nm[12, 27] can be 
observed. The particle size of the carboxyl functionalized latexes stabilized with SDS is 
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relatively constant till 10 wt% of added acrylic acid. At higher amounts of acrylic acid, the 
diameter sharply increased reaching an average value of 140 nm. The increase in particle size 
with the increase of the acrylic acid amount can be explained by the formation of a “hairy” 
layer around the particle, which is mainly composed of hydrophilic polyacrylic acid units. 
The size of amine functionalized particles is not strongly dependent on the initial amount of 
functional monomer and was in the range between 110 and 130 nm. More detailed 
information regarding the polymerization mechanism can be found in ref.[24].  

 
Table 1. Characteristics of the fluorescent polystyrene-based latex particles. The 

total amount of monomer(s) used during the polymerization corresponds to 6 g. 
 

Functional comonomer 
Sample 
Name Type Amount, g 

(wt%)* 

Surfactant 
type 

Dh, nm ζ, mV 
PMI, 

mg/gpolymer 

L0 0 (0) 217 -12 0.29 
AL1 0.06 (1) 185 - 32 0.19 
AL2 0.12 (2) 160 - 44 0.27 
AL3 0.18 (3) 

Lutensol AT50 

168 - 46 0.31 
S0 0 (0) 101 -58 0.28 

VS1 0.06 (1) 99 -50 0.43 
VS2 0.12 (2) 98 -59 0.40 
VS3 0.18 (3) 100 -62 0.40 
VS5 0.30 (5) 97 -64 0.49 

VS10 0.60 (10) 103 -51 0.48 
VS15 0.90 (15) 148 -42 0.37 
VS20 

Acrylic 
acid 

1.80 (20) 

SDS 

150 -59 0.44 
NL1 0.06 (1) 175 -8 0.18 
NL2 0.12 (2) 162 -2 0.27 
NL3 0.18 (3) 154 5 0.37 
NL5 0.30 (5) 160 27 0.33 
NL10 0.60 (10) 155 29 0.35 
NL15 0.90 (15) 143 32 0.21 
NL20 1.80 (20) 

Lutensol AT50 

119 36 0.36 
C0 0.06 (0) 110 45 0.35 

NC1 0.12 (1) 114 48 0.36 
NC2 0.18 (2) 118 45 0.32 
NC3 0.30 (3) 113 45 0.37 
NC5 0.60 (5) 127 51 0.39 
NC10 0.90 (10) 133 54 0.36 
NC15 1.80 (15) 134 57 0.33 
NC20 

AEMH 

0.06 (20) 

CTMA-Cl 

126 52 0.32 
* - related to the total amount of monomer(s) used in the polymerization. 

 
Electron microscopy studies of fluorescent polystyrene-based nanoparticles revealed 

their regular, spherical, and smooth shape without any visible defects. TEM images of 
polySt-polyAA latexes obtained with 1 and 3 wt% AA and different surfactants are presented 
in Figure 2.  
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b a 

 

Figure 2. TEM images of carboxyl functionalized polystyrene particles stabilized with non-ionic and ionic 
surfactant: a - with 3 wt% of acrylic acid (sample AL1), b - with 1 wt% of acrylic acid (sample VS1). (Image 
(a) is taken from ref.[24], Figure 4a. Copyright American Chemical Society. Reproduced with permission). 

The amount of carboxyl and amino groups, which are present on the particle surface, was 
quantitatively determined by a polyelectrolyte titration. This method is based on the 
interaction between oppositely charged groups on the particle surface and polyelectrolyte 
chain[28, 29]. The density of carboxyl and the number of amino groups on the particle 
surface are presented in Table 2.  

 
Table 2. Surface charge characteristics of functionalized polystyrene latex samples. 

 
Amount of COO - groups 

per 
Amount of NH3

+ groups 
per Sample 

Name particle nm2 

Sample 
Name 

particle nm2 
AL1 30275 0.28 NL1 9883 0.10 
AL2 53857 0.67 NL2 13679 0.17 
AL3 98835 1.12 NL3 19126 0.26 

   NL5 40545 0.50 
   NL10 70761 0.94 
   NL15 74291 1.16 
   NL20 59851 1.35 

VS1 5864 0.19 NC1 3265 0.08 
VS2 9266 0.31 NC2 4809 0.11 
VS3 12275 0.39 NC3 4811 0.12 
VS5 11847 0.40 NC5 9623 0.19 

VS10 21733 0.66 NC10 17218 0.31 
VS15 150844 2.19 NC15 29319 0.52 
VS20 317821 4.48 NC20 34895 0.70 
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Comparing the titration data for polySt-polyAA samples, it can be seen that an average 
surface charge density of the carboxyl groups prepared with a non-ionic surfactant is 
considerably higher than that with an anionic one if the same amount of acrylic acid was 
used. The same trend was found for the polySt-polyAEMH samples. It can be also seen that 
the dense monolayer of carboxylic groups 0.68 nm2 per COOH[30] (1.47 groups per nm2) on 
the particles prepared with non-ionic surfactant was almost achieved with 3 wt% of acrylic 
acid, and more than 10 wt% of acrylic acid was required in the case of anionically stabilized 
particles. 

 
 

2.2. In Vitro Cellular Uptake of Polystyrene-Based Nanoparticles  
 
For all types of polystyrene particles described in the current chapter, the averaged cell 

viability was observed to be around 96%±2 after incubation for 24 h, i.e. cell viability was 
not significantly affected after nanoparticle incubation. Even the high density of surface 
functional groups, independently from the charge nature, did not show any effect on the cell 
viability. A quantitative evaluation of particle uptake was performed by FACS experiments, 
counting the number of cells with incorporated fluorescent particles and normalizing the 
amount of nanoparticle uptake according to the amount of PMI per particle. To evaluate the 
difference between the particle surface characterizations (surfactant type and surface charge 
density), fluorescent carboxyl- and amino-functionalized polystyrene particles were 
incubated with HeLa cells. The comparison of cellular uptake for each nanoparticle type is 
presented in Figure 3. 

The results shown in Figure 3 demonstrate that the particle charge and functional groups 
density as well as a type of surfactant affect the cellular uptake efficiency. The amount of 
polystyrene particles taken up by HeLa cells after 24 h was observed to be higher in the case 
of non-ionically (Lutensol AT50) stabilized particles. An increase of fluorescence intensity is 
found especially in cells that have been exposed to amino-functionalized latex particles.  

For particles stabilized with an ionic surfactant, the uptake of polySt-polyAEMH 
particles stays on the plateau value till 5 wt% of AEMH and then gradually increases with 
increasing amount of surface amino groups’ density. Comparing the uptake data with the 
surface amino groups’ density for amino-functionalized particles synthesized in the presence 
of Lutensol AT50 and CTMA-Cl one can see that in both cases a significant difference in the 
uptake is achieved when the amount of surface amino groups’ was around 0.2 groups per 
nm2. In the case of the non-ionic Lutensol AT50 and the cationic CTMA-Cl stabilized 
particles it corresponds to sample NL2 (0.17 NH2 per nm2) and NC5 (0.19 NH2 per nm2), 
respectively. 

In contrast to amino functionalized particles, the uptake of carboxyl functionalized ones 
shows a slight increase in fluorescent intensity till the concentration of carboxyl groups 
reaches the monolayer density (1.47 COOH per nm2). At higher densities of carboxyl groups, 
the uptake efficiency was inhibited. This inhibition has to be attributed to the swollen 
(“hairy”) layer of polyacrylic acid chains on the particle surface that results in the 
hydrodynamic barrier between the particle and the cell membrane.  
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Figure 3. Uptake of fluorescent carboxyl- and amino-functionalized polystyrene particles in HeLa cells 
incubated for 24 h: (1: VS0-20; 2: AL0-3; 3: NC0-20; 4: NL0-20). Each bar corresponds to the normalized 
fluorescent intensity (nFL) and represents a mean value of the triplicate sample measurements.  
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Figure 4. Uptake of fluorescent carboxyl-functionalized polystyrene particles stabilized with SDS in different 
cell lines incubated for 24 h with: (1: Jurkat; 2: KG1a; 3: HeLa; 4: MSC). Each bar corresponds to the 
normalized fluorescent intensity (nFL) and represents a mean value of the triplicate sample measurements. 
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In the next set of experiments the effect of particle surface charge and density was 
evaluated from the uptake experiments in different cell lines, such as Jurkat, KG1a, MSC, 
and HeLa. The experiments were carried out with amino and carboxyl functionalized 
particles synthesized in the presence of ionic surfactants. The obtained results are 
summarized in Figures 4 and 5 for polySt-AA and polySt-AEMH particles, respectively. 
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Figure 5. Uptake of fluorescent amino-functionalized polystyrene particles stabilized with CTMA-Cl in 
different cell lines incubated for 24 h with: (1: Jurkat; 2: KG1a; 3: HeLa; 4: MSC). Each bar corresponds to 
the normalized fluorescent intensity (nFL) and represents a mean value of the triplicate sample 
measurements. 

It is apparent that the positively charged amino functionalized particles were taken up to 
a much greater extent than carboxyl-functionalized ones, independently from the cell type. 
This fact is expected knowing that the cell membrane possess a negative charge, and 
therefore the adhesion and subsequent internalization by endocytosis of positively charged 
nanoparticles inside the cell is favored for cationic nanoparticles. Similar results were also 
obtained with polylactide-based nanoparticles[31]. Regarding to the cell lines, amino-
functionalized particles were taken up more efficiently by adherent MSC and HeLa cells 
(based on the FACS data). It is interesting to note, that although all particles possess 
approximately the same zeta-potential value, the increase in the uptake was observed only 
with a particles having high density of the surface amino groups. In the case of MSC and 
HeLa cells this amount corresponds to 0.31 groups per nm2 and for Jurkat and KG1a cell 
lines it is 0.52 groups per nm2. These findings indicate, that not the overall particle charge 
influences uptake, but the density of the charged groups which are strongly (covalently) 
bonded onto the particle surface are the main driving force in the uptake kinetics. 

Carboxylated particles showed a clear uptake dependency only with HeLa cells. Particles 
with a lower density of carboxylic groups (up to 10 wt%) were taken up more efficiently, 
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compared to the highly charged ones. In the case of Jurkat or KG1a cell lines, even after 24 h 
incubation time, the particles appear not to be adsorbed onto the cell. A relatively high but 
not a systematic uptake/adsorption of particles was observed for MSC cells.  

The location of the particles (exrtracellular or intracellular) was studied by CLSM 
measurements (see Figure 6 and 7 for HeLa and Jurkat cells, respectively). In these pictures 
the particles are shown in green as the incorporated dye (PMI) is emitting in the green part of 
the visible spectrum. The confocal fluorescent microscope defines an optical section of about 
500 nm thickness (axial resolution) by focusing the laser light and selectively only collecting 
the light from this plane by passing the light through a pinhole. This avoids nearly all of the 
signals from below and above the focus plane of the objective Therefore the cell membrane is 
detected as a line surrounding the cytoplasm and not – as would be in conventional 
fluorescent microscopy – as a filled cell body. Other cellular structures like e.g. the cell 
nucleus are not fluorescently labeled. The lateral resolution is around 200 nm with an optimal 
setup of the CLSM. 
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Figure 6. CLSM images of HeLa cells incubated for 24 h with amino functionalized polystyrene particles 
prepared in the presence of cationic surfactant (CTMA-Cl): a - cells without particles (control sample); b - 
NC3; c - NC15; d - NC20. The cell membrane has been stained by a red fluorescent dye (RH414). 

Positively charged particles with low concentration of amino functionalized monomer 
(up to 5 wt%) were accumulated exclusively inside the cell, whereas particles with higher 
amounts of surface amino groups were found not only inside the cell but also attached to the 
cell membrane in the form of particle aggregates. No particles could be observed inside the 
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nucleus. The localization of negatively charged particles exhibit similar trends. With HeLa 
cells, the particles were taken up nearly uniformly by all cells. In Jurkat and KG1a cells the 
fluorescent signal was mainly restricted to cell membrane. In general, the rate of 
internalization of amino compared to carboxyl functionalized particles was approximately 
doubled, which correlates well with the FACS results. 
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Figure 7. CLSM images of Jurkat cells incubated for 24 h with amino functionalized polystyrene particles 
prepared in the presence of cationic surfactant (CTMA-Cl): a - cells without particles (control sample); b - 
NC3; c - NC15; d - NC20. The cell membrane has been stained by a red fluorescent dye (RH414). Overlay of 
red and green fluorescence is depicted in yellow (arrow). 

Electron microscopic studies were performed in order to visualize the location of the 
particles on a nanoscale range (Figure 8). The TEM images reveal that for HeLa cells (Figure 
8a) the majority of the internationalized particles were located in the lysosomes of the cells 
and were therefore most likely taken up by an endocytotic pathway. In the case of Jurkat cells 
and KG1a, the particles are mostly observed near the cell membrane (Figure 8b for Jurkat 
cells). 
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Figure 8. TEM images of: a - HeLa cells incubated for 24 h with amino-functionalized particles (sample 
NC3) and b - Jurkat cells incubated for 24 h with carboxyl-functionalized particles (sample VS20). 

 
2.3. In Vitro Cellular Uptake of Polystyrene-Based Nanoparticles in the 
Presence of Inhibitors[32]. 

 
There are several pathways for supramolecular aggregates to enter the cells. Besides the 

phagocytic processes of specialized cell types (macrophages, dendritic cells) other cell types 
usually show different routes of uptake that are summarized as endocytotic pathways. 
Although it is generally assumed that particles in the size range of several till some hundreds 
nanometers have the ability to enter cells encapsulated in membrane vesicles, the mechanism 
of uptake and intracellular trafficking of the nanoparticles has been addressed only very 
recently[27, 31, 33-35]. Biologically active molecules and viruses[36-38] were used in order 
to study the mechanisms of endocytosis. Hereby, the distinct routes of uptake were identified. 
First indication that the uptake of extracellular material is not simply a budding of vesicles 
from the cell membrane was found by electron microscopy, as TEM showed that one type of 
these endocytotic vesicles was surrounded by a specific molecular machinery, i.e. a clathrin 
coated pit. Diverse receptors are known to be involved in endocytosis for specific 
cargoes[39], some of them concentrating in clathrin-rich or lipid raft regions. They signal 
through the membrane if a ligand has been bound and may thus trigger their internalization 
process[38]. For many years, numerous research groups have broadened our knowledge 
about the influence of different inhibitors on nanoparticles uptake. In most papers the 
examined nanoparticles were generally characterized in terms of their size, but not by the 
nature and density of charged groups, which impedes the comparison between different 
papers. 

The influence of the charge (positively and negatively charge) of the nanoparticles on the 
uptake mechanisms was studied and if more than one endocytotic pathway is involved. The 
experiments were carried out with HeLa cells and the particle uptake efficiency was 
evaluated as a function of different factors (e.g. temperature, presence of drugs, etc.) known 
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to inhibit the endocytosis. Both test-particles (NC5 and S0) were of the same size, and 
therefore the difference in the uptake mechanism should mainly depend on the surface 
characteristics of the particles. The incubation time was limited to 1 h in order to prevent the 
activation of another endocytotic pathways by blocking one route of uptake[31, 40] For 
example Damke et al.[41] reported on dynamin-defective HeLa cells, which were able to 
internalize transferrin by a clathrin-independent pinocytotic pathway. 

 
2.3.1. Effect of Temperature 

Since all known endocytotic pathways are energy dependent, cooling of the cell culture 
to 4 °C should inhibit the process of uptake. Incubation at 4 °C resulted in an inhibition of 
endocytosis of about 60% (Figure 9)[32] which is comparable with the results of similar 
systems described in the literature[33]. 

 
2.3.2. Effect of Dynamin 

Dynamin is known to be involved in clathrin and caveolin mediated endocytosis and also 
plays a role in some lipid raft-mediated processes[39]. The specific inhibitor dynasore was 
used to inhibit dynamin without affecting cell viability[42]. In the presence of dynasore, the 
endocytosis of the positively and negatively charged polystyrene particles was strongly 
inhibited indicating that uptake of these nanoparticles is highly dependent on dynamin 
(Figure 9)[32]. For the negatively charged particles, uptake inhibition was less pronounced 
but still significant. 
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Figure 9. Uptake of positively and negatively charged polystyrene particles (or fluorescein-transferrin) into 
HeLa cells under different inhibitory conditions. HeLa cells were preincubated 30 min with the respective 
drugs and particle uptake within 1 h was determined by flow cytometry. Alternatively, cells were 
preincubated at 4 °C and particle incubation was done at 4 °C, too. Mean values and standard deviations of 
2-3 independent triplicate experiments are given. 
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2.3.3. Effect of F-Actin and Microtubules 
 
The cytoskeleton comprising actin, tubulin and intermediate filaments (e.g. vimentin) has 

a prominent role in endocytosis and trafficking of endocytotic vesicles. The function of F-
actin can be inhibited by cytochalasin D. As shown in Figure 9, cytochalasin D strongly 
inhibited the endocytosis of the negatively and positively charged nanoparticles 
demonstrating that nanoparticle internalization is highly dependent on F-actin. 

Microtubules which are also known to be involved in the uptake, can be disrupted by 
nocodazole[43]. While negatively and positively charged nanoparticles showed an analogous 
behavior under the previous conditions, here the surface charge made a difference (Figure 9): 
Nocodazole inhibited only the uptake of positively charged particles, whereas negatively 
charged particles were endocytosed as well as the control sample without any inhibitors. 

In comparison to the control without the inibitor where nanoparticles are found in the cell 
(Figure 10b), confocal laser scanning microscopy shows that the positively charged particles 
in the presence of nocodazole are mainly co-localized with the membrane dye (Figure 10a) 
which indicates that they are either not endocytosed or, more likely, that the intracellular 
trafficking of the early endosomes was inhibited by the drug and the particles are trapped in 
endosomes that are located close to the inner side of the cell membrane. Electron microscopy 
revealed that particles were either not yet fully taken up in the presence of nocodazole or they 
remained close to the cell membrane (Figure 10c). 

 

     

Figure 10. HeLa cells after 1 h incubation with positively charged particles (green) in the presence of 
nocodazole (a and c) or as a positive control without any drugs (b). The cell membrane has been stained by a 
red fluorescent dye (RH414). Co-localization of particles and cell membrane is shown in yellow. Particles 
were detected as not yet endocytosed by the cell and remained near the outer membrane (c: TEM image). 
(Taken from ref.[32], Figure 5. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with 
permission). 

 
2.3.4 Effect of the Clathrin Pathway and Contribution of Micropinocytosis 

 
Chlorpromazine is known to inhibit clathrin assembly and disassembly[37]. As shown in 

Figure 9, the presence of this inhibitor resulted in a 20% uptake decrease of positively 
charged particles and was without a significant effect in the case of negatively charged 
particles. The participation of the clathrin pathway could also be confirmed by transmission 
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electron microscopy (TEM). As shown in Figure 11b, empty clathrin-coated pits are well 
visible in TEM images, whereas particles in clathrin-coated pits or vesicles were never seen. 
On the contrary, a situation like shown in Figure 8a has often been observed, where 
protrusions of the plasma membrane seem to extend from the cell membrane with a cluster of 
nanoparticles located between these protrusions. Also note that there is an abundance of 
intracellularly located nanoparticles just inside the cytoplasm in endocytotic vesicles that 
could be interpreted as nanoparticles that have just been endocytosed. Furthermore the 
clathrin-coated pit itself is a more rigid structure forming an endosomal invagination with a 
maximum diameter of 100 to 150 nm. Therefore, only uptake of single nanoparticles should 
be observed when the clathrin pathway is the predominating uptake mechanism while in 
Figure 8a and most of the other TEM observations several nanoparticles seemed to be 
endocytosed simultaneously. 

 

   

b a 500 nm 1 μm 

 

Figure 11. TEM images of HeLa cells incubated with positively charged polystyrene nanoparticles: a - HeLa 
cell during endocytosis of nanoparticles; b - clathrin-coated pit at the membrane of a HeLa cell. (Taken from 
ref.[32], Figure 7. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission). 

It could be concluded that the clathrin pathway plays only a minor role during the uptake 
of positively charged particles and does not participate in the uptake of negatively charged 
particles in our setup. In line with this finding Harush-Frenkel et al.[31] also suggested a 
charge-dependent mechanism involving clathrin for positively charged particles but not for 
negatively charged ones. However, other groups report conflicting data in the literature 
related to the topic of clathrin participation during endocytosis of nanoparticles. Some 
authors state that clathrin is partly implied[33, 44], while others show a clearly clathrin-
independent pathway[45].  

The contribution of macropinocytosis to the uptake of the nanoparticles could be studied 
by using EIPA which specifically inhibits the Na+/H+ pump located in membranes [46, 47]. It 
was found that EIPA has an inhibitory effect on the endocytosis of positively charged 
particles while uptake of negatively charged nanoparticles remained unaffected (Figure 9). 
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Further evidence that macropinocytosis is involved in particle uptake was found by electron 
microscopy, where different macropinocytic stages were seen frequently (Figure 11). 

 
 

2.3.5 Lipid Raft-Associated Proteins are involved in Particle Uptake  
 
A variety of receptors is associated with lipid rafts[48-50] and a receptor-associated 

tyrosine specific protein kinase is reported to be involved in lipid raft-dependent 
endocytosis[51, 52]. Genistein is a specific inhibitor of the receptor-associated tyrosine 
specific protein kinase and it was a powerful inhibitor for endocytosis of both types of 
nanoparticles (Figure 9) leading to the conclusion that participation of lipid raft-associated 
receptors in the endocytosis of the particles is very probable. 

Furthermore the uptake of positively charged particles was reduced to about 60% by 
indomethacin (Figure 9) which is a known inhibitor of cyclooxygenases[36, 53] 
Indomethacin shows inhibition of folate receptor uptake and recycling which is caveolin- and 
thereby lipid raft-dependent[51, 54]. Interestingly indomethacin did not have an effect on the 
uptake of negatively charged nanoparticles, indicating again that the uptake depends on the 
surface charge.  

In summary, it was shown[32] that the uptake of polymeric nanoparticles of either 
positive or negative surface charge is energy-dependent and involves dynamin and F-actin. 
Positively charged nanoparticles showed that their uptake only partially depends on the 
clathrin pathway, on microtubules, and an active cyclooxygenase, having no effect in 
endocytosis of negatively charged ones. Also macropinocytosis seems to be not an important 
mechanism for negatively charged nanoparticles.  

 
 

3. Polyester Nanoparticles[26] 
 

3.1. Synthesis and Characterization  
 
Biodegradable fluorescent polyester nanoparticles with a narrow size distribution were 

formulated from the preformed polymers by the emulsification/solvent evaporation process 
combined with the miniemulsion technique (see Scheme 2). Three different types of polymers 
such as poly(L-lactide) (PLLA), poly(ε-caprolactone) (PCL), and poly(D,L-lactide-co-
glycolide) 50:50 (PLGA) were used for the formulation process. The stabilization of the final 
particles was achieved by using the anionic surfactant SDS. TEM and high resolution SEM 
were employed in visualization of the polymeric nanoparticles morphology. As an example, 
the PLLA particles stabilized by SDS are presented in Figure 12. All particles have a 
spherical shape and demonstrate low size polydispersity. Slightly deformed particles visible 
on SEM image are due to the polymer melting under an electron beam. In order to examine 
the effect of surface charge on the uptake behavior, the SDS molecules were partially 
exchanged with Lutensol AT50 by repetitive centrifugation/redispersion[26] and positively 
charged PLLA particles were formulated in the presence of CTMA-Cl. The characterization 
data of the used particles are summarized in Table 3. 
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Figure 12. Poly(L-lactide) nanoparticles stabilized by SDS: a- TEM and b- high resolution SEM images. 
(Taken from ref.[26], Figure 1. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with 
permission). 

 
Table 3. Characteristics of the fluorescent biodegradable polyester nanoparticles. 

 
Sample Name  

PLLA-
SDS 

PLLA-
Lut 

PLLA- 
CT 

PCL-
SDS 

PCL- 
Lut 

PLGA-
SDS 

PLGA-
Lut 

Polymer 
type 

poly(L-lactide) poly(ε-caprolactone) 
poly(D,L-lactide-

co-glycolide) 
Polymer 

Mw, g/mole 
101 700 ≈115 000b) ≈15 000b) 

Surfactant 
type 

SDS 
Lutensol 

AT50 
CTMA-Cl SDS 

Lutensol 
AT50 

SDS 
Lutensol 

AT50 
Dh, nm 121 151 144 165 206 76 110 
PDIa) 0.09 0.07 0.03 0.14 0.11 0.13 0.06 
ζ, mV - 52 - 23 + 55 - 54 - 22 - 51 - 32 

a) - polydispersity index (PDI); b) - for these polymers Mw was calculated from the gel permeation 
chromatography (GPC) analysis. 
 
After exchange of the surfactant from SDS to Lutensol AT50, the particle size slightly 

increases, which is in agreement with sterical conformations caused by the adsorption of the 
high molecular weight Lutensol molecules onto the particle surface. From the zeta potential 
values it could be determined that approximately half of the SDS amount was exchanged by 
the non-ionic surfactant.  

 
 

3.2. In Vitro Cellular Uptake of Polyester Nanoparticles 
 
Uptake studies were performed with Jurkat and HeLa cells using the fluorescent 

polymeric particles of PLLA, PCL, and PLGA which were stabilized with either the anionic 
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SDS or the non-ionic Lutensol AT50. Within 24 h, none of the particles was cytotoxic, as 
quantified via 7-AAD-staining with HeLa cell vitalities of more than 98%±2 (not shown). For 
both cell lines, the uptake patterns of the various particle variants were similar (Figure 13).  
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Figure 13. Uptake of biodegradable fluorescent nanoparticles in Jurkat and HeLa cells. Results are expressed 
as arithmetic mean and standard deviation of triplicates. Differences between the uptake of particles with 
Lutensol AT50 versus SDS variants were noted for PLLA particles in both cell lines. 

The uptake of PLLA and PCL particles was slightly lower as compared to the PLGA 
nanoparticles, which may be due to the smaller PLGA particle size or higher hydrophilicity 
of the polymer. However, according to our previous studies performed with the PLLA and 
PCL particles formulated of different molecular weight polymers[26], no significant 
influence on the uptake was observed, although the surface hydrophobicity of the particles 
formed from long polymeric chains expected to be higher to those made of a low molecular 
weight polymers.  

The surfactant located on the surface of the nanoparticles influenced the cellular uptake 
in a consistent manner with the exception of PCL particle uptake in Jurkat cells. Anionically 
stabilized SDS particle variants were taken up to a greater extent than Lutensol AT50 
analogues (non-ionically stabilized) in most cases. This effect was most pronounced for 
PLLA particle uptake, whereas it was much weaker for PLGA and PCL particle uptake. 
Similar results were obtained for polystyrene nanoparticles, where the introduction of 
negatively charged carboxylic groups led to a better uptake of the nanoparticles (see Figure 3, 
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lines 1 and 2). Since the cell membrane is also negatively charged, it is likely that a protein 
adsorption on the particles’ surface leads to a modification of the particles and therefore an 
increased uptake[25, 55]. Furthermore, due to the negatively charged cell membrane the 
highest uptake values were found for positively charged PLLA particles. However, it is worth 
to mention that after 24 h of incubation with PLLA-CTMA particles about 50% of cells were 
detected as apoptotic. This effect was not observed with polystyrene particles. It can be 
hypothesized that the amount of CTMA-Cl molecules internalized into the cells is 
responsible for their vitality. According to the formulation process, the CTMA-Cl molecules 
are physically adsorbed onto the polystyrene or PLLA particles surface. However, keeping in 
mind that the molecules of poly(L-lactide) are negatively charged (due to the presence of 
carboxylic group in the end of the polymeric chain) it can be assumed that the interaction 
between the CTMA-Cl molecules and PLLA particle’s surface is much stronger compared to 
the inert polystyrene surface. As a result, the probability for CTMA-Cl molecules to be 
internalized into the cell together with a PLLA particle and not being desorbed during the 
uptake process is higher compared to that for polystyrene particles.  

The intracellular location of the nanoparticles versus adherence on the cell surface was 
confirmed by confocal laser scanning microscopy (CLSM). Figure 14 shows images of Jurkat 
and HeLa cells after 24 h of incubation with the respective types of polymeric particles 
stabilized with Lutensol AT50. Images after uptake of SDS variants showed similar results 
(not shown). The fluorescence signals were usually detected in the cytoplasm, less frequently 
on the cell membrane and never in the nucleus as identified by the overlay with the 
transmitted light channel or by TEM studies (Figure 15). 

Particles (green) adherent to the cell membrane (in red) will give a signal in the same 
pixel of the image as these small lateral differences cannot be resolved by CLSM given the 
lateral resolution of around 200 nm in confocal microscopy. Therefore a yellow signal caused 
by an overlay of green and red fluorescence signals is obtained like in Figure 14b (arrow). 
The staining patterns are similar in Jurkat and HeLa cells. Bright spots indicate particle 
clusters located in cell compartments like endosomes and lysosomes as shown in other 
studies[55] and in TEM images (Figure 15). PLLA-Lut particles, which appear as bright 
spots in TEM, are found in the vicinity of cells and intracellularly. A couple of filopodia-like 
membrane extensions are visible, which seem to enclose the particles. In most cases, multiple 
particles are localized in endosomes of varying sizes. These are up to several micrometers in 
diameter, but some individual particles seem to have escaped from those compartments 
(arrows in Figure 15). Win and Feng[10] reported the nuclear uptake of vitamin E TPGS-
coated PLGA particles of ~ 200 nm size into Caco-2 cells. This is contradictory to our results, 
where never particles located in the nucleus, neither during CLSM nor during TEM imaging, 
were detected. 
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Figure 14. CLSM images of Jurkat (a-c) and HeLa (d-f) cells: a, d - are negative controls. The other images 
were taken after 24 h incubation with the respective types of polymeric particles (bright spots) stabilized with 
Lutensol AT50: b, e - PCL-Lut; c, f - PLGA-Lut. The particles contain PMI as green fluorescent dye and the 
cell membranes are stained red with RH414. (Taken from ref.[26], Figure 5. Copyright Wiley-VCH Verlag 
GmbH & Co. KGaA. Reproduced with permission). 
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Figure 15. TEM images of HeLa cells incubated 24 h with PLLA-Lut particles. Arrows indicate particles 
which seem to have escaped from endosomal compartments. (Taken from ref.[26], Figure 6. Copyright 
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission). 

In summary, the results of this study demonstrate that the biodegradable PLLA, PCL and 
PLGA particles in the size range of 80 - 206 nm were efficiently taken up by Jurkat and HeLa 
cells. The cellular uptake is mainly influenced by the type of surfactant (ionic or non-ionic) 
which is present on the particles’ surface and polymer characteristics (hydrophobicity, 
crystallinity, etc.) used for the particle formation. 

 
 

4. Conclusion 
 
Polymeric nanoparticles for drug delivery can be produced from different materials in a 

variety of synthetic processes. Depending on the formulation strategy used for their 
preparation, particles of different size, composition and physicochemical properties can be 
obtained. Besides the particle size, the particle surface characteristics play a crucial role in 
the cellular uptake process. It is important to bear in mind that an interplay of hydrophobic 
and hydrophilic interactions are of relevance: although, for example, polystyrene itself is a 
hydrophobic material, the surface of polystyrene nanoparticles dispersed in an aqueous phase 
exhibit more hydrophilic character, mainly due to the presence of amphiphilic surfactant 
molecules on the particle surface and/or residual ionic groups from the decomposed initiator. 
Moreover, if the synthesis of polystyrene particles was performed in the presence of any 
comonomer having a functional hydrophilic group, one may expect that this group will be 
located on the particle surface and thus influence the properties of the particle. As discussed 
above, the zeta-potential value will affect the adsorption rate of the particles to the cell 
membrane, however, the increase in the uptake was observed only with particles having a 
certain density of the covalently bonded surface functional (charged) groups. Furthermore, 
the nanoparticles made of different materials may not show the same uptake behavior. The 
results presented in the current chapter show that the polyester particles were taken up by the 
HeLa and Jurkat cells to a slightly lower extent in comparison with the polystyrene particles 
stabilized with the same amount of a corresponding surfactant. Knowing that the polyester 
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particles are less stable than polystyrene, the difference in polymer characteristics such as 
crystallinity/hardness could be the explanation for this phenomenon. A thorough 
understanding of the particle – cell biological interactions along with the uptake mechanism 
allow to control these interactions. This makes it feasible to avoid or enhance the uptake, as 
well as to target the nanoparticles to subcellular compartments. With more characterization 
and knowledge of the factors that affect the uptake of polymeric nanoparticles, the vision of 
creating a specific carrier with desired properties for each particular application need, will 
soon become a reality. 
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Abstract 
 
Cells of the monocyte/macrophage and lymphoid lineages express receptors for 1, 25-
dihydroxy-vitamin D3 (calcitriol). While this vitamin has been shown to promote 
differentiation of monocyte precursors to monocytes/macrophages and formation of 
antimicrobial peptides by this cell population, it has been shown to inhibit effector 
function of both T-and B lymphocytes. This is related to a reduction of accumulation of 
mRNA for IL-1 alpha, tumor necrosis factor alpha, IL-2 and IFN gamma, interference 
with T helper cell function reducing induction of immunoglobulin production by B cells 
and promotion of T-suppressor cells. In HIV infection in vitro studies suggest promotion 
of HIV replication by calcitriol, while genetic linkage studies suggest an association of 
dysfunctional vitamin D receptor genotypes and progression of HIV related 
immunodeficiency. Immunological effects cannot explain the higher risk of active 
tuberculosis in patients with low serum vitamin D levels evident from a meta-analysis of 
observational studies and the higher risk may be related to the reduction in production of 
antimycobacterial peptides. Future studies need to explore the potential of vitamin D 
supplementation in treatment and prevention of mycobacterium tuberculosis infection 
and its impact on the course of HIV infection and on the immunological and related 
functional long-term impact of viral lower respiratory tract infections. 
 
 

1. Introduction 
 

Historical background of investigations into the role of vitamin D in regulation of immunity. 
The first indication of a role of vitamin D in regulation of function of cells of the immune 

system was provided by the discovery of effects of vitamin D on promyelocytes causing 
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suppression of their proliferation and causing differentiation into monocytes (Abe et al.1981, 
Tanaka et al. 1982) and the subsequent detection of vitamin D receptors on monocytes and 
activated lymphocytes (Provvedini et al. 1983, Bhalla et al. 1983). Just prior to these reports 
an anephric patient with sarcoidosis was described who had hypercalcemia and an elevated 
1,25 dihydroxy vitamin D3 (calcitriol) level (Barbour et al. 1981). This led to the finding of 
the ability of sarcoid lymphnode homogenates and alveolar macrophages to activate 25-
hydroxy-vitamin D by 1-hydroxylation (Adams et al. 1983, Mason et al. 1984), confirming 
the ability of this cell population to produce calcitriol. Early animal experiments into the role 
of calcitriol revealed its dichotomous role by demonstration of an impaired delayed 
hypersensitivity response to dinitrobenzene under conditions of vitamin D deficiency (Yang 
et al. 1993a) but a suppression of response by calcitriol (Yang et al. 1993b).  

 
 

2. 1,25 Dihydroxy Cholecalciferol as  
Regulator of Cell Mediated Immunity 

 
2.1. Regulation of Monocyte Function 

 
Early experiments showed that in a myelo-monocytic murine cell line calcitriol enhances 

the gamma interferon induced expression of the class II major histocompatibility complex 
antigens, which mediate antigen presentation to lymphocytes. The modulation of gamma-
interferon induced antigen presentation by calciferol suggested that the hormone might 
promote antigen presentation by monocytes (Manolagas et al. 1985). Experiments by other 
groups using human monocytes however showed that calcitriol consistently and specifically 
reduced HLA-DR and CD4 expression while CD14 and class I HLA antigen expression were 
unaffected (Rigby et al. 1990). This was achieved at a concentration of 10 nmol/l 
(physiological levels about 0.12 nmol/l). Expression of Fcgamma receptors I-III on 
monocytes was variably modulated by calcitriol but no differences in antibody-dependent cell 
cytotoxicity were observed. The ability of monocytes to induce antigen-dependent T-cell 
proliferation was markedly reduced by calcitriol pre-treatment. This suggested differences in 
effects on murine versus human monocytic cells. 

Calcitriol was furthermore found to promote hydrogen peroxide and heat shock protein 
production in some experiments. Other experiments in human monocytes showed that 
calcitriol at a concentration of 10 nmol/l significantly inhibited the production of interleukin-
1 alpha, interleukin-6 and tumor necrosis factor alpha but not interleukin-1 beta without 
affecting the superoxide burst response (Mueller et al. 1992) Vitamin D deficiency has also 
been associated with a reduced ability of phagocytosis (Bar-Shavit et al. 1981). Some of the 
effects of calcitriol may be related to its ability to promote the differentiation of myeloid 
precursors toward the macrophage/dendritic cell phenotype and its ability to stall the more 
distal maturation of these cells (Penna et al. 2000, Adorini 2003). It has been proposed that 
the maintenance of dendritic cells in a relatively immature state attenuates T-cell proliferation 
(Adams et al. 2007). Effects on macrophage function were associated with concentrations of 
calcitriol 10 to 100 times higher than physiological blood levels. Calcitriol concentrations in 
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the microenvironment may however be higher than those in the circulation and 70 times 
physiological levels have been observed in cell cultures. 

 
 

2.2. Regulation of T-Cell Mediated Immunity 
 
In contrast to resting monocytes resting peripheral CD4 + T cells express low 

concentrations of calcitriol receptors. In vitro activation of CD4 + T cells with mitogenic 
lectins such as phytohemagglutinin and concanavalin A caused an up to five fold increase in 
the expression of the calcitriol receptor (Provvedini et al.1983, Bhalla et al. 1983, Mahon et 
al. 2003). CD8 + T cells express the highest number of vitamin D receptors whether activated 
or not. Calcitriol is an inhibitor of T-cell proliferation as well as of interleukin 2 and 5, 
interferon gamma production in Th1 cells. It increased IL-4 production in Th2 cells. It also 
increased granulocyte/monocyte –colony stimulating factor production in peripheral blood 
mononuclear cells. Influence on interferon gamma production is hereby concentration 
dependent with concentrations in PHA activated PBMC of 1-100 picomol/l stimulating 
interferon gamma production and inhibition occurring at concentrations above 10 nmol/l 
(Manolagas et al. 1989). Calcitriol inhibited antigen-or alloantigen-induced proliferation of 
murine spleen T cells but not that induced by lectin. In the human calcitriol inhibits 
lymphocyte proliferation regardless of the activating signal. Calcitriol hereby did not affect 
the RNA synthesis required for entry of T-cells into early G1 from G0, it specifically 
inhibited RNA synthesis necessary for T cells to progress from early to late G1, which 
enables T cells to initiate DNA synthesis. The anti-proliferative effects of calcitriol occurred 
after the calcium sensitive phase of T-cell activation (Rigby et al. 1988). One mechanism is 
the suppression of interleukin-1 production by monocytes. The calcitriol mediated 
suppression of IL-1 production reduced membrane associated IL-1 which provides the 
mitogenic signal for T-cells and hereby reduces T-cell proliferation (Manolagas et al. 1989). 
In the model of the human mixed lymphocyte reaction calcitriol was shown to prevent the 
generation of cytotoxic T cells and enhanced suppressor cell activity at concentrations of 0.1 
to 10 nmol/l (Meehan et al.1992). 

 
 

2.3. Regulation of B-Cell Mediated Immunity by 1,25 Dihydroxy 
Cholecalciferol 

 
Calcitriol reduced levels of IgG and IgM in in vitro cultures of lectin-stimulated 

mononuclear cells, which was paralleled by a decrease in the number of IgG, IgM and IgA –
secreting cells. This effect seemed to depend on the presence of macrophages and T-cells 
(Mueller et al. 1996). The regulation of immunoglobulin production has hereby been shown 
to be due to indirect effects on T-cells rather than direct action of the hormone on B-cells ( 
Lemire et al. 2006) 
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3. Vitamin D Deficiency and Susceptibility to 
Active Tuberculosis 

 
3.1. Background 

 
Historical data suggested the successful use of calciferol inducing or supplementing 

treatment in patients with tuberculosis during the pre-chemotherapy era (Macrae et al.1946, 
Dowling et al. 1946). Anecdotal evidence suggested successful treatment of tuberculosis 
patients with vitamin D containing cod liver oil in the middle of the 19th century (Davies 
1985). Sunlight exposure which induces vitamin D production in skin cells was found to be 
successful in treatment of lupus vulgaris (tuberculosis of the skin) with a 95% success rate, a 
principle for which the Nobel prize was awarded to Finsen in 1903 (Zasloff 2006).  

Once it emerged that calcitriol is an important immunoregulator, which is modulating 
components of cellular immunity, researchers explored its role in antituberculous immunity 
because it is known that antituberculous immunity is based on cell populations like activated 
macrophages known to be key-factors in anti-mycobacterial immune defence. 

 
 

3.2. In Vitro Studies 
 

3.2.1. Changes in Cytokine Production to Mycobacterium Tuberculosis in 
Response to Vitamin D. 

Initial in vitro experiments investigating the role of vitamin D3 -metabolites found that 
out of all metabolites investigated only calcitriol reduced the proliferation of M. tuberculosis 
in human monocytes at a concentration of 100 micromol/l. The underlying mechanisms 
involved increased production of hydrogen peroxide and tumor necrosis factor (Cohen et al. 
1986, Rook et al. 1986). The investigators noted that gamma interferon enhanced the capacity 
of monocytes to produce calcitriol by augmentation of the 25(OH) D3-1-hydroxylase activity 
(Rook et al.1986). Subsequent investigations found that calcitriol suppressed IL-12p40 and 
IFN-gamma production in response to live M. tuberculosis in human peripheral blood 
mononuclear cells (PBMC) with a maximum suppression at a concentration of 100 nmol/l. In 
M. tuberculosis culture filtrate antigen stimulated cultures of PBMC addition of calcitriol 
suppressed IL-8, IL-6 and IL-10 production indicating a reduction of Th1 cytokines and the 
associated immune response which develops when the innate immunity fails to eradicate the 
pathogen (Vidyarani et al. 2007).  

 
3.2.2. Induction of Antimicrobial Peptides by Vitamin D. 

Initial investigations showed that in conjunction with an unknown factor present in 
serum calcitriol caused a threefold slowing of intra-macrophageal bacillary replication from a 
generation time of a mean of 23.5 hours to a mean of 71.8 hours in human macrophages 
(Crowle et al. 1987). This was achieved at a concentration of calcitriol of 4 microgram/ml as 
opposed to 2.6 to 7.0x10-5 microgram/ml in the normal circulating range. It is not clear what 
concentrations are achieved locally in tuberculous granulomas where macrophages may act 
on each other through a paracrine pathway of calcitriol production. The antimycobacterial 
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mechanism was found to involve the induction of expression of multiple antimicrobial 
peptides mediated by the vitamin D receptor complex in keratinocytes, monocytes and 
neutrophils (Wang et al. 2004). An important antimicrobial peptide induced by calcitriol in 
phagocytes found to kill mycobacterium tuberculosis within phagocytic vacuoles is LL-37, 
which is also chemoattractant for monocytes and macrophages (Liu et al. 2006). 

Recent work indicated that interaction of pathogen-associated molecular patterns shed 
from the cell wall of mycobacterium tuberculosis interact with the toll like receptor 2/1 dimer 
pair on the macrophage triggering upregulation of expression of both the CYP 2761 (25(OH) 
D3-1-hydroxylase) and vitamin D receptor. This permits the macrophage to internalise serum 
vitamin D binding protein-bound 25 hydroxy vitamin D from the extracellular fluid by 
facilitated endocytosis, where it becomes substrate for the upregulated CYP 2761. Calcitriol 
then transactivates the endogenous defensive gene, cathelicidin and thus leads to expression 
of LL-37 leading to killing of intracellular mycobacterium tuberculosis. Extracellular 25-
hydroxy vitamin D was hereby as or more effective than equimolar concentrations of 
calcitriol in inducing LL-37 production despite its much lower affinity to vitamin D receptor 
(Adams et al. 2007). Calcitriol induced antimicrobial activity was completely inhibited in the 
presence of small interfering RNA against mRNA of LL-37 (cathelicidin) (Liu et al. 2007). 
This proved that in the human monocytic cell line THP-1 anti-microbial peptide LL-37 
induction was the only mechanism of antimycobacterial activity. Application of a single dose 
of oral vitamin D in a double blind randomised controlled trial in 192 adults resulted in an 
increased ability of participants whole blood to restrict BCG-lux luminescence in vitro 
(Martineau et al. 2007). The 24-hour luminescence ratio was 20.4% lower for individuals 
allocated to vitamin D compared with those allocated to placebo (0.57 vs 0.71 respectively; 
95% CI for difference, 0.01-0.25; p=0.03). The sized of the effect observed probably explains 
why in a small trial (n=8) of UV-B induced increase (approximately doubling) of serum 
Vitamin D levels no effect on BCG-lux luminescence was observed (Yesudian et al. 2008).  

 
3.2.3. Role of Free Radicals in Calcitriol Induced Antimycobacterial Immune 
Defence 

A key study in a human macrophage-like cell line HL-60hca found that calcitriol 
stimulated expression of nitric oxide synthetase-2 mRNA and generation of nitric oxide at 
physiological concentrations (1nmol/l). Incubation with a nitric oxide synthase inhibitor 
reduced growth inhibition by calcitriol in vitro (Rockett et al. 1998). Human promonocytic 
cell lines and human peripheral blood, monocyte-derived macrophages infected with M. 
tuberculosis alone or incubated with vitamin D3 alone produced little or undetectable 
amounts of superoxide anion. In contrast, exposure of M. tuberculosis-infected cells to 
calcitriol led to significant production of superoxide anions and this response was eliminated 
by inhibitors of phosphatidylinositol 3-kinase via its effect on the phagocytic NADPH 
oxidase (Sly et al. 2001). Reactive oxygen intermediate scavengers also abrogated calcitriol 
induced antimycobacterial activity. M. tuberculosis infection acted to prime cells to respond 
to vitamin D3 and this priming was specific for viable M. tuberculosis, since it was not 
observed in cells that had ingested either dead bacilli or latex beads. 
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3.3. Data from Animal Models of Tuberculosis 
 
Important for the interpretation of rodent models of tuberculosis is the fact that 

antimicrobial immune defence in macrophages in mice was found to depend heavily on nitric 
oxide and the gene encoding a dominant antituberculotic antimicrobial peptide LL-37 
(cathelicidin) in mice does not contain a vitamin D receptor binding site. An explanation 
brought forward for the differences in antimicrobial mechanisms was the fact that mice are 
nocturnally active as opposed to humans who are adapted to living in sunlight (Zasloff 2006). 

 
 

3.4. Epidemiological Data in Humans 
 

3.4.1. Vitamin D Levels in Patients with Mycobacterium Tuberculosis 
Infection. 

Early epidemiological studies suggested that increased vitamin D levels were associated 
with a reduced development of active tuberculosis from latent disease and less extensive 
pulmonary disease in patients with pulmonary tuberculosis (Davies et al. 1985 b, Grange et 
al. 1985).  

A meta-analysis of seven observational studies investigating the relationship of low 
vitamin D levels and active tuberculosis found a summary effect size of 0.68 (95% CI of 0.43 
to 0.93) meaning that overall serum vitamin D levels were 0.68 standard deviations lower in 
people with tuberculosis compared to controls (Nnoaham et al. 2008). A study conducted in 
African immigrants in Australia using gamma interferon release assay to exclude patients 
with latent mycobacterium tuberculosis infection from the control group showed that 25-
hydroxy vitamin D levels were significantly lower in participants with latent mycobacterium 
tuberculosis infection compared to uninfected controls (37.3 versus 54.6 nmol/l; p=0.007) 
and in patients with active tuberculosis/ past tuberculosis versus people with latent 
mycobacterium tuberculosis infection (16.1 versus 54.6 nmol/l; p<0.001) (Gibney et al. 
2008). A central role of vitamin D status in immune defence against tuberculosis explains the 
seasonal increase in incidence of active tuberculosis (Chan 1999). The low post winter trough 
levels of vitamin D, which may be caused by reduced stimulation of vitamin D synthesis by 
sunlight in the skin, might result in impaired cellular immunity, which, after a latent period, 
leads to the reactivation of dormant mycobacterial infection (Douglas et al. 1998, Chan 
1999). Against an influence of reduced sunlight exposure and reduced nutritional intake of 
vitamin D in the low vitamin D levels found in patients with tuberculosis is the finding of a 
prospective study conducted in London, United Kingdom with 178 patients with tuberculosis 
and 130 contacts. Sunlight exposure and nutritional intake of vitamin D was not higher in 
controls. Tuberculosis patients as opposed to controls showed no seasonal variation of serum 
25-hydroxycholecalciferol levels (Sita-Lumsden et al. 2007). This led to the conclusion by 
the authors that in patients with tuberculosis metabolism and uptake of vitamin D is 
abnormal. 
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3.4.2. Vitamin D Receptor Gene Polymorphisms 
A systematic review of eight studies investigated the association of vitamin D receptor 

polymorphisms TaqI and FokI and pulmonary tuberculosis. FokI is a polymorphism at the 
translation initiation start site of the vitamin D receptor gene and results in two version of the 
vitamin D receptor protein, which differ in length by three amino acids. The short version, 
the F allele, is more active. The TaqI restriction fragment length polymorphism involves 
regulation of expression and there is some evidence that the haplotype BAt containing the ‘t’ 
allele of the TaqI polymorphism appears to display higher levels of mRNA expression than 
the haplotype (paT) containing the ‘T’ allele, although evidence for functionality is weak and 
inconclusive. Meta-analysis revealed that overall comparison of tt versus TT showed an OR 
(95% CI) of 1.00(0.59-1.70) and Tt versus TT of 0.95 (0.8-1.14) of developing pulmonary 
tuberculosis. For ff versus FF genotype the OR (95% CI) was 1.12 (0.67-1.86) and for Ff 
versus FF 0.99 (0.81-1.22) for developing pulmonary tuberculosis (Lewis et al. 2005). The 
results did not allow the conclusion that there was an association of the genotypes 
investigated and pulmonary tuberculosis. This was attributed to all studies being 
underpowered. One study included in this meta-analysis found that sputum culture 
conversion was faster among participants with the Tt genotype, compared with the TT 
genotype. An increased probability of culture conversion during TB treatment was 
independently associated with the Tt genotype (age- and sex-adjusted relative risk, 4.28; 95% 
confidence interval, 1.88-9.75; p=0.001) (Roth et al. 2004).  

In patients with smear positive pulmonary tuberculosis in South Africa another group 
found that both Tt and TT genotypes were associated with a shorter time to sputum smear 
negativity on antituberculous treatment compared to patients with the tt genotype (Babb et al. 
2007). 

Not included in the meta-analysis was a study in Native South Americans, which showed 
that individuals with the TT genotype were 42 times less likely (OR=0.42; 95% CI: 0.21, 
0.83, p=0.007) than those with at least one copy of t to have a positive tuberculin skin test 
(wheal size > 5 mm diameter).indicating that individuals with at least one copy of the Taq1 t 
allele are better able to mount an appropriate cell-mediated immune response to M. 
tuberculosis exposure (Wilbur et al. 2007). Above listed studies investigated polymorphisms 
in the 3’ untranslated regions of the vitamin D receptor gene. Subsequently conducted studies 
concentrated on the 5’ regulatory region of the vitamin D receptor gene namely Cdx-2 and 
A1012G which influence the expression of vitamin D receptor directly rather than being 
merely in dysequilibrium with relevant regions. A significantly decreased frequency of Cdx-2 
G allele (p=0.016) and G/G genotype (p=0.01) and an increased frequency of A-A haplotype 
(A allele of Cdx-2 and A allele of A1012G) (p=0.015) were observed in patients with 
pulmonary tuberculosis compared to healthy controls in Chennai, South India (Selvaraj et al. 
2008). 

 
 

3.5. Treatment of Tuberculosis with Vitamin D 
 
A systematic review identified 14 prospective clinical studies in which vitamin D had 

been administered to patients with pulmonary tuberculosis (Martineau et al. 2007). Three 
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studies were randomised controlled trials (RCT’s) and the others case series. None of the 
RCT’s which had between 23 and 60 participants demonstrated a therapeutic response.  

A study conducted in Indonesia in patients with moderately advanced pulmonary 
tuberculosis demonstrated that patients given vitamin D had a higher rate of sputum 
conversion and an increased radiological improvement compared with the placebo group 
(Nursyam et al. 2006). 

 
 

3.6. Directions for Future Research 
 
To elucidate the cause of the lack of seasonal variability of 25- hydroxyl vitamin D levels 

in tuberculosis patients further studies need to compare vitamin D binding protein levels and 
function of 25 hydroxylase active in monocytes of tuberculosis patients with that of controls. 
To adequately power a study on vitamin D receptor polymorphisms it was calculated that 
2000 cases and controls are required to have 80% power to detect an OR of 1.4 associated 
with the ff genotype assuming a type I error rate of 0.01 (Lewis et al. 2005).  

A focus for future research needs to be the effects of adjuvant treatment of patients with 
active tuberculosis with calcitriol. Mouse models are, because of the different immunological 
and antimicrobial response to calcitriol, not suitable for preliminary experiments. Such 
studies in humans need to be double blind, placebo controlled and adequately powered and 
include monitoring of uptake of medication by directly observed treatment and regular checks 
of plasma levels to monitor absorption. 

 
 

4. Influence of 1,25 Dihydroxy Cholecalciferol on 
Human Immunodeficiency Virus –1 multiplication 

 
4.1. In Vitro Studies 

 
With the acknowledgement that functions of the key cells involved in replication of HIV 

like CD4+ T-cells and monocytes are regulated by calciferol the interaction of vitamin D 
levels and immunity and viral replication in HIV infection became subject of research 
(Villamor 2006). Most studies addressing the interaction of calcitriol and HIV investigated 
HIV replication in cultures of human peripheral blood monocytes and cell lines including 
pro-monocytic, promyelocytic and myeloblastic cell lines HeLa, U937, Cos-1, HL-60 and 
A3.5 and found that at concentrations between 12 pM to 240 nmol/l including physiological 
levels of 0.12 nmol/l and pre-incubation calcitriol increased HIV replication (Locardi et al. 
1990, Kitano et al.1990, Skolnik et al.1991, Kizaki et al.1993, Nevado et al. 2007). The 
opposite was shown in one study where calcitriol suppressed HIV replication (Connor et 
al.1991).  

Calcitriol was found to upregulate chemokine receptor 4 (CXCR4) on U937 cell lines. 
By this effect it was found to enhance viral replication (Biswas et al. 1998). Calcitriol 
induced changes in CD4 receptor numbers did not correlate with changes in HIV replication 
(Skolnik et al. 1991, Kizaki et al.1993). This study confirmed earlier reports on the ability of 
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calcitriol to upregulate CXCR4 mRNA in the promyelocytic cell line HL-60. Recent 
experiments in HeLa, U937 and Cos-1 cells revealed that the vitamin D receptor is able to 
stimulate HIV-1 long terminal repeat transactivation increasing HIV gene expression 
(Nevado et al. 2007).  

 
 

4.2. Data from Studies in Humans 
 

4.2.1. HIV-1 Infection and Vitamin D Status 
A comparison of plasma 25-hydroxyvitamin D levels in adolescents (14-23 years) with 

HIV infection (n=238) with controls (n=121) revealed no significant difference (Stephensen 
et al. 2006). This observation confirmed the results of most previous studies (Villamor 2006). 
This is in contrast to studies investigating levels of calcitriol, which was shown to be 
consistently lower in patients with HIV-1 infection with lower levels in patients with 
symptomatic immunodeficiency (Haug et al.1994). Calcitriol concentrations below 25 pg/ml 
were associated with a significantly shorter survival time than those with normal 
concentrations after adjustment for CD4+ cell counts. A proposed explanation is that 
increased tumor necrosis factor (TNF) concentrations in patients with AIDS can block the 
stimulatory effect of parathyroid hormone on the renal 1-alpha-hydroxylase. TNF-α appears 
to downregulate PTH receptors and impair protein kinase C activity and cAMP response after 
PTH stimulation. This is supported by the finding of a strong negative correlation of TNF and 
calcitriol levels in HIV infected patients in one study (Haug et al. 1998) and neopterin levels 
as a marker of activation of macrophages in another (r=-0.55, p<0.001, Haug et al. 1994). 
Alternative explanations brought forward are increased utilisation for maturation and 
proliferation of T lymphocytes during HIV infection or the effects of antiretroviral drugs. The 
proteinase inhibitor ritonavir has been shown in vitro to inhibit both the 1-alpha-hydroxylase 
as well as the 25-hydroxylase (Villamor 2006).  

 
4.2.2. Vitamin D Receptor Polymorphisms 

The first study investigating polymorphisms of the gene encoding the vitamin D receptor 
studied the restriction fragment length polymorphism corresponding to the BsmI restriction 
enzyme in the 3’untranslated region of the vitamin D receptor gene in 185 white HIV sero-
positive injecting drug users. It found that a higher proportion of the vitamin D receptor-BB 
genotype was found in patients with <200 CD4 cells/microliter (p=0.009, OR: 2.4 95% CI 
1.3-4.7) as well as faster progression to AIDS and to a CD4 cell < 200 cells/microliter. There 
were no significant differences in vitamin D receptor genotype frequencies between patients 
and healthy, white HIV-1 seronegative blood donors suggesting that BsmI locus 
polymorphisms are not associated with risk of HIV infection (Barber et al. 2001).  

Like for tuberculosis an association between AIDS disease progression rates and the Fok 
I polymorphisms of the vitamin D receptor gene was investigated. Patients heterozygous at 
the Fok I polymorphism were over-represented in the group of patients that showed a drop in 
CD4 cell count to below 200 /microliter (52% of progressors versus 36% of non-progressors, 
p=0.037; RR=1.44 (95% CI: 1.02-2.03). Mean time to AIDS CDC-1993 was shorter for those 
with Ff genotype than for those with FF and ff genoypes (non-Ff genotype patients), (log 
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rank test p=0.035; Cox hazard ratio for Ff versus non-Ff = 1.53 (95% CI: 1.0-2.23), p=0.047). 
In addition the drop in CD4 cell count to below 200/microl was reached faster in Ff carriers 
than in non-Ff patients (log rank test p=0.015; Cox hazard ratio for Ff versus non-Ff = 1.77 
(95% CI: 1.12-2.8), p= 0.014) (Nieto et al. 2004).  

A recent epidemiological study investigated the association of vitamin D receptor 
polymorphisms and susceptibility to HIV-1 infection in injection drug users (De la Torre et 
al. 2008). 

The study found an association with protection against infection for the G-A-T-G-L 
haplotye (OR (95% CI 0.22-0.72; p=0.0025).This haplotype contains the 3’ UTR rs 1544410-
G allele. It has also been described that the exon 2 polymorphism rs10735810-T allele 
produces a low transactivation capacity of the vitamin D receptor protein, which could 
prevent normal vitamin D receptor function. 

The high HIV disease progression rates associated with certain vitamin D receptor 
polymorphisms could be interpreted as showing that persons, who carry these genotypes have 
a reduced response to the immunesuppressive actions of vitamin D and allow the activation 
of Th1 cells. 

 
 

4.3. Directions for Future Research 
 
In view of the strong in vitro evidence for increased HIV replication in response to 

calcitriol future studies need to investigate whether vitamin D supplementation in HIV 
infected persons not on antiretroviral treatment (e.g. long term non- or slow progressors) and 
with vitamin D deficiency show an increase in viral load and deterioration of immune 
function with calcitriol supplementation and whether this is associated with an increase in 
Th1 response.  

 
 

5. Role Of 1,25 Dihydroxy Cholecalciferol  
in other Infections 

 
5.1. Animal Models 

 
Calcitriol did not have any effect on the susceptibility to Herpes simplex virus or 

Candida albicans infections in the mouse model. The number of mice in the treatment groups 
however was too small (n=10) to exclude a significant effect (Cantorna et al. 1998). Vitamin 
D receptor knock-out mice showed an increased granulomatous inflammatory response to 
Schistosoma mansoni infection (Cantorna et al. 2004). 

In the mouse model calcitriol treatment of Leishmania major infected macrophages 
demonstrated a vitamin D receptor dependent inhibition of macrophage killing activitiy. 
Further analysis showed that this was a result of decreased production of nitric oxide by 
calcitriol-treated macrophages due to vitamin D receptor-dependent up-regulation of arginase 
I expression, which overrides NO production by NOS-2 (Ehrchen et al. 2007). In the 



The Role of 1, 25 Dihydroxy-Vitamin D3 in Immunity to Infectious Disease 

 

231

abdominal septicemia rat model subcutaneous administration of calcitriol resulted in better 
maintenance of platelet counts compared to controls (Moller et al. 2007).  

 
 

5.2. Studies in Humans 
 

5.2.1. Association of Vitamin D Levels with Frequency and Severity of 
Respiratory Tract Infections 

Serum vitamin D levels in young Finnish men serving on a military base were measured 
and frequency of respiratory tract infections recorded prospectively. Subjects with serum 25 
hydroxy vitamin D concentrations of <40 nmol/l had significantly (p=0.004) more days of 
absence from duty due to respiratory tract infection compared to subjects with higher levels 
(Laaksi et al. 2007). The reason for hospitalisation in children with rickets was significantly 
more often a lower respiratory tract infection compared to children without and 
hospitalisation was prolonged (Najada et al. 2004). Clinical vitamin D deficiency was 
associated with a 13-fold increased risk of pneumonia in Ethiopian children less than 5 years 
of age (Muhe et al. 1997). 

Subclinical vitamin D deficiency was a significant independent risk factor for severe 
acute lower respiratory tract infection in children < 5 years of age in India (Wayse et al. 
2004). In multivariate analysis, factors associated with significantly lower odds ratio for 
having severe acute lower respiratory infection (WHO definition) included a serum 25 
hydroxy vitamin D level of > 22.5 nmol/l (OR: 0.09; 95% CI 0.03-0.24; p<0.001). 

 
5.2.2. Vitamin D receptor polymorphisms  

 
5.2.2.1. Viral Bronchiolitis 

In a recent epidemiological study conducted in Canada researchers found that the FokI ff 
genotype of the vitamin D receptor was associated with an adjusted relative odds of 
hospitalisation with a viral lower respiratory tract infection (82 % due to respiratory syncytial 
virus) seven times that of the FokI FF genotype (Roth et al. 2008). The f allele translates a 
vitamin D receptor protein that is longer than that translated by the F allele and has decreased 
rates of transcription of vitamin D receptor RNA (Jurutka et al. 2000). In peripheral blood 
mononuclear cell cultures, the concentration of calcitriol required to cause 50% growth 
inhibition was directly related to the number of f alleles, and in vitro lympho-proliferation 
caused by exposure to mycobacterial antigen was more likely to be inhibited by calcitriol if 
the cells expressed the FF genotype (Colin et al. 2000, Selvaraj et al. 2004). 

 
5.2.2.2. Extrapulmonary Infections 

Investigation of associations of polymorphism at codon 352 revealed that patients with a 
specific genotype were significantly underrepresented among patients with persistent 
hepatitis B infection but not in subjects with clinical malaria compared with the other 
genotypes (Bellamy et al. 1999). 
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6. Conclusion 
 
1, 25 dihydroxy-vitamin D3 has powerful immunomodulatory effects on cell-mediated 

immunity with impact on immune defence to a wide spectrum of pathogens.  
The in vitro data on induction of antimicrobial peptides against mycobacterium 

tuberculosis together with epidemiological data clearly demonstrate the key role of vitamin D 
in anti-mycobacterial immune defence. Because of differences in immunological response 
and regulation of antimicrobial peptide release mouse models cannot be used to represent 
humans.  

Future studies need to investigate the importance of calcitriol in immune defence against 
intracellular pathogens dwelling in human macrophages like Leishmania species and 
Trypanosoma cruzi. The role of vitamin D in HIV infection is not clear and requires 
intervention studies to clarify whether calcitriol deficiency is only a consequence of HIV 
infection through immune activation or has also a role in increasing HIV replication and 
deterioration of HIV induced immunodeficiency in humans in vivo. In vitro results suggest 
the opposite. Adequately powered prospective epidemiological studies need to explore the 
association of vitamin D status with frequency and severity of viral respiratory tract 
infections. Such investigations need to take into account its potential to influence 
immunological processes involved in the pathogenesis of hyperreactive airway disease like 
asthma and reduced alveolar fluid clearance in pneumonia and septicemia and of mucosal 
oedema and hypersecretion in the airways in allergic and non-allergic inflammation (Eisenhut 
2006). 
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Abstract 
 
Animal models are required for studying the pathobiology of diseases as well as for the 
development and evaluation of therapeutic strategies. Specific mouse models for known 
genetic diseases are generated by reverse genetics strategies using genetic engineering 
techniques which result in defined alterations of the mouse genome. Standardized clinical 
chemical analysis contributes to the determination of the exact phenotype of the animal 
models. However, the resulting phenotypes of the mutant mice cannot be predicted and 
do not always mirror the respective human disease. A complementary strategy is to 
generate new alleles by random mutagenesis and to screen for clinically relevant 
phenotypes. The underlying mutations are then identified by forward genetics strategies 
and lead to the identification of genes/alleles which may have counterparts relevant for 
human diseases. Novel disease models were derived from phenotype-driven large-scale 
ethylnitrosourea (ENU) mouse mutagenesis projects which started a decade ago by using 
clinical chemical parameters in high-throughput screens. Offspring of chemically 
mutagenized mice were analyzed in order to detect phenotypic variants with defects of 
various organ systems or changes in metabolic pathways. Breeding of the affected mice 
and screening of the offspring confirmed the transmission of the altered phenotype to 
subsequent generations, thereby revealing a mutation as cause for the aberrant 
phenotype. The subsequent in-depth genotypic and phenotypic analysis of mutant lines 
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showing alterations in clinical chemical parameters produced novel models for the 
biomedical research. 
 
 

Introduction 
 
Genome sequencing projects provided the complete genomic sequences of human and 

other mammalian organisms. The functional analysis of genes and pathways requires a high 
number of animal models. Mice are the primary models in biomedical research. Novel animal 
models for human diseases are produced using both gene-driven and phenotype-driven 
methods (Figure 1). These two complementary strategies already provided a high number of 
interesting new mouse mutants. The reverse genetics approach uses transgenic mice which 
are generated with the gene of interest by various genetic engineering techniques leading to 
the non-homologous or homologous recombination of the host genome. The transgenic mice 
are subsequently analyzed for the resulting phenotype. Analogously, mice derived from 
embryonic stem cells with induced mutations in chosen genes (Skarnes et al. 2004) 
(http://www.genetrap.org) are established as novel animal models by comprehensive 
phenotypic analysis. As the resulting phenotypes of the transgenic mice cannot be predicted 
and do not always mirror the respective human disease, closing the phenotype gap in animal 
models is currently done by using phenotype-driven strategies. The forward genetics 
approach uses spontaneous or induced phenotypic alterations of clinical relevance and 
subsequently detects the causative mutation. Therefore, genome-wide random mutagenesis of 
mice and the screen for clinically relevant phenotypes in the offspring are carried out 
followed by the establishment and subsequent genotypic analysis of mutant lines (Silver 
1995; Peters et al. 2007). Analogous approaches are the phenotypic examination of 
independent and combined crosses of inbred mouse strains, and the subsequent genome-wide 
search for genetic polymorphisms by linkage analysis which control the examined phenotype 
(Churchill et al. 2004). In addition, already existing mouse populations like heterogeneous 
stock mice are phenotypically examined and analyzed by high-resolution whole-genome 
association studies for genetic polymorphisms influencing the selected quantitative 
phenotypic traits (Valdar et al. 2006). New mouse models which are established by using 
both gene-driven and phenotype-driven strategies are available from various resource centers 
(Strivens and Eppig 2004; Davisson 2006) (http://www.informatics.jax.org/imsr). 

In humans, most inherited metabolic disorders lead directly or indirectly via altered 
organ functions to changes of diagnostic laboratory parameters (Greiling and Gressner 1995). 
Identification of mutant mice derived from gene- and/or phenotype-driven approaches 
showing similar clinical chemical deviations provide novel appropriate animal models for the 
detection of the causative mutation and the pathologic consequences thereof. As homeostasis 
of clinical chemical parameters is regulated by polygenic factors, quantitative trait loci (QTL) 
affecting chosen parameters and eventually influencing disease susceptibility are revealed 
using mouse models which show considerable differences in the parameters in question. The 
diagnostic impact of clinical chemical parameters for specific pathologic alterations has been 
described in mice (Loeb and Quimby 1999; Rathkolb et al. 2000a; Klempt et al. 2006a). 
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Figure 1. Generation of novel mouse mutants for the biomedical research using two complementary 
strategies. The gene-driven approach works with transgenic animal models. The mice are generated with the 
gene of interest by various genetic engineering techniques and subsequently analyzed for the resulting 
phenotype. The phenotype-driven approach searches for spontaneous or induced phenotypic alterations of 
clinical relevance and subsequently detects the causative mutation in the mice. 

 
Standardized Clinical Chemical  

Analysis of the Mouse 
 
Understanding mammalian genetic systems requires the overcoming of challenges in the 

phenotyping of mouse models (Brown et al. 2006). Clinical chemical analysis of the mouse 
uses laboratory diagnostic procedures suitable to detect defects of various organ systems, 
changes in metabolic pathways and hematological disorders. The methods are automated 
routine procedures according to the techniques carried out with human samples which allow 
the high-throughput screening of a large number of mice for a broad spectrum of clinical 
chemical parameters in blood and urine, including substrates, proteins, electrolytes and 
enzymes, as well as hematological parameters such as red and white blood cell counts (Loeb 
and Quimby 1999). Mouse husbandry, blood collection, sample preparation and sample 
analysis are standardized for obtaining valid and reproducible results (Rathkolb et al. 2000a, 
2000b; Klempt et al. 2006a). 

 
 

Experimental Procedures 
 
The limiting factor for the clinical chemical analysis in mice is the volume of the blood 

sample. The total blood volume corresponds to 7.5% of the body weight of the mouse. Up to 
15% of the total blood volume can be removed once without causing significant alterations. 
For repeated sampling, 10%, 7.5% and 1% of the total blood volume can be removed every 
two weeks, every week and each day, respectively (Morton et al. 1993; Suckow et al. 2001). 
Different blood collection procedures are described for the mouse. Blood collection by 
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retroorbital sinus puncture under short-term general anesthesia results in the collection of a 
large sample volume, the absence of marked hemolysis, the achievement of reproducible 
examination results and the possibility of repeated collection at the same site. Thus, it is 
recommended for the clinical chemical screen. For the general clinical chemical screen, 
fasting of the mice, e.g. by food withdrawal overnight, is not recommended. From three-
month-old mice, 300 µl blood is collected in Li-heparin treated tubes to obtain 130 µl plasma 
and additional 50 µl blood is collected in EDTA-coated tubes. 

The clinical chemical parameters of blood plasma samples are automatically analyzed 
using appropriate routine procedures (Table 1). In our screen, an Olympus AU400 
autoanalyzer (Olympus, Hamburg, Germany) and the adapted reagents for human samples 
from Olympus (Hamburg, Germany) are used. Calibration and quality control are performed 
according to the manufacturer’s protocols. The clinical chemical analysis is carried out in 130 
µl plasma diluted with the same volume of deionised water to the total volume of 260 µl and 
includes the following 19 parameters in their linear measurement range: substrates: 
cholesterol, creatinine, glucose, triglycerides, urea, uric acid; proteins: total protein, ferritin, 
transferrin; electrolytes: calcium, chloride, inorganic phosphorus, potassium, sodium; enzyme 
activities: alanine aminotransferase (EC 2.6.1.2), aspartate aminotransferase (EC 2.6.1.1), 
alkaline phosphatase (EC 3.1.3.1), α-amylase (EC 3.2.1.1), creatine kinase (EC 2.7.3.2). 

Analysis of the hematological parameters is done using an Animal Blood Counter (Scil, 
Viernheim, Germany) validated by the manufacturer for the analysis of mouse blood. In 50 µl 
EDTA-treated blood, the following hematological parameters are directly measured: red 
blood cells: hemoglobin, mean corpuscular volume (MCV), red blood cell count (RBC); 
white blood cells: white blood cell count (WBC), platelets. Additional hematological 
parameters are calculated using the parameters measured. 

The clinical chemical screen which was established for the Munich ENU mouse 
mutagenesis project, is based on three steps. The largely automated high-throughput primary 
screen allows the efficient analysis of a large number of mice for a broad range of alterations 
in various organ systems and metabolic pathways. Automated high-throughput secondary 
screens are established for the confirmation of defined organ defects and the comprehensive 
analysis of tissue-specific profiles on subsequent blood samples. The tertiary screen is not 
carried out as high-throughput screen but consists of more specific and complex in-depth 
examinations of a relatively small number of mice for the detailed characterization of 
particular interesting disease phenotypes. This may be glucose tolerance test, blood gas 
measurement, differential white blood cell count, and urinary protein electrophoresis. Thus, 
the screen is suitable to detect a plethora of diverse defects in organ systems and metabolic 
pathways. Parameter selection may be adapted according to the aim of the proposed project 
(Klempt et al. 2006a). 



 

 

Table 1. Common clinical chemical plasma parameters established for the analysis of the mouse. 
___________________________________________________________________________________________________________________________________________________ 
Parameter     Assay      Unit1  Linear range2 
___________________________________________________________________________________________________________________________________________________ 
Alanine aminotransferase (EC 2.6.1.2)   IFCC, GSCC3     µkat/l  0.05-8.33 
            U/l  3-500 
Alkaline phosphatase (EC 3.1.3.1)   Orthophosphoric-monoester-phosphorhydrolase  µkat/l  0.08-25 
            U/l  5-1500 
α-Amylase (EC 3.2.1.1)    α-1,4-glucan-4- glucanohydrolase   µkat/l  0.08-25 
            U/l  5-1500  
Aspartate aminotransferase (EC 2.6.1.1)   IFCC, GSCC3     µkat/l  0.05-16.7 
            U/l  3-1000 
Calcium     Arsenazo III     mmol/l  1-4 
Chloride     Target value ISE indirect    mmol/l  50-200 
Cholesterol      Cholesteroloxidase peroxidase (CHOD-PAP)  mmol/l  0.64-18 

      mg/dl  25-700 
Creatine kinase (EC 2.7.3.2)    IFCC, GSCC3     µkat/l  0.17-33.4 
            U/l  10-2000 
Creatinine     Jaffé      µmol/l  18-2200 

mg/dl  0.2-25 
Ferritin      Latex agglutination     µg/l  8-450 
Glucose      Hexokinase     mmol/l  0.6-45 

mg/dl  10-800 
Phosphorus, inorganic    Complex formation with molybdate   mmol/l  0.32-6.4 
Potassium     Target value ISE indirect    mmol/l  1-10 
Sodium      Target value ISE indirect    mmol/l  50-200 
Total protein     Biuret      g/dl  3-12 
Transferrin     Turbidimetric end point    mg/dl  75-750 
Triglcerides     Glycerolphosphateoxidase peroxidase (GPO-PAP)  mmol/l  0.11-11.4 
            mg/dl  10-1000 
Urea      Glutamate dehydrogenase (GLDH)   mmol/l  0.8-50  
            mg/dl  5-300 
Uric acid     Uricase, Peroxidase (POD), N-ethyl-N-(2-hydroxy-  µmol/l  11.9-1487 

3-sulfopropyl)-3-methylaniline (TOOS), 4-aminophenazone mg/dl  0.2-25 
___________________________________________________________________________________________________________________________________________________ 
1 The SI unit of the parameter is given in the first line in the cases where two units are listed. 
2 Linear measurement range for the Olympus AU400 autoanalyzer (Olympus, Hamburg, Germany) and the adapted reagents for human samples according to the manufacturer. 

   3 Assay based on the recommendations of the International Federation for Clinical Chemistry and the German Society for Clinical Chemistry. 
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Standardization 
 
Multiple factors influence the outcome of the phenotypic analysis of the mouse. Effective 

standardization of the mouse husbandry including the abiotic and biotic environmental 
factors is carried out for the achievement of valid and reproducible results of the clinical 
chemical screen. Standardization of mouse husbandry has been extensively reviewed 
(Hedrich and Bullock 2004, and references therein). Mouse husbandry is done under a 
continuously controlled specific pathogen-free (SPF) hygiene standard according to the 
recommendations of the Federation of European Laboratory Animal Science Associations 
(FELASA) (Nicklas et al. 2002) (http://www.felasa.eu). 

Former phenotype assessment protocols like SHIRPA included the analysis of few basal 
biochemical parameters (Rogers et al. 1997). Comprehensive phenotypic examination as well 
as standardization of the phenotypic analysis for obtaining valid and reproducible results 
were greatly improved by establishing specialized mouse phenotyping centers which use 
defined standard operating procedures (SOPs) (Table 2) (http://www.interphenome.org). The 
aim of the centers is the characterization of mouse models for human diseases to understand 
molecular mechanisms of human disorders and to develop new therapies. The specialized 
mouse phenotyping centers develop and offer the standardized and comprehensive 
phenotypic analysis of mouse mutants from various sources (e.g. transgenics, knockout mice, 
mutants from mutagenesis screens like ENU). As an example, the German Mouse Clinic 
(GMC) (Gailus-Durner et al. 2005) (http://www.mouseclinic.de) was established evolving 
from the Munich ENU mouse mutagenesis project. It offers the examination of more than 240 
parameters. The screens in the German Mouse Clinic are designated to the areas of allergy, 
behavior, cardiovascular analysis, clinical chemistry, dysmorphology with special emphasis 
on bone and cartilage development, energy metabolism, immunology, lung function, 
molecular phenotyping, neurology and pain perception, steroid metabolism, vision, and 
pathology. 

 
Table 2. Mouse phenome databases containing protocols and results of clinical chemical 

analyses (according to http://www.interphenome.org). 
______________________________________________________________________________ 
Database           URL 
______________________________________________________________________________ 
EMPReSS          http://empress.har.mrc.ac.uk 
Ensembl           http://www.ensembl.org 
EuroPhenome          http://www.europhenome.eu 
IMSR (International Mouse Strain Resource)      http://www.informatics.jax.org/imsr/index.jsp 
Mouse Genome Informatics (MGI)        http://www.informatics.jax.org 
Mouse Phenome Database (MPD)        http://aretha.jax.org/pub- 

      cgi/phenome/mpdcgi?rtn=docs/home 
Omic Space          http://omicspace.riken.jp 
RIKEN GSC          http://www.gsc.riken.jp/Mouse/main.htm 
______________________________________________________________________________ 
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Various projects published SOPs for the clinical chemical analysis and data obtained by 
using these SOPs (Table 2) (Paigen and Eppig 2000; Mouse Phenotype Database Integration 
Consortium 2007) (http://www.interphenome.org). The Mouse Genome Database (MGD) 
serves as an integration point for mouse genomic and biological data (Strivens and Eppig 
2004). In Europe, EUMORPHIA was a project funded by the European Commission. The 
work carried out was EMPReSS (European Mouse Phenotyping Resource of Standardized 
Screens) (Brown et al. 2005; Green et al. 2005), a database of SOPs for standardized screens 
to characterize the mouse phenotype, EuroPhenome (Mallon et al. 2008), an online database 
to hold phenome data obtained from the EMPReSS SOPs, and EUMODIC (European Mouse 
Disease Clinic), the generation of the phenome data on several hundred mutant mouse lines 
using the EMPReSS SOPs (Mouse Phenotype Database Integration Consortium 2007). 
EMPReSS contains SOPs for the clinical chemical and hematological analysis including 
animal husbandry and diet, blood collection, blood sample handling and analytical tests. 
Clinical chemical and hematological data of selected inbred strains (129Sv, BALB/c, C3H, 
C57BL/6) are stored in the EuroPhenome phenotyping resource allowing the assessment of 
inter-strain, -gender and -laboratory variation of the tests. 

 
 

Outcome of the Analysis 
 
Prerequisite to the detection of phenotypic alterations in mutant mice is the determination 

of the physiologic values in the genetic background used in each project. By examining a 
sufficient number of control mice, the 95% range of the values is defined to be the reference 
range thereby eliminating outlier data. The 95% range covers the data range including two 
standard deviations above and below the mean if Gaussian distribution of the data occurs for 
the parameter in question (Loeb and Quimby 1999). 

The published clinical chemical data from various projects (Table 2) (Mouse Phenotype 
Database Integration Consortium 2007) (http://www.interphenome.org) are of great value for 
the choice of the appropriate mouse strain according to the aims of the proposed project. 
Analysis of selected inbred strains (129Sv, BALB/c, C3H, C57BL/6) in the German Mouse 
Clinic showed considerable differences in the values of the clinical chemical and 
hematological parameters (Table 3). Interaction of unrecognized laboratory-specific factors in 
mouse genotype, husbandry and experimental procedure may lead to significant deviations in 
the results of highly standardized analyses of clinical chemical and hematological parameters 
(Champy et al. 2004, 2008; Klempt et al. 2006b). As the great number of critical variables 
can not be completely standardized between different laboratories, analysis of a sufficient 
number of controls is necessary for each project (Loeb and Quimby 1999). 



 

 

Table 3. Physiologic values (mean±SD) of clinical chemical plasma parameters in 12-week-old inbred mice (n=15 per strain and sex). 
_____________________________________________________________________________________________________________________________________________________ 
   Males        Females 
   _____________________________________________________________  ____________________________________________________ 

129SvJ  BALB/cAnPt C3HeB/FeJ C57BL/6J  129SvJ   BALB/cAnPt C3HeB/FeJ C57BL/6J 
Parameter (Unit) 
_____________________________________________________________________________________________________________________________________________________ 
Cholesterol (mg/dl)  123±11C   103±5  174±11C  96±13  98±9C    81±6A  130±21C  73±9 
Creatinine (mg/dl)  0.30±0.02C 0.30±0.03C 0.29±0.03C 0.39±0.03  0.32±0.02B   0.28±0.03C 0.31±0.03B 0.34±0.03 
Glucose (mg/dl)  171±26C  73±20  196±19C  67±19  166±20C    90±21  165±20C  79±34 
Triglycerides (mg/dl)  217±55C  195±30B  303±59C  153±32  149±31C    146±28C 272±109C  83±28 
Urea (mg/dl)  66±8  51±6C  50±8C  72±9  62±8A     44±6C 42±10C  70±12 
Uric acid (mg/dl)  1.5±0.4  1.4±0.7  1.5±0.7  1.3±0.9  1.1±0.5     3.2±1.6A 1.5±0.6  1.9±1.8 
Ferritin (μg/l)  36±4C  55±8C  54±8C  72±13  39±4C     73±16C 75±13C  118±30 
Total protein (g/dl)  5.3±0.4A  5.4±0.2A  5.7±0.3  5.6±0.2  5.1±0.3B     5.3±0.2 5.5±0.2  5.4±0.2 
Transferrin (mg/dl)  152±6C  161±4C  183±5C  144±5  155±4C    164±4C 182±5C  147±4 
Calcium (mmol/l)  1.9±0.1C  2.0±0.1C  2.3±0.1A  2.3±0.1  2.0±0.0C    2.0±0.1C 2.4±0.0C  2.2±0.1 
Chloride (mmol/l)  110±3.5C  114±1.1C  112±1.2C  117±2.3  109±2.0C    115±1.7C 114±1.5C  119±3.2 
Phosphorus (mmol/l)  1.4±0.1C  1.6±0.3C  1.9±0.2  2.0±0.3  1.4±0.2C     1.5±0.1A 1.7±0.4  1.7±0.2 
Potassium (mmol/l)  4.6±0.4C  4.3±0.3B  4.3±0.2C  3.9±0.3  5.0±0.4C     4.8±0.6C 3.9±0.2  3.7±0.3 
Sodium (mmol/l)  152±5.1C  161±1.5C  157±1.3C  166±2.1  149±2.2C     160±1.5C 156±1.4C  163±2.3 
ALT (U/l)   13±5B  26±12  16±4  19±6  13±5B     25±12 15±4A  27±17 
ALP (U/l)   nd  156±9  163±29  150±12  nd     177±23 214±34A  187±39 
Amylase (U/l)  2674±224  2786±237  2466±161  2626±345  2535±191B   2500±168B 2068±132C         3587±1351 
AST (U/l)   22±7A  41±13  23±5A  37±23  24±5C     62±27B 32±10  38±12 
CK (U/l)   50±49A  171±127  69±55  233±313  41±25C    216±156A 110±96  113±53 
Hemoglobin (g/dl)  18.1±0.9C  17.2±1.8B  15.5±0.5  15.4±1.4  16.6±0.9C      15.4±2.6 15.3±0.4  15.1±0.8 
MCV (fl)   48.7±0.5C  47.6±0.7C  49.6±0.5C  45.4±0.9  50.1±0.4C     48.7±0.8C 50.8±0.7C   45.1±1.0 
RBC (×106/μl)  11.5±0.6C  11.3±1.2A  10.0±0.4  10.3±0.9  10.1±0.5     9.8±1.7 9.8±0.3A  10.1±0.5 
WBC (×103/μl)  6.1±1.1  5.1±1.4  6.3±1.3  5.8±1.4  6.3±0.8C      4.0±1.8 5.4±1.2B  3.9±1.4 
Platelets (×103/μl)  562±50C  739±64A  704±52B  860±165  549±49C     579±159C 660±87C  887±128 
_____________________________________________________________________________________________________________________________________________________ 
 nd, not determined. t-test of the values compared to C57BL/6J: A p < 0.05, B p < 0.01, C p < 0.001. 
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Clinical Chemical Phenotyping  
to Define Novel Mouse Models 

 
Spontaneous and induced mouse mutants show a large variation in clinical chemical and 

hematological values. The clinical chemical screen allows not only the accurate and efficient 
examination of the expected effects but also the discovery of additional, more subtle 
consequences of particular genetic modifications, e.g. in knockout mice without obvious 
phenotypic alterations. Furthermore, in-depth clinical chemical examinations contribute to 
the understanding of the pathomechanisms in mouse models with interesting disease 
phenotypes. In the following, the impact of overall and specialized clinical chemical analyses 
of mice derived from gene-driven as well as phenotype-driven projects is shown on various 
examples. 

In humans, increased bone fragility, fractures and osteoporosis are main symptoms of the 
inherited disorder Osteogenesis imperfecta. A novel ENU-induced mouse model was derived 
from the dysmorphology screen for dominant mutations in the Munich ENU mouse 
mutagenesis project. The heterozygous mutants exhibited reduced bone mass, multiple 
fractures and early lethality. The causal gene in the mutant mice was mapped to chromosome 
11 by linkage analysis, and a C-terminal frameshift mutation was identified in the collagen 
type I, alpha 1 (Col1a1) gene. The subsequent examination of the mice included clinical 
chemical analysis which specifically concentrated on parameters of the bone turnover. 
Compared to wild-type controls, increased levels of alkaline phosphatase, tartrate-resistent 
acid phosphatase 5b and osteocalcin as well as of the hormones parathyroid hormone and 
calcitonin were detected in the heterozygous mutants. Thus, the metabolic bone turnover was 
elevated in the heterozygous mutants. These analyses contributed to the phenotypic 
description of a new model for Osteogenesis imperfecta (Lisse et al. 2008). 

The four dickkopf (Dkk) genes encode a small family of secreted Wnt antagonists and 
show regionalized expression during vertebrate embryogenesis. Dickkopf3 (Dkk3) appears as 
a divergent member of the Dkk family and its function is poorly understood. Using genetic 
engineering techniques, Dkk3 deficient mice were generated by targeted disruption. Dkk3 
knockout mice were viable and fertile. Overall phenotypic analysis showed no major 
alterations in organ morphology and physiology. Therefore, they were phenotypically 
analyzed in the German Mouse Clinic including the overall clinical chemical and 
hematological examination. In this screen, increased hemoglobin and hematocrit levels were 
observed. Mean corpuscular volume (MCV) and mean corpuscular hemoglobin (MCH) were 
increased, whereas mean corpuscular hemoglobin concentration (MCHC) was decreased. The 
proposed function of Dkk3 in thyroid hormone metabolism was not supported as mutant mice 
were euthyroid. Instead, novel phenotypes were observed for the subsequent description of 
the Dkk3 gene function (Barrantes et al. 2006). 

Mutations in the hemochromatosis (Hfe) gene result in hereditary hemochromatosis (HH) 
which is characterized by increased duodenal iron absorption. As there is no known 
physiologic pathway for iron excretion, this results in tissue iron overload. Hfe knockout 
mice as well as mice harboring the orthologous Hfe disease mutation of human patients 
recapitulate the human HH phenotype. Specific clinical chemical analysis of the iron 
metabolism in the Hfe mutants observed increased liver iron levels, normal serum iron and 
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ferritin levels and decreased unsaturated iron binding capacity (UIBC). For the further 
functional analysis of Hfe, tissue-specific Hfe knockout mice were generated by using the 
Cre/loxP technology. Mice with efficient deletion of Hfe in crypt- and villi-enterocytes were 
examined for iron metabolism parameters. They maintained physiologic iron metabolism 
with wild-type hepatic iron levels, normal serum iron and ferritin levels and unaltered 
unsaturated iron binding capacity (UIBC). This demonstrated that intestinal Hfe is 
dispensable for the physiologic control of systemic iron homeostasis under steady state 
conditions thereby excluding a direct role for duodenal Hfe in the pathogenesis of HH (Vujic 
et al. 2007). 

The Notch signaling pathway is an evolutionarily conserved transduction pathway 
involved in embryonic patterning and regulation of cell fates during development. Delta1 
(Dll1) is one of the ligands of the Notch receptors. Homozygous Dll1 knockout mice die 
during embryonic development. Heterozygous Dll1 knockout mice were phenotyped 
including the overall clinical chemical screen. Compared to wild-type controls, they showed 
alterations in metabolites and electrolytes relevant for kidney function. Subsequently, a 
genetic screen for modifiers of the Dll1-dependent Notch signaling in the mouse was carried 
out. Heterozygous Dll1 knockout mice were used for a phenotype-driven modifier screen by 
crossing them to ENU-mutagenized mice. The offspring were subsequently phenotyped 
including the analysis of clinical chemical parameters. New mutant lines were generated, and 
five of them are novel tools for studying the role of Dll1-dependent Notch signaling in kidney 
and liver function as well as cholesterol and iron metabolism (Rubio-Aliaga et al. 2007). 

 
 

Generation of Novel Mouse Models by Phenotype-
Driven ENU Mouse Mutagenesis Projects 

 
Random chemical mutagenesis and subsequent screening for clinically relevant 

phenotypes without a priori assumptions is a powerful approach to derive novel mouse 
models for biomedical research. The alkylating agent N-ethyl-N-nitrosourea (ENU) is 
currently the most powerful mutagen for the production of mutant mice. ENU shows 
mutagenic action on premeiotic spermatogonial stem cells. This allows the production of a 
large number of randomly mutant offspring from treated males. Compared to other 
mutagenesis methods, ENU predominantly induces point mutations thereby leading to allelic 
series for the functional analysis of genes (Stanford et al. 2001). Mutations induced by ENU 
are not tagged molecularly as it is the case in other random mutagenesis projects e.g. using 
gene traps. This is initially a disadvantage as the causative mutations have to be analyzed by 
linkage analysis. However, the availability of point mutations is important for the detailed 
functional analysis of genes. The function of a given gene cannot be described by analyzing 
only one mutant allele, but multiple alleles of the same gene are necessary for this goal 
(Hrabé de Angelis et al. 2007). 

After mating the ENU mutagenized males to wild-type females, specific pathologic states 
are identified in the offspring by appropriate routine procedures which allow the screening of 
large numbers of mice for a broad spectrum of parameters. Phenotypic screens in major ENU 
mouse mutagenesis projects often include allergy, behaviour, clinical chemistry, 
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dysmorphology, immunology as well as other screens with a high number of test parameters. 
However, also smaller laboratories efficiently set up specialized projects. Screening profiles 
of clinical chemical blood parameters were established in order to detect phenotypic variants 
with defects of various organ systems or changes in metabolic pathways. Thus, the ENU 
mouse mutagenesis projects established during the last ten years serve as platforms for the 
systematic, genome-wide, large-scale production and analysis of mouse mutants as a model 
system for inherited human diseases, thereby facilitating the identification and functional 
characterization of genes which are relevant for the prevention, diagnosis, and therapy of 
diseases (Hrabé de Angelis et al. 2007). Mutant lines with the causative mutation already 
identified are successfully used in different areas of biomedical research (Hrabé de Angelis et 
al. 2000; Nolan et al. 2000). 

ENU mouse mutagenesis projects include following parts: genome-wide random 
mutagenesis of founder males, breeding of G1 and G3 offspring according to a defined 
breeding scheme, phenotypic screening of G1 and G3 offspring for alterations, confirmation 
cross to confirm a mutation as cause for the phenotypic alteration, generation of a mutant line 
inheriting the altered phenotype, chromosomal mapping of the mutation by linkage analysis, 
identification of the causal mutation, and in-depth phenotyping of the mutant line (Aigner et 
al. 2008, and references therein). As a representative example for the basic strategy of other 
projects, in the Munich ENU mouse mutagenesis project ten-week-old inbred C3H male mice 
were injected intraperitoneally with ENU. The screen for dominant mutations was performed 
on G1 animals which were derived by mating of mutagenized G0 males to wild-type females. 
G1 males which did not show an abnormal phenotype in the screen for dominant mutations, 
were mated to wild-type females to produce G2 daughters which were then mated to their 
fathers. The resulting G3 mice were used for the screen for recessive mutations (Figure 2A). 
Breeding of the phenotypically affected mice and screening of the offspring confirmed the 
transmission of the altered phenotype to subsequent generations, thereby revealing a mutation 
as cause for the aberrant phenotype. Inheritance of observed abnormal phenotypes in G1 mice 
was tested in G2 offspring from the mating of the affected G1 mouse exhibiting the altered 
phenotype and wild-type mice. Inheritance of observed abnormal phenotypes in the G3 mice 
was tested on G4 intercross or G4 × G3 backcross offspring in the inbred genetic background 
(Figure 2B). ENU mouse mutagenesis projects are done on different inbred genetic 
backgrounds (BALB/c, C3H, C57BL/6). The chemically mutagenized mice are subsequently 
mated with mice of the same or of different inbred strains. 

Using similar mutagenesis protocols and various inbred strains, studies of different 
chromosomal regions of ENU-mutagenized mice with different molecular genetic methods 
observed one mutation in 100,000 bp and one mutation in 1.0-2.5 Mbp (Aigner et al. 2008, 
and references therein). After confirming the inheritance of the mutant phenotype to the 
subsequent generations, backcross of the phenotypic mutant animal to wild-type mice leads 
to the loss of non-causative mutations. After ten backcross generations, 20 cM of the 
originally mutagenized genomic DNA remains which harbours about 25 mutations including 
the causative mutation (Silver 1995). Considering only a small number of the more than 1000 
mutations per animal as potentially functional by causing phenotypic consequences, at least 
the very most part of them except of the causative mutation is segregated (Russ et al. 2002; 
Keays et al. 2006). 
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Figure 2. Generation of novel disease models in phenotype-driven ENU mouse mutagenesis projects. (A) 
After treatment of male mice with ENU, defined mating schemes produce the G1 and G3 offspring, which 
are phenotypically examined for alterations e.g. by clinical chemical analysis. Mice with phenotypic 
alterations of clinical relevance (variants) presumably habour a causative dominant (G1) or recessive (G3) 
mutation (in circles). (B) Phenotypic G1 and G3 variants (in circles) are mated to test the inheritance of the 
altered phenotype caused by dominant or recessive mutations, respectively. The chromosomal position of the 
causative mutation is identified by linkage analysis which is subsequently followed by candidate gene 
analysis. Black triangle: ENU-induced mutation causing an altered phenotype; light triangles: non-causative 
ENU-induced mutations. 
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The establishment of lines showing the mutant phenotype indicates the penetrance of the 
mutant phenotype and the number of segregating mutations causing the mutant phenotype. 
The underlying mutation is then identified by forward genetics strategies. The examination of 
the chromosomal position of the causative mutation is carried out by linkage analysis (Figure 
2B). Briefly, phenotypic mutants harbouring the mutation are bred to wild-type mice of a 
second inbred strain, the resulting hybrid offspring are analyzed for the abnormal phenotype 
of the parent and hybrid mutants are backcrossed to wild-type mice of the second inbred 
strain (for dominant mutations) or intercrossed (for recessive mutations). The resulting 
offspring are again analyzed for the abnormal phenotype of the parent, thereby dividing them 
into phenotypically mutant and non-mutant animals. Genome-wide linkage analysis of the 
genomic DNA samples using polymorphic markers subsequently reveals the chromosomal 
position of the mutation. Further linkage analysis on the determined chromosomal site and 
candidate gene analysis including sequencing techniques are then performed in order to 
identify the causative mutation (Silver 1995). The probability that a confounding mutation is 
linked to a sequenced mutation in a determined chromosomal region with a length of 5 Mb 
was calculated to be low (p < 0.05). In total, most mutant phenotypes are effectively 
monogenic (Keays et al. 2006, 2007). 

The functional proof that a mutation which lies in the correct genomic interval is 
responsible for the phenotype may be carried out by demonstrating that the affected protein is 
absent or inactive, by rescuing the phenotype via introduction of a wild-type copy of the gene 
using reverse genetics methods, or by performing complementation tests with another mutant 
allele (Caspary and Anderson 2006). The mutants may carry loss-of-function, dominant 
negative, hypomorphic or gain-of-function alleles of the affected genes. 

 
 
Clinical Chemical Screening in ENU Projects  

 
Several public ENU mouse mutagenesis projects used clinical chemical screening 

parameters for the generation of novel disease models (Table 4). In the Munich ENU mouse 
mutagenesis project, a screening profile of clinical chemical parameters was established for 
the analysis of offspring of chemically mutagenized mice on the inbred C3HeB/FeJ (C3H) 
genetic background. Screening of more than 20,000 G1 and G3 mice for dominant and 
recessive mutations led to the establishment of about 100 mutant lines with deviations of 
various plasma substrates, proteins, electrolytes and enzyme activities, and/or hematological 
parameters (Klempt et al. 2006a). 

In addition to the clinical chemistry screen in the Munich ENU project, a systematic 
clinical chemistry analysis has been described to date in another ENU mouse mutagenesis 
program (Nolan et al. 2000). The appearance of lines exhibiting altered plasma parameter 
values was reported on a different genetic background (BALB/c × C3H) (Hough et al. 2002). 
Specific plasma parameters were described for their successful use in other phenotype-driven 
ENU mouse mutagenesis projects (Table 4), e.g. diabetes models were established by screen 
for hyperglycemia (Aigner et al. 2008). 

Search for defined phenotypes in published chemically induced (ENU) mutants (as of 
23.02.2009) of the “phenotypes and alleles” database in the Mouse Genome Informatics 
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website (http://www.informatics.jax.org/searches/allele_form.shtml) revealed 1948 alleles 
and 1607 genes/markers. Of them, 194 alleles and 165 genes/markers were described with 
phenotypes influencing homeostasis or metabolism, whereas 182 alleles and 146 
genes/markers were described with phenotypes influencing the hematopoietic system. In 
total, 344 alleles and 291 genes/markers show alterations in homeostasis or metabolism 
and/or the hematopoietic system. 

 
Table 4. Major public ENU mouse mutagenesis projects using clinical chemical 

screening parameters. 
______________________________________________________________________________ 
ENU project      URL 
______________________________________________________________________________ 
Baylor College of Medicine, Houston, USA  http://www.mouse-genome.bcm.tmc.edu 
Helmholtz-Zentrum, München, Germany  http://www.helmholtz-muenchen.de/en/ieg/ 
Jackson Laboratory, Bar Harbor, USA  http://pga.jax.org 
MRC, Harwell, UK    http://www.mgu.har.mrc.ac.uk 
RIKEN GSC, Yokohama, Japan   http://www.gsc.riken.go.jp/Mouse 
University of Toronto, Toronto, Canada  http://www.cmhd.ca 
______________________________________________________________________________ 

 
 

ENU-Induced Mouse Models for Selected 
Disorders by Clinical Chemical Screen of the 

Munich ENU Project 
 
The clinical chemical screen of the Munich ENU mouse mutagenesis project especially 

focused on the analysis of the plasma levels of cholesterol, glucose and urea to produce novel 
models for the biomedical research in the fields of atherosclerosis and cardiovascular disease, 
diabetes, and nephropathies. 

 
 

Plasma Cholesterol as Screening Parameter 
 
Development of atherosclerotic cardiovascular disease is influenced by dyslipidemia 

including increased values of the normal proportion of low density lipoprotein cholesterol 
(LDL-C) and high density lipoprotein cholesterol (HDL-C). Beneath a subset of rare 
monogenic forms, pathologic cholesterol levels often occur as a polygenic and multifactorial 
disorder. Humans show predominantly LDL-C and are sensitive to diet-induced elevations of 
LDL-C. In contrast, mice exhibit high amounts of HDL-C and a low LDL-C level (Loeb and 
Quimby 1999). Therefore, instead of acting as model to enlighten the pathogenesis of human 
cardiovascular diseases, mice are the animal model of choice to search for additional alleles 
influencing the plasma lipoprotein cholesterol homeostasis. 

Determination of the physiologic plasma cholesterol range in male and female C3H 
controls resulted in total cholesterol levels of 132±15 (mean ± standard deviation) and 
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109±17 mg/dl, respectively. The 95% range of the values covered the data range including 
two standard deviations above and below the mean which indicated the Gaussian distribution 
of the data. Thus, hypercholesterolemia was defined in our test for male and female mice 
showing values above the cut-off level of 160 and 140 mg/dl, respectively, whereas 
hypocholesterolemia was defined for male and female mice showing values below the cut-off 
levels of 100 and 75 mg/dl, respectively. 

Hypercholesterolemic and hypocholesterolemic variants derived from the phenotype 
screening of the G1 and G3 mice were subsequently mated for the analysis of the inheritance 
of the altered cholesterol phenotype (Mohr et al. 2004; Aigner et al. 2007b). Using the mice 
with hypercholesterolemia, nine males of the 43 offspring producing phenotypic variants 
transmitted hypercholesterolemia to the subsequent generations which led to six and three 
mutant lines harboring dominant and recessive mutations, respectively. The male and female 
phenotypic mutants of the nine lines showed mean plasma total cholesterol levels between 
170 and 230 mg/dl and between 150 and 200 mg/dl, respectively. In five of the nine lines, a 
high phenotypic penetrance of hypercholesterolemia was observed, whereas the other four 
lines showed an incomplete penetrance of various degrees. 

Using the mice with hypocholesterolemia, 12 hypocholesterolemic lines harboring 
dominant mutations and three hypocholesterolemic lines harboring recessive mutations were 
established. The male and female phenotypic mutants of the 15 lines showed mean plasma 
total cholesterol levels between 62 and 95 mg/dl and between 53 and 68 mg/dl, respectively. 
A high phenotypic penetrance of hypocholesterolemia was observed in 13 of the 15 lines. 

The majority of the hypercholesterolemia and hypocholesterolemia lines showed no 
obvious deviations in the additional clinical chemistry plasma parameters measured and also 
appeared normal in the general clinical examination. Thus, most lines harbor mutations in 
genes which do not cause altered plasma cholesterol levels secondary to preceding alterations 
in other metabolic pathways, but primarily and selectively influence the plasma cholesterol 
homeostasis. In summary, we successfully established a novel panel of ENU-derived mutant 
mouse lines for their subsequent use in the identification of alleles influencing the plasma 
cholesterol homeostasis in humans and other species (Mohr et al. 2004; Aigner et al. 2007b). 

 
 

Plasma Glucose as Screening Parameter 
 
Determination of the physiologic plasma glucose range in male and female C3H controls 

resulted in levels of 128±47 (mean ± standard deviation) and 123±47 mg/dl, respectively. 
Using plasma glucose as parameter in the screen for dominant mutations, we found 
hyperglycemia (276 and 335 mg/dl) in the male G1 mouse no. 20016135 (Herbach et al. 
2007; Aigner et al. 2008). Mating revealed the inheritance of the abnormal phenotype to the 
G2 offspring leading to the mutant line GLS004. The line GLS004 was bred for more than 
ten generations without losing the abnormal phenotype. Genome-wide linkage analysis of the 
mutation using a single nucleotide polymorphism (SNP) marker assay resulted in the strong 
linkage of the mutation to the marker rs13479566 of chromosome 7. Candidate gene 
examination of insulin 2 (Ins2) in the mutant mice observed a T→A transversion in the Ins2 
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gene at nt 1903 in exon 3, which leads to the amino acid exchange C95S and loss of the A6-
A11 intrachain disulfide bond. Therefore, the line was designated Munich Ins2C95S. 

From one month of age onwards, blood glucose levels of heterozygous Munich Ins2C95S 
mutant mice were significantly increased as compared to controls. The fasted and 
postprandial serum insulin levels of the heterozygous mutants were indistinguishable from 
those of wild-type littermates. However, serum insulin levels after glucose challenge, 
pancreatic insulin content and homeostasis model assessment (HOMA) beta cell indices of 
heterozygous mutants were significantly lower than those of wild-type littermates. Initial 
blood glucose decrease during insulin tolerance test was lower and HOMA insulin resistance 
indices were significantly higher in mutant mice. The total islet volume, the volume density 
of beta cells in the islets and the total beta cell volume of heterozygous male mutants were 
significantly reduced, as compared to wild-type mice. Electron microscopy of the beta cells 
of male mutants showed virtually no secretory insulin granules, the endoplasmatic reticulum 
was severely enlarged and mitochondria appeared swollen. In total, we established a novel 
diabetes mouse model which represents an excellent tool for studying the mechanisms of beta 
cell dysfunction and death, and for therapeutic intervention studies (Herbach et al. 2007). 

 
 

Plasma Urea as Screening Parameter 
 
Kidney diseases lead to the failure of urinary excretion of metabolism products. In our 

study, urea levels in plasma from male and female C3H controls corresponded to 48±11 
(mean ± standard deviation) and 41±11 mg/dl, respectively. The values within the 95% range 
were defined to be physiologic thereby eliminating outlier data. Thus, pathologic plasma urea 
levels were defined in our test for both male and female mice showing values above the cut-
off level of 70 mg/dl in two measurements within a three-week interval. 

We identified 44 animals consistently exhibiting increased plasma urea concentrations 
(Aigner et al. 2007a). Transmission analysis of the altered phenotype of 23 mice to 
subsequent generations led to the establishment of five mutant lines. One and four mutant 
lines were derived from the screen for dominant and recessive mutations, respectively. Both 
sexes were affected in the lines. The phenotypic mutants of the five lines showed mean 
plasma urea levels between 83 and 106 mg/dl, respectively. A suitable phenotypic penetrance 
of the pathologic urea levels above 50% was observed in all five lines which facilitates 
effective phenotypic and molecular genetic analyses. The five lines were bred for multiple 
generations without losing the abnormal phenotype. 

Urinary urea levels were decreased in the mutants of the five lines. In addition, most 
mutants showed increased plasma and decreased urinary creatinine levels. Pathological 
investigation of kidneys from the five mutant lines revealed a broad spectrum of alterations, 
ranging from no macroscopic and light microscopic kidney alterations to decreased kidney-
to-body weight ratio, dilation of the renal pelvis and severe glomerular lesions. 

Linkage analysis of the chromosomal site of the mutation was already carried out in two 
lines with recessive mutations. The examination revealed a strong linkage of the mutation to 
a defined single chromosomal site on chromosome 2 at 132 Mb (Mouse genome build 36.1) 
in one line and on chromosome 7 at 115 Mb in the other line (Aigner et al. 2007a). The 
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ongoing work in the five nephropathy models includes the linkage analysis of the causative 
mutation in the other three lines, the identification of the causative mutation in the linked 
chromosomal region, and the further in-depth analysis of the altered phenotype. 

 
 

Conclusion 
 
Different mouse strains show a large variation in clinical chemical and hematological 

values. Standard operating procedures (SOPs) were published for the standardized clinical 
chemical analysis. Data derived from selected inbred strains may be used as reference values. 
Mouse disease models derived from both gene-driven and phenotype-driven projects were 
comprehensively analyzed for clinical chemical and hematological parameters both as overall 
screen thereby using high-throughput techniques as well as in-depth pathway-specific 
screens. This led to the description of novel animal models for prominent human health 
problems. In addition, ENU mouse mutagenesis projects generated novel mutant animal 
models with primary alterations in clinical chemical and/or hematological parameters for 
their subsequent use in biomedical research. Further phenotypic and genetic analyses 
promote the integrated evaluation of the mammalian genome function and represent an 
important contribution to the development of systems biology of complex organisms. 
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Abstract 
 
Congenital diseases refer to the pathologic changes that ascribe to the solitude or 
cooperative factors of heredity, poison or drugs, infection and environment, before or at 
birth. The onset of congenital diseases can either be found immediately after birth, or in 
the growth process of children, or even after adult. There are several kinds of pathologic 
changes of congenital diseases: malformation, chromosomal abnormality and genic 
abnormality, etc. Gene therapy is a new technology developed in last two decades, and 
traditional gene therapy is to introduce exogenous DNA or RNA segments into target 
cells or tissues, or to retrieve and repair gene defects. In recent years, this technology, 
besides above-mentioned, has expanded to skipping or silencing virulence genes, 
enhancement of antivirulence genes, and regulation of cell functions by using cytokine 
genes, etc. Although still in a primitive stage, now gene therapy is widely used in the 
management of congenital diseases. In this article, we reviewed some representative 
preclinical and clinical gene therapies, in the aspects of gene targets, vectors, routes and 
opportunity of administration, as well as side-effects, to analyze the key points and 
research highlights in gene therapy of congenital diseases and prospect for possible 
approaches and potential applications in future. 
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Introduction 
 
The past medical view of a congenital disease was considered as “a group of uncommon 

disease which is caused by chromosome or gene abnormality and mainly happened in 
children”(1), which might had been right 30 years ago, with the approval of gene drugs in 
clinical trials by FDA since 1990 and accomplishment of genomic sequencing by 2004, 
people began to realize sufficiently that owing to the importance of genes interacting with the 
other factors such as poison or drugs, infection and environment, the risk of a certain 
congenital disease may be higher in a specific group of people than the others. Along with 
the revealing of the mystery of genome, the concept of gene therapy expanded to a broader 
area and in almost every stage of growth and development-- from the neonatal period 
onwards to adulthood. Congenital diseases include most of the hereditary mono/polygenic 
diseases, birth defects and congenital intrauterine infections. Theoretically, repair for 
defective genes is the only thorough therapy for monogenic diseases, and gene transfer for 
viral infection could also gain more significant effect compared with traditional antiviral 
drugs. Nowadays, gene therapy includes: ① Introducing exogenous DNA or RNA segments 
into target cells or tissues. ② Retrieving and repairing gene defects. ③ Skipping or silencing 
virulence genes. ④ Regulation of cell functions by using cytokine genes to enhance or inhibit 
immune system indirectly. ⑤ Specifically killing pathological cells by exogenous gene 
expression. And the ultimate destination is to transfer exogenous gene into patients’ body to 
ensure efficient and appropriate expression to cure congenital diseases(2). In this article, we 
reviewed some preclinical and clinical gene therapy, in the aspects of gene targets, vectors, 
routes and opportunity of administration, to analyze the key points and research highlights in 
gene therapy of congenital diseases and prospect for possible approaches and potential 
applications in future.  

 
 

1. Development and Advancement of Gene 
Therapy of Congenital Diseases Sorted  

by Target Organ/Tissue/Cell/Virus 
 

1.1. Respiratory Epithelia 
 
The study of gene therapy of cystic fibrosis is one of the early researches in congenital 

lung diseases, it is known that gene therapy is performed in the CFTR gene of epithelia of 
respiratory tract in adenovirus, AAV or liposome vectors in vivo (3,4).In the early researches, 
gene therapy was performed in adult animal model (5,6), but in the adults, access to the 
deficient cell population was limited to the time after disease onset, and a significant level of 
organ and cell-directed gene transfer has been difficult to achieve (7). Then, fetoscopic gene 
therapy was developed (8), which was applied before the onset, and the trial showed a 
fetoscopic therapy could attain a high level of organ-specific gene transfer to the fetal lung 
late in gestation in the model of fetal sheep. In 2004, a clinical multicenter, double blind and 
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placebo-controlled trial— “Repeated adeno-associated virus serotype 2 aerosol-mediated 
cystic fibrosis transmembrane regulator gene(tgAAVCF) transfer to the lungs of patients with 
cystic fibrosis” was completed at phase Ⅱ, it resulted in encouraging trends in improvement 
in pulmonary function in patients with CF and mild lung disease, and confirmed the safety 
and good tolerability of the repeated doses of aerosolized tgAAVCF gene therapy (9). In 
2007, United Kingdom cystic fibrosis gene therapy consortium carried out a multidose trial to 
research the safety dose, timing of CT scanning, using computed tomography as a surrogate 
outcome measure (10), and the trial is still in progress. 

α1-antitrypsin(α1-AT) deficiency is a fatal hereditary disease most common in 
Caucasians, and leads to pulmonary emphysema and liver disease (11). The disease is 
inherited in an autosomal recessive fashion; several mutations have been identified that result 
in either absent or severely low levels of circulating protein. Plasma-derived α1-AT 
intravenous administration is a traditional treatment, but it is costly and has a short half-life, 
and frequent administration is necessary (12), especially, it needs to be purified from human 
serum. Therefore, gene therapy is considered to be efficient and convenient. At beginning, 
α1-AT gene in liposome or Ad vectors was transduced into animal models in variety of 
routes, including injection into muscles (13), tail vein, portal vein and directly into liver, 
infusion into biliary duct (14), or implantation of genetically modified myoblasts (15). In 
2000, patients with α1-AT deficiency received in vivo clinical trial, in a topical route— 
liposome-α1-AT complex which was given in nostril, and protein was detected, with a higher 
level than other routes of administration (16), and levels of the pro-inflammatory cytokine, 
IL-8, were decreased in the treated nostril, this anti-inflammatory effect was not observed in 
intravenous trials. Development of gene therapy of α1-AT deficiency strongly suggests that 
administration routes can be different and may lead to different expression level of the 
transferred α1-AT gene. 

 
 

1.2. Muscle 
 
Duchenne muscular dystrophy(DMD) is a fatal X-linked recessive hereditary disease, 

and it is induced by DMD gene which encodes the dystrphin (17). Mini dystrphin gene(6.3 to 
6.4kb) was cloned from the genome of patients with Becker muscular dystrophy(BMD) and 
transduced into DMD model. It could significantly improve muscular motive function (18). 
Later, RNAi based technologies consummated the gene therapy, antisense oligonucleotides 
and siRNA were transfected into muscular cell, which transformed frameshift mutation(FSM) 
into nonframeshift mutation(NFSM) and deleted abnormal terminator caused by NFSM (19). 
In recent years, body-wide gene therapy of Duchenne muscular dystrophy in the mdx mouse 
models has been researched, systemic delivery of the AAV/8 vector resulted in effective 
body-wide colonization, significant recovery of the functional properties in vivo, and a lower 
creatine kinase serum level, suggesting an overall decrease in muscle wasting (20), it 
provided solid bases for a systemic use of AAV-mediated antisense RNA expression for the 
treatment of DMD. 
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1.3. Myocardial Tissue 
 
Dilated cardiomyopathy(DCM) is a compound myocardial disease which has both 

hereditary and nonhereditary factors, δ- sarcoglycan gene was considered to induce DCM in 
the hamster model of T0-2 DCM (21,22). Recombinant adeno-associated virus/8(rAAV/8) 
mediated δ- sarcoglycan was injected directly into the thoracic cavity, and its expression was 
found in several types of myocardial cells, which obviously ameliorated the heart function 
(23).The rAAV is demonstrated to have no harm in some associated studies (24). Monocyte 
chemoattractant protein-1(MCP-1) and macrophage inflammatory protein-1alpha (MIP-1α) 
were found to have close relationship with DCM (25), and transfection of MCP-1 inhibiting 
gene 7ND(cDNA 50μg) before induction of experimental autoimmune myocarditis(EAM) 
could significantly reduce the pathologic changes of EAM (26). Phospholamban(PLN) is a 
crucial sarcoplasmic reticulum membrane protein expressed in myocardial cells, it can inhibit 
Ca2+-ATPase of sarcoplasmic reticulum and aggravate heart failure (27), according to this 
discovery, the reduction of PLN mRNA could relatively increase the activity of sarcoplasmic 
reticulum (28). 

 
 

1.4. Liver 
 
Ornithine transcarbamylase(OTC) deficiency is a X-linked inborn error of urea synthesis. 

Before gene therapy, the clinical outcome was poor, and the prognosis was rather bad, either 
in internal or surgical treatments (29,30). After the finding of the mutation of ornithine 
transcarbamylase locus, and the cloning of the gene (31), the vector E1-E4-deleted Ad/5 
containing OTC cDNA was used to perform in liver directed gene therapy in vivo, in the 
Spf/Y mice (32-34). Clinically stable adults with partial OTC deficiency were given gene 
transfer in a pilot trial (35), the vector containing OTC cDNA was infused into the right 
hepatic artery at a dose of 6x1011 particles per kilogram, but an 18-year-old OTC deficient 
patient died of systemic inflammatory response syndrome, intravascular coagulation and 
MODS 98h after gene transfer, while the 17 first subjects was noted to have altered mental 
status and jaundice (36). This incidence resulted in a pause of gene therapy of OTCD, and 
called attention to the other clinical trials to consider the problem of safety. Further studies of 
the safety of Ad/5 vectors are still under research. 

Familial hypercholesterolemia(FH) is an autosomal dominant hereditary disease, it can 
cause the hereditary occlusive vascular disease, severe hypercholesteremia, and 
atherosclerosis. FH is closely related with the deletion of gene encoding LDL receptor in the 
liver (37). Pakkanen TM transduced retrovirus and adenovirus-mediated LDL receptor gene 
into hepatocytes isolated from the Watanabe Heritable hyperlipidemic(WHHL) rabbit liver, 
and administrated the cells back into the portal vein of rabbits (38). This ex vivo trial 
demonstrated the reduction of the level of LDL, and increasing of HDL in the serum. Clinical 
trials using LDL gene therapy had satisfactory initiatory outcome, concentration of LDL in 
the serum of the patients with FH could increase rapidly and persistently in a stable level, and 
the patients have better reaction to statin therapy(39). Further researches discovered that 
apolipoprotein B is an important structural protein on the surface of atherogenic lipoproteins 
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such as remnant very-low-density lipoprotein and low-density lipoprotein and facilitates the 
clearance of these particles from the circulation by binding to the low-density lipoprotein 
receptor, and its antisense oligonucleotide could lower LDL cholesterol in hyperlipidemic 
mice without causing hepatic steatosis(40). ISIS 301012 is an antisense oligonucleotide that 
inhibits apolipoprotein B production by binding directly to and reducing the expression of 
apolipoprotein B messenger RNA, and it is the first agent to enter clinical trials utilizing an 
antisense mechanism for reducing the production of apolipoprotein B (41). In a clinical trial, 
ISIS 301012 in the dose of 50-400mg administered weekly via subcutaneous injection for 4 
weeks reduced apolipoprotein B by 14.3-47.4% and low-density lipoprotein cholesterol by 
5.9-40% at 55 days, and the most frequent adverse event was spontaneous hemolysis at the 
injection-site (42). Further studies are ongoing to verify its safety, efficacy, and position of 
therapy in the dyslipidemic patients. 

Phenylketonuria(PKU) is a kind of autosomal recessive disease caused by deficiency of 
phenylalanine hydroxylase(PAH) in liver, which plays an important role in phenylalanine 
metabolism. Dietary restriction treatment is imperative, but it still has some shortcomings 
(43). Instead, after the sensitive mutation in PAH gene was found in the year 2006 (44,45), 
the advantages of gene therapy is emerging. Ding Z and Jin-OK Choi utilized recombinant 
AAV/8 pseudotyped vector-mediated PAH-cDNA to transfer into PKU model mice, the 
concentration of Phe reduced to normal level, the fur of the mice returned from brown to 
black, and the activity of PAH extracted from liver is back to normal (46,47). Harding C.O 
also demonstrated the feasibility of complete correction of hyperphenylalaninemia following 
liver-directed, recombinant AAV2/8 vector-mediated gene therapy in murine phenylketonuria 
(48). However, clinical trial has not been performed yet; it is not known now whether it is 
possible to replace the dietary treatment and whether it can be united with the replacement 
therapy of BH4. 

 
 

1.5. Kidney 
 
Gene therapy research of congenital renal diseases is relatively less, Alport’s syndrome 

(AS) and autosomal recessive polycystic kidney disease(ARPKD) are two hotspots in this 
area.  

AS is a hereditary nephritic disease caused by the defect of collagenⅣ in the GBM, and 
the target gene COL4A5 mutation was demonstrated to be the reason (49). COL4A5 is 
difficult to enter podocytes through the GBM, Heikkila et al infused adenovirus mediated 
COL4A5 gene for persistent 2-12 hours, and successfully introduced the COL4A5 into renal 
glomerular cells (50), and later they used this technology in the model of canis familiaris with 
Alport’s syndrome, and surprisingly found COL4A5 gene expressed in renal glomerulus—
CollagenⅣ A3, A4 and A5. Now they are trying hard to implement the therapy in clinical 
trials. 

Autosomal dominant polycystic kidney disease(ADPKD) originally is not an ideal 
disease for gene therapy, as the gene therapy is mainly limited in the treatment of autosomal 
recessive or X-linked hereditary disease. Richer et al injected antisense c-myc ODN into 
autosomal recessive polycystic kidney disease(ARPKD) model repeatedly for 20 days, and 
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found the growth rate of renal cysts reduced, the number of cysts became less, and renal 
function recovered to some extent than before (51). However, as the crucial point of the 
etiology that leads to terminal stage of renal failure is not the formation of cysts, but the lost 
of normal renal tubular cells. So to explore the the target gene that can inhibit the growth of 
renal cysts and the proliferation of tubular cells could be a new highlight.  

 
 

1.6. CD34+ Periphery Blood Stem Cells, Lymphocytes and CD34+ Cells 
 
The research of severe combined immunodeficiency(SCID) and X-linked SCID are the 

hottest and the most often to be debated. Studies of gene correction of ADA deficient SCID 
date back to 1990, and the researches initially targeted peripheral blood mononuclear cells 
rather than bone marrow stem cells. In 1995, a retrovirus mediated vector was used to 
transduce patient T cells, and after expansion, the T cells were returned to the patients (52). 
The early successful gene therapy in SCID infants was contrasted by a report of 
ineffectiveness in teenage patients (53), because of the limitation of the capacity for elder 
patients to produce T cells. In spite that preteen patients with X-linked SCID were reported to 
have no cytoreductive conditioning in infancy with T cell depleted bone marrow 
transplantation, they could be chronically ill for a long time, due to graft-versus-host diseases 
(54). And unexpected lymphoproliferative complications following gene therapy occurred in 
one of the gene therapy trials for SCID-X1. Four infants developed lymphoproliferative 
disorders, with rapid expansion of a limited number of T cell clones, and prompt 
chemotherapy was used to successfully induce remission, however, one patient relapsed and 
subsequently died following allogeneic stem cell transplantation. (55,56). When newly 
developed molecular technologies identified where the genome vector integration had 
occurred in the expanded cells, the site mapped close to a known T cell proto-oncogene, 
LMO2 in the case above (56). Thus, unanticipated vector mediated oncogene activation 
seems to have precipitated leukaemogenesis, but a number of other factors may have been 
relevant in these patients. In the context of lymphopaenia, gene corrected cells have a notable 
proliferation advantage and this combined with reduced immune surveillance in SCID 
patients, which may have allowed abnormal clones to escape challenge and become 
leukaemogenic. There is also a possibility that in SCID-X1 the nature of the γc transgene, 
with its central role in T cell development and function, is important, although suggestions 
that vector mediated expression of common γc may directly cause leukaemogenesis have 
been controversial. (57,58). In general, gene therapy has shown to be the most valuable to 
mismatched stem cell transplantation for infants, if the problems of safeguards can be 
managed to solve, we could have prospects, that gene therapy should offer therapeutic benefit 
in a range of blood and immune system disorders in future.  

 
 

1.7. Multiple Target Cells 
 
Hereditary hemophilia is a group of hemorrhagic disease caused by congenital single 

gene defect of clotting factors: FⅧ, FⅨ or FⅪ, and it has three types: Hemophilia A, B and 
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C. Currently replacement therapy such as repeated i.v injections of FⅧ concentrates derived 
from either human plasma or recombinant clotting factors is the main treatment for 
hemophiliacs (59,60), thus for more than 75% patients, replacement therapy is not available, 
while the Hemophilia is an excellent candidate disease for the application of gene therapy 
(61). In the early stage, fibroblasts and keratinocytes were selected to be the targets (62), and 
leucovirus, RV and rAAV vectors were used to integrate FⅧ and FⅨ cDNA to these target 
cells (63,64), the primary gene therapy targets for hemophilia to date have been the liver, and 
cells outside liver, such as hematopoietic stem cells, muscle, bone marrow stromal cells and 
blood out-growth endothelial cells(BOECs), and these lead to increased level of plasma FⅧ 
or FⅨ (65-67),with the use of new vectors such as recombinant lentivirus, miniadenovirus to 
reduce the side effect caused by the repeated doses of vectors (68-70). Further researches are 
still ongoing, a recent pilot research demonstrated that targeting FIX expression in platelets 
could form a FIX storage pool in platelets, and the stored FIX was functional and could be 
released by agonist-induced stimulation, targeting FIX expression in platelets could be a new 
strategy in gene therapy for hemophilia B in which the stored FIX might be protected from 
FIX inhibitory antibodies. Release of FIX at the site of vascular injury would increase the 
local concentration of FIX and achieve effective hemostasis in hemophilia B even in patients 
with FIX inhibitory antibodies (66,71-73), and the new target—platelet and FⅧ inhibitor 
could be the next hotspot in future researches. 

 
 

1.8. Viruses 
 
According to a serial of epidemiologic studies and clinical researches, rotavirus(RV) is 

considered to be the main etiology of Biliary Atresia(BA)—a common congenital disease in 
clinic, and a successful animal model of BA was replicated (74-77). All of these researches 
made the relationship of RV infection and BA become a new hotspot in the research of 
etiology for BA (78). In 2002, Déctor MA used the technology of RNA interference to study 
the role of RV-VP4 in RV infection, and the results showed specific siRNA could inhibit the 
expression of VP4, and the infection rate reduced, which meant the importance of VP4 in RV 
infection (79). Two years later, American scientists transfected liposome-mediated siRNA 
into RV infected cells, and discovered the expression of NSP1, NSP2, NSP4, VP4 and VP7 
were crucial roles in RV replication, installation of viral particles and formation of RV outer 
capsid, which could be silenced by siRNA, thus there were no viral particle formation and the 
other viral protein expressions were down regulated (80,81). If this new RNAi technology 
can be united with the in utero gene therapy to localize siRNA precisely in fetus who is 
infected by RV in uterine, these studies may become the first light of morning in altering the 
current status in the treatment of BA, especially for the types that can not be surgically 
treated. 

 
 



 

 

Table1. Overview of Gene Therapy of Congenital Disease 
 
 

Target Disease Gene Gene drugs Route Vector 
Respiratory epithelia CF CFTR cDNA in vivo 
     
     

Ad 
AAV 
Liposome 

 α1-AT deficiency α1-AT cDNA ex vivo 
     

liposome 
Ad 

Muscle DMD DMD Mini dystrphin gene in vivo AAV/8 
   antisense oligonucleotide  liposome 
   siRNA  liposome 
Myocardial tissue DCM δ- sarcoglycan cDNA in vivo rAAV 
  MCP-1 and MIP-1α antisense oligonucleotide  liposome 
Liver OTC deficiency OTC cDNA ex vivo Ad/5  
 FH LDL receptor cDNA ex vivo 
     

RV 
Ad 

  apolipoprotein B ISIS 301012 in vivo liposome 
 PKU PAH cDNA in vivo rAAV/8 
Kidney AS COL4A5 cDNA in vivo Ad 
 ARPKD pkd1 and pkd2 antisense c-myc ODN in vivo liposome 
Lymphocytes and CD34+ cells SCID ADA cDNA ex vivo RV 
CD34+ cells X-linked SCID γc cDNA in vivo RV 

Multiple Target cells Hemophilia A FⅧ cDNA ex vivo 

 Hemophilia B FⅨ cDNA ex vivo 
     
     
     

RV/rAAV 
RV/Leucovirus/ 
rAAV 
recombinant lentivirus 
miniAd 

Rotavirus BA RV mRNA siRNA in vivo liposome 
Hepatitis B Virus Congenital HBV infection HBV mRNA siRNA in vivo liposome 
  interferon gene cDNA in vivo Ad 
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Vertical transmission of HBV from a mother to a fetus is a main route of HBV infection. 
Traditional antiviral drugs have similar mechanism, they can not kill viruses that are in 
incubation or non-replication period, and can induce drug fast strains, and even more, can 
elevate virulence (82).Congenital HBV infection can cause serious clinical manifestations, 
and the gene therapy for HBV infection now has great advancement. C.M Ahamed et al 
transduced interferon gene into specific tissues to maintain locally stable concentration of 
interferon, which reduced adverse side effects (83). Hammerhead and hairpin ribozymes were 
based on the antisense oligonucleotide RNA technology, several hammerhead ribozymes 
were successfully used in deactivation of HBV RNA, at the target sequences with poly(A) 
and core area of HBV tail (84,85). In 2003, in Hamasaki`s ex vivo trial, siRNA is transfected 
aiming directly at HBV synthesis, and significantly inhibited HBV replication and reduced 
mRNA(3.5kb) (86). Giladi et al transfected specific siRNA into HepG2.2.15 containing HBV 
gene and injected siRNA into mouse tail vein, both ex vivo and in vivo trials showed 
reduction of HBV protein expression and DNA replication (87). A new breakthrough came 
from Shlomai’s research, he inserted green fluorescent protein(GFP) into HBV genome to 
break the activity of core protein and polymerase to stop replication of virus, and then he 
introduced specific siRNA into HBV, the result showed RNAi effect still existed, which 
demonstrated its antiviral effect was not dependent on viral replication (88). If further 
preclinical study can testify the safety and efficiency of RNAi technology, it can be widely 
used in the antiviral treatment. 

We summarized the abovementioned in table 1 in brief.  
 
 
2. Development of Vectors in Gene Therapy of 

Congenital Diseases 
 
Generally, vectors are divided into two main types: nonviral and viral-based vectors-- 

either of these two has its own advantages and shortcomings. Gene transfer mediated by viral 
vectoers is called transduction, while by the nonviral called transfection.  

 
 

2.1. Viral Vectors 
 
According to Edelstein’s investigation (89), viral vectors have been used in approximate 

70% of the clinical trials until 2004. Viruses were considered to be efficient in transducing 
cells, however, the safety concerns regarding the use of viruses in humans make nonviral 
delivery system an attractive alternative, but fairly speaking, nonviral vectors are inefficient 
at transferring genes. Most of clinical gene therapies for hereditary monogenic diseases were 
using retrovirus as a vector, while the fact is, retrovirus has low transduction and infection 
rate, and the insertion or integration position is randomized, which has the potential risk of 
insertion mutation or malignant transformation of cells (90). The lentiviral vector system was 
developed, which can be integrated into cleavage cells and noncleavage ones, and has higher 
transduction rate in lymphocytes and stem cells, which made the scientists great interested in 
it (91, 92). To overcome the shortcomings of viral vectors, adenovirus mediated vector was 
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also redesigned and reformed: more safer and efficient vectors, such as gutless, target and 
replicative adenovirus, are developed, which could carry more gene information, and have 
less adverse cytotoxicity and immunogenicity (93, 94). AAV was considered to be 
nonpathogenic and have numerous target hosts, which could transduce cells in all phases of 
cell cycle, and could be inserted into chromosomes, or out of them with the concatemer DNA 
form to express proteins stably and for a long duration. The AAV showed significant 
advantages in gene therapy of hereditary disorders and infectious diseases, and also in 
cancers, autoimmune diseases, organ-transplantations and tissue engineering (95). Recent 
researches demonstrated AAV/8 to be the most effective vector for gene delivery to muscles 
and heart(96). 

 
Table 2. Vectors of Gene Transfer 

 
Vectors Advantages Disadvantages 

Retrovirus 
Well characterized; stable and persistent 
insertion 

Poor infection efficiency; 
unavailable to nondivided cells 

Adenovirus 
Noncytopathic; high infection efficiency; 
available to nondividing cells 

threatening immune system; 
short term episomal expression 

Adeno-associated virus 
Noncytopathic;broad infectivity; available 
to nondividing cells 

Limited integration; short term 
expression 

Lentivirus 
Persistently infection to nondividing cells; 
high viral titres 

Safety concerns of HIV 
derivation  

Liposome Noncytopathic; noncytotoxic Poor transfection efficiency 
 
 

2.2. Nonviral Vectors 
 
As aforementioned about nonviral gene transfer strategy, compared with viral vectors, 

the nonviral gene delivery is still in its infant stage, including “Naked DNA” and cationic 
lipids(liposomes), both of which do not result in integration of the transgene. The Naked 
DNA delivery system is the simplest gene transfer system. In 1990, Wolff and colleagues 
demonstrated Naked plasmid DNA encoding a viral antigen could generate antiviral response 
by the injection into skeletal muscles (97), and this new therapeutic modality was call “DNA 
vaccine”, to be considered as a novel and potential treatment for curing infective diseases. 
“Gene gun” and electroporation enhanced the efficiency of gene transfer; they were based on 
physical methods, the DNA penetrated cell membrane and into endosome or lysosome, or 
directly into nucleus. It was reported that intramuscular injection of plasmid DNA followed 
by electroporation results in an impressive level of gene expression (98), but in clinical trial, 
it is administrated most often in muscle. Further studies should focus on the mechanism of 
cellular uptake of Naked DNA in vitro to promote clinical breakthrough. Cationic-lipid-DNA 
complex(termed lipoplex) has been utilized in clinical trials of Cystic Frbrosis(3,4), which is 
proven to be safe at low doses and administration localized (99). According to current 
researches, the fate of plasmid DNA after it reaches the nucleus is understood little, 
especially about how the gene express shut off, and why the duration in cells is shot. With the 
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unanswered questions, scientists are now engaging in the “switch system” of lipoplex, and 
some preclinical trials are ongoing. 

The advantages and disadvantages of vectors are summarized in table 2. 
 
 

3. Prospects 
 

3.1. Minimize the Adverse Side Effects 
 
It is unrealistic to avoid or eliminate side effects of gene therapy, as it is an exogenous 

insertion, and how to turn the “switch” on or off will definitely be a highlight in further 
studies. We presume that an ideal model of gene transfer switch system should consist of an 
unexpressive integrated gene and an exogenous promoter which could be controlled by 
patients’ drug intake(figure 1). To restrict the excessive expression, the drug should be 
eliminated automatically by human body or can be combined with another drug with a 
receptor which is competitive with the promoter. 

 

 

Figure 1. An ideal model of gene transfer system. The therapeutic gene and its promoter with a specific 
receptor is transduced into targets. If there is no specific drug taken by patients to combine with the receptor, 
the promoter does not work, thus the therapeutic gene does not express protein. Once the drug combined with 
the receptor and activated the promoter to start the integrated gene expression, protein can be expressed 
immediately. 

We summarized the associated researches, and listed following possible approaches we 
may achieve: (1) Develop novel vectors with less cytotoxicity and genotoxicity to ensure the 
safety. It needs onward exploration of bioengineering to design or discover new vectors, 
advanced and prompt test facility to decide when is the right time to start or pause gene 
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therapy. (2) Define the safe integration site and locus. As aforementioned, the main limitation 
of gene transfer is that we can not often control the precise insertion position in the genome, 
thus it sometimes may result in certain unexpected effects, such as cell canceration, even 
when affecting the neighboring cellular genes,. In molecular insertion site analysis, we can 
use the transgene as a tag to identify neighboring cellular sequences, which is a powerful tool 
for precise localization (100). Besides finding specific sites, other new biochemistry findings 
may contribute to our exploration, RNAi technology is a classic example, which changed our 
sight from “insertion” or “addition” to “silencing” or “skipping”, derived technology can 
always become our innovation and evocation. (3) Localize the gene therapy to reduce cell 
exposure to vectors and restrict vector integration with unexpected cells. An example of 
localized gene therapy of fetoscopic technology is mentioned above (8), the lung-specific 
gene transfer is an early pilot trial, which may give us a hint that the earlier and more precise 
treatment, the better effect.  

 
 

3.2. Higher Efficiency of Transduction or Transfection 
 
Besides the development of new vectors and gene items, specific molecular adhesion 

technology is an ideal ally with gene therapy. In chemotherapy, the immunoliposome, which 
refers to the liposomes that are connected with antibodies or receptors, had been a stable drug 
carrier, and the union of antigen and antibody is utilized to target specific cells or organs 
(101). Illuminated by this means, receptor-liposome-plasmid complex could be used in gene 
transfer, and we conclude the research of double or even triple targeting strategy could be a 
new focus in future. 

 
 

3.3. Drug Combination 
 
Like the gene therapy, pharmacogenetics is also a newborn and uprising science since 

1990s, which focuses on individual variation dependent administration, gene mutation of 
drug-metabolizing enzyme and protein transport, and receptors are its molecular foundation. 
It emphasizes the importance of individual mutation of gene structure and chooses the most 
proper drugs and doses (102). As the above-mentioned, some congenital diseases still need 
traditional drugs to perform replacement or antiviral treatment that gene therapy to date can 
not displace completely. However, until now, no thorough studies have done to explore the 
pharmacogenentical utilization in the area of gene drugs. We consider that the individual 
dependent administration is important to patients with congenital diseases who need 
supportive drugs and gene therapy, as it has the potential to ensure the best efficiency and 
minimal toxicity for both traditional and gene drugs. 
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3.4. Gene Therapy of Polygenic Diseases 
 
Different from monogenic diseases, polygenic disorders have two or more allelomorphic 

gene mutations, each of which has tiny contribution to hereditary character called minor gene 
and together to form a phenotype termed additive effect. Environmental factors can also 
influence the mobility. To date, more complex diseases could be explained by polygenic 
disorders, e.g. allergic rhinitis, asthma, simple obesity, idiopathetic dwarfism and idiopathetic 
sexual precosity, etc. Some of the candidates of predisposing genes are now conclusive, 
which make treatment always more complex and individualized than monogenic diseases. 
According to recent studies, aiming directly at different predisposing genes together to 
perform multigene therapy could be an ideal strategy. In gene therapy of asthma, for example, 
according to the pathogenesis—imbalanced differentiation of CD4

+ T-cell to Th1/Th2-- and 
the close correlation mediator such as IL-2, IL-4, IL-5, IL-12, IL-18, IFN-r, GATA-3 and C-
Maf, genes expressing IL-12, IL-18, IL-4 and IFN-r mediated by recombinant adenovirus 
were transferred to OVA mouse T cells (103-105), siRNA expressing vectors specific to 
CD40+ were administrated into CD40+ cells, all of the above could reduce allergic responses 
and also attenuate asthma (106). These researches hint that we have more gene target options 
to choose in treating polygenic disorders and a union therapy of different genes specific to 
the predisposing genes in each individual should be a proper choice. We may conclude, this 
is a possible tendency in treatment of polygenic disorders. 

 
 

4. Summary 
 
So far we have reviewed some applications, found some problems and discussed some 

potential approaches. With the development of molecular biology and bioengineering, 
advanced delivering system, precise targets and gene switch control can be improved. Once 
these barriers to success are cleared by further experiments, the potential of gene therapy will 
emerge onwards, and we believe that it is not beyond our ability to achieve success. 
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Abstract 
 
The tetraazaporphyrins, or porphyrazines (pzs), are an emerging class of compounds 
exhibiting tremendous potential for use as anti-tumor therapeutic agents and in imaging 
applications. Pzs are related to the porphyrins, a class of compounds widely known for 
the clinically used photodynamic therapy agent Photofrin. Thus, like the porphyrins, it is 
anticipated that the pzs will be useful as anti-tumor agents. However, while similar in 
structure to the porphyrins, pzs are prepared via a different synthetic route—the 
macrocyclization of dinitrile derivatives—that results in greater synthetic flexibility, and 
they have improved optical properties compared to the porphyrins. The improved 
chemical and physical features of the pzs gives rise to differences in their biological 
behavior when compared to those of the porphyrins. Therefore, the initial work in this 
field has focused on elucidating the structure-function relationships of the pzs. As these 
relationships become more clearly defined, future work will involve tailoring the 
structure of the pzs and/or the delivery mechanisms to more selectively target tumor 
cells. Herein we review the initial structure-function studies that have been carried out to 
date on this little-studied class of compounds and discuss possible methods for 
maximizing their promising biomedical potential. 
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Introduction 
 
In recent years, the porphyrins, a class of macrocyclic compounds, have been widely 

studied for use in the detection and treatment of cancer, as well as other diseases such as 
rheumatoid arthritis and macular degeneration [1-3]. One area where porhyrins are of 
particular importance is photodynamic therapy (PDT). In PDT, a patient is given a drug 
which is designed to preferentially accumulate in tumor cells, after which time the site of the 
tumor is irradiated with visible light that activates the drug, destroying only the tumor cells. 
Mammalian tissue absorbs near-IR (NIR) light only weakly at wavelengths beyond the 
absorbance of hemoglobin, ∼700 nm, and below the onset of absorbance by water,  ∼950 nm 
[4-6]; thus, the most effective PDT drugs will exhibit strong absorbance within this 700-950 
nm NIR window.  

Porphyrins have been found to exhibit selective tumor uptake, but they exhibit only weak 
absorbance beyond ~500 nm [7]. Furthermore, in the specific case of Photofrin—the most 
common clinically used PDT agent—the photodynamic action results from a mixture of 
oligomers of haematoporphyrin and protoporphyrin; this mixture is commonly referred to as 
haematoporphyrin derivative, or HpD [1,8]. Upon separation of HpD into its monomeric 
forms, however, biological activity disappears [8]; thus, the Photofrin mixture is difficult to 
completely characterize, and the composition is difficult to accurately reproduce. 
Additionally, Photofrin is not very selective for tumor tissue and usually trace amounts 
remain in the body for 2-3 months following treatment, resulting in the serious side effect of 
phototoxicity [8]. As a result of these disadvantages, interest in new alternative macrocyclic 
photosensitizers has shifted to the use of what may be viewed as porphyrin derivatives. These 
include phthalocyanines (which possess superior optical properties but limitations in 
solubility) [9,10], benzoporphyrins [11], chlorins and bacteriochlorins [12], and expanded 
porphyrins [13]. 

Recently, another class of porphyrin derivatives, the porphyrazines (pzs), has also been 
investigated as possible biomedical imaging/therapeutic agents. These compounds contain 
the same core structure as the phthalocyanines, but can be prepared with or without the 
appended benzene rings (Figure 1). The pzs are prepared by a different synthetic route than 
either the porphyrins or phthalocyanines, and as such, possess superior chemical flexibility 
and physical properties that make them excellent candidates for biomedical applications [14]. 
Given the structural similarities of the porphyrazines and porphyrins, it was anticipated that 
the biocompatibility and biodistribution of the pzs would be similar to those of porphyrins. 
To this end, preliminary studies have been carried out to begin to understand the biological 
activity of the pzs, and these studies have shown promise that the pzs may well be useful as 
anti-tumor agents. We herein review the work that has been completed to date, and discuss 
the future potential of the pzs as anti-tumor imaging and therapeutic agents. 
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Figure 1. Basic structure of the porphyrazine, phthalocyanine, and porphryin. 

 
The Chemical and Physical Properties 

of the Porphyrazines  
 
Porphyrazines (pzs), or tetraazaporphyrins, can be viewed as porphyrinic macrocycles in 

which the porphyrin meso (CH) are replaced by meso nitrogen atoms linking the pyrrole 
rings. (For an extensive overview of the history of the porphyrazines and their syntheses and 
chemical/physical properties, please see the 2001 review in Progress in Inorganic Chemistry 
[14].) The synthesis and properties of the pzs are briefly discussed here as they relate to the 
development of pzs for biomedical applications. 

 
 

Porphyrazine Synthesis  
 

The pzs are prepared by the template cyclization of maleonitriles and/or isoindoline 
derivatives (Figure 2). This synthetic route allows for the straightforward synthesis of 
molecules with S, N, or O heteroatom groups attached to the periphery of the macrocycle 
core [15-23]. Such heteroatoms have strong couplings to the macrocyclic core, and as a result 
introduce novel electronic, optical, and chemical properties. In contrast, porphyrins are very 
difficult to functionalize in this way [24,25]. Pairs of maleonitriles/isoindolines can be 
preferentially cross-macrocyclized to generate one or more of six potential pzs of the form 
M[pz(AnB4-n)], with n = 0-4 (Figure 3). Depending upon the identities of A and B, the optical 
and other chemical properties of the molecules can be tuned independently of the solubility 
properties. Moreover, the peripheral groups of the pzs can be modified to allow for solubility 
in either polar or non polar media [14,26,27]. 
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Figure 2. Example of the synthetic reaction used to prepare the pzs. 
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Figure 3. The six potential pz macrocycles resulting from a cross-macrocyclization reaction. 

 
Macrocycle Properties  

 
The photophysical properties of the pzs are intrinsically superior to the porphyrins 

because of the intense long-wavelength Q-band absorption and emission bands that arise due 
to the presence of the meso nitrogens. With nothing more than simple carbon-based 
substituents, the photophysical properties of the pzs compare favorably to those of the 
phthalocyanines. However, the introduction of the heteroatom peripheral substituents on the 
pzs results in significant red-shifts in the UV-vis spectra. Due to the enhanced optical 
properties of the sulfur-appended pzs, relative to pzs containing other heteroatoms [14], 
initial biological testing has focused primarily on pzs of the form M[pz(AnB4-n)], where A 
represents a bis-thioether (A = [S-R]2), B represents a fused β,β’-dialkoxybenzo group and M 
= Mg, Zn, or H2. The R and R’ groups that form the thioethers and the β,β’-dialkoxy groups, 
respectively, do not influence the optical properties, but may be used to modulate the 
physical properties and solubilities of the macrocycle.  
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For a given M and n, all compounds within this pz subclass possess the same basic pz 
structure and thus exhibit the same intrinsic absorbance and emission spectra. Table 1 shows 
the absorbance and emission maxima, as well as extinction coefficients, for M[pz(AnB4-n)] 
pzs with n = 2-4 and M = H2, Mg, and Zn. Figure 4 shows typical spectra obtained in CH2Cl2 
for the H2[pz(A4)], H2[pz(A3B)], and H2[pz(A2B2)] (i.e., free-base) pzs [14,26].  

 
Table 1. Absorbance/emission maxima* and extinction coefficients†, where available, 

for selected M[pz(AnB4-n)] pzs, with A = [S-R]2 and B = 4,7-diisopropoxybenzo, in 
CH2Cl2 [14,28,29]. 

 

MA4 MA3B MA2B2 

M 
λAbs  

(ε x 10-3) 
λEm 

λAbs  
(ε x 10-3) 

λEm 
λAbs  

(ε x 10-3) 
λEm 

H2 

336 (28.8) 
506 (18.2) 
630 (18.2) 
710 (14.1) 

410 
 

709 

350 (40.7) 
658 (6.6) 

702 (22.4) 
744 (sh) 

428 
 

800 

343 (43.7) 
656 (46.8) 
794 (37.4) 

440 
 

827 

Mg 
372 

 
670 

488 
 

706 

368 
 

676 

442 
 

744 

354 
667 
761 

447 
 

802 

Zn 
378 (55.8) 

 
672 (77.2) 

435 
 

713 

362 (39.8) 
618 (sh) 

676 (49.0) 
706 (sh) 

444 
 

754 

352 (43.7) 
666 (53.7) 
761 (43.7) 

440 
 

795 

*Absorbance and emission in nm.  
†Extinction coefficients in M-1cm-1 

 
All three H2 pzs exhibit an intense B (Soret) band at ~350 nm (ε ~40,000 M-1cm-1), but 

each has a distinctly different Q-band region. For the completely symmetric H2[pzA4] pz, a 
single Q-band is observed with a maximum absorption at ~710 nm (ε ~15,000 M-1cm-1). Both 
H2[pz(A3B)] and H2[pz(A2B2)] show split Q-bands, with the former having a maximum 
absorption of 700 nm (ε ~25,000 M-1cm-1) and the latter having a pair of well-defined Q-
bands at 654 nm and 798 nm (both with ε ~40,000 M-1cm-1), respectively. Addition of Mg or 
Zn to the core results in a slightly red-shifted, stronger (ε ~55,000 M-1cm-1 for Zn) Soret band 
at ~375 nm, and in the case of M[pz(A4)] and M[pz(A3B)], a single Q-band at ~675 nm 
(ε ~74,000 M-1cm-1 for Zn[pz(A4)]). M[pz(A2B2)] pzs show a split Q-band that is more red-
shifted than either the M[pz(A4)] or M[pz(A3B)] pzs; but with a maximum absorbance at 
~760 nm, it still lies at a lower wavelength than the H2[pz(A2B2)] maximum NIR absorbance.  

All pzs of the M[pz(AnB4-n)] subclass exhibit dual fluorescence, as presented in Table 1 
and shown in Figure 4 for the free-base pzs. The emission spectrum exhibits an intense 
luminescence in the blue, corresponding to S2 → ground (S0) fluorescence, and a second 
emission in the NIR, corresponding to S1 → S0 fluorescence. The metallated pzs exhibit UV 
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fluorescence maxima at wavelengths slightly red-shifted compared to those of the equivalent 
H2 pz, but exhibit a more blue-shifted NIR emission than their free-base analogues. 
Excitation to the blue of ~400 nm elicits both emissions; excitation to the red of ~450 nm 
produces only the NIR luminescence.  

Previous work has shown that the singlet oxygen quantum yield (φΔ) for a series of 
M[pz(AnB4-n)] pzs, where A is [S-R]2 and B is a fused β,β’-dialkoxybenzo group, is also 
dramatically affected by the value of n and M (Table 2) [26]. For a given M (M = H2, Mg, 
Zn), as the value of n increases, the singlet oxygen quantum yield decreases, independently of 
R [28]. A broad range of values are seen across Table 2, from low (φΔ = 0.007, H2[pz(A4)]) to 
high (φΔ = 0.370, Zn[pz(A2B2)]). Compounds with low values are attractive candidates as 
imaging agents since they absorb and fluoresce in the NIR, but do not sensitize the formation 
of singlet oxygen. In contrast, compounds with high singlet oxygen generation values are 
potential PDT agents. 
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Figure 4. Absorbance (solid line) and emission (dashed line) plots for M[pz(AnB4-n)] pzs, with A = [S-R]2 
and B = 4,7-diisopropoxybenzo, in CH2Cl2. 
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Table 2. Singlet oxygen quantum yields* for M[pz(AnB4-n)] pzs, with A = 
[S(CH2CH2O)3H]2 and B = 4,7-diisopropoxybenzo, in CH2Cl2 [28]. 

 

M 

MA4 

 
φΔ 

MA3B 
 

φΔ 

MA2B2 

 
φΔ 

H2 0.007 0.026 0.130 
Mg 0.033 0.082 0.250 
Zn 0.037 0.110 0.370 

*Reference compound: α-terthienyl; φΔ = 0.67 [28]. 
 
 
Biocompatibility Studies of the Porphyrazines 
 
We were the first to carry out biological studies of the pzs, with the preliminary studies 

being aimed primarily at developing structure-function relationships of the pzs and 
determining the biological activity of the pzs relative to the clinically used Photofrin. The 
overall goal of these studies was to determine how specific structures selectively affect 
biological behavior; the results of these studies would then be used to better streamline future 
syntheses towards preparing biologically optimized pzs. Over the past few years, our 
laboratory has prepared more than 250 porphyrazines, and detailed structure-function studies 
have been carried out and published for eleven of these pzs. In particular, the structure-
function studies have focused on the subclass of the M[pz(AnB4-n)] pzs where A = [S-R]2 and 
B = fused 4,7-di-(isopropyloxy)benzo group. Each of the eleven compounds studied to date 
differ in the number and/or identity of R, n, and/or M (Figure 5) [29-31].1 

 
 

Effect of Changing R 
 
The first biological study of the pzs measured the effect that the pz substituents, or R 

groups, play on biological activity [31]. Specifically, the core pz structure was kept constant 
(H2[pz(A2B2)]) while the charge of the R group was systematically varied to study neutral, 
negative, and positive R moieties (Pzs 1-3 in Figure 5).  

Cellular uptake and toxicity studies were carried out in two cell lines: A549 (human lung 
adenocarcinoma cell line) and WI-38 VA13 (human embryonic fibroblast-like, virally-
immortalized, normal cell line). Confocal fluorescence microscopy was used to detect cellular 
uptake, and all three compounds were found to localize in both tumor and normal cells. 

The observed fluorescence of Pzs 2 and 3 were both quite weak, but the luminescence of 
Pz 1 (neutral R group) was particularly strong (Figure 6), and uptake was detected at 
concentrations as low as 3.1 μM. This fluorescence was observed at a much lower 

                                                 
1To aid the reader, the compounds in this chapter have been numbered sequentially 1-21. We note, however, that 1-11 were 

all prepared in the lab of B.M.H. and assigned the following numbers in the Master Compound Log: 1 = 16, 2 = 18, 3 
= 42, 4 = 11, 5 = 4, 6 = 179, 7 = 178, 8 = 177, 9 = 176, 10 = 175, 11 = 174.  
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concentration than that observed for Photofrin, which was undetectable at concentrations 
below 25 μM. Utilizing the dual absorbance/emission of the pzs, the fluorescence of pz 1 was 
detected using both the blue and red emission of the compound. Co-localization studies 
indicated that a significant amount of Pz 1 was incorporated into the mitochondria of the 
tumor cells (Figure 7). 
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Figure 5. Chemical structures of the eleven sulfur-appended porphyrazines that have been subjected to in-
depth biological studies. 

A549 WI-38 VA13  

Figure 6. False-white single-photon confocal fluorescence microscopy of Pz 1 in A549 (left) tumor and WI-
38 VA13 (right) normal cells treated at 50 μM. Scale bar = 10 μM. Adapted with permission from [31]. 
Copyright 2005 American Chemical Society. 
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(a) (b)

(c) (d)

 

Figure 7. Intracellular co-localization of Pz 1 and MitoTracker Green in A549 cells: (a) false-red 
fluorescence of Pz 1; (b) false-green fluorescence of MitoTracker Green; (c) overlay, areas in yellow indicate 
co-localization; (d) phase contrast. Scale bar = 10 μM. Adapted with permission from [31]. Copyright 2005 
American Chemical Society. 
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Figure 8. Dose dependency of Pzs 1-3, as measured by percent cell viability relative to DMSO control, in 
A549 (black bars) and WI-38 VA13 (gray bars) cells after 72 h exposure. (Note that a 0% change in cell 
viability indicates cells grew at the same rate as the control cells; negative values correlate to cells which 
grew at rates below those of the control cells.) The ellipse indicates the treatment concentration at which Pz 2 
exhibited selective tumor toxicity. Adapted with permission from [31]. Copyright 2005 American Chemical 
Society. 

Dark toxicity studies of Pzs 1, 2, and 3 revealed that the neutral and positively-charged 
pzs (1 and 3, respectively) were harmful to both A549 and WI-38 VA13 cells at all 
concentrations studied, but were more harmful to the normal cells than to the tumor cells at 
each treatment dose (Figure 8). Thus, despite the strong intracellular luminescence of Pz 1, 
neither it nor Pz 3 are likely clinical candidates due to their toxicity in normal cells. The 
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negatively-charged Pz 2 (R=(CH2)3CO2H), in contrast, holds the potential to be a therapeutic 
agent: it was found to be selectively toxic in the A549 tumor cells at a treatment 
concentration of 25 μM (Figure 8). Unlike traditional PDT agents, however, none of the pzs 
exhibited light-induced toxicity, likely due to minor aggregation of the compounds in 
aqueous solution, which in turn suppressed singlet oxygen formation [31]. 

 
 

Effect of Changing n 
 
The strong anti-tumor behavior observed for the anionic Pz 2 (R=(CH2)3CO2H) led to a 

subsequent study of a suite of M[pz(AnB4-n)] pzs utilizing the same R group and M (H2), but 
n was systematically varied from 2-4 (Pzs 2, 4, and 5 in Figure 5) [30]. As with the first 
study, the bioactivity of the three compounds was analyzed in WI-38 VA13 normal and A549 
tumor cells; the results of Pz 2 were successfully repeated. As n was increased, the number of 
carboxylate groups increased, corresponding to a more hydrophilic core and a greater net 
overall charge on the pz. This change in structure resulted in a change in biological behavior: 
While Pz 2 showed selective tumor killing, the dark toxicity assays of Pzs 4 and 5 (Figure 9) 
revealed that toxicity in both tumor and normal cells increased with increasing number of 
carboxylate groups and therefore negative charge (i.e., an increase in n). Again, toxicity was 
completely light-independent. While this was likely due to slight aggregation in aqueous 
media for Pzs 2 and 4, measurable light-induced toxicity was not expected for Pz 5 due to its 
low singlet oxygen quantum yield. 

 
 

Effect of Changing M 
 
In an effort to simultaneously increase solubility and singlet oxygen quantum yields of 

the pzs, a series of three Zn[pz(AnB4-n)] pzs, and their corresponding free-base (H2) 
analogues, were prepared with A = S[(CH2)2O]4Me, B = fused 4,7-bis(isopropyloxy)benzo 
group, and n = 4, 3, or 2 (trans) (Pzs 6-11, Figure 5) [29]. For a given M (H2 or Zn), as n is 
increased, the compounds become more hydrophilic in nature due to the increasing number of 
thiotetra(ethylene glycol) monomethyl ether moieties (A group). Furthermore, incorporating 
zinc into the core increases both solubility and singlet oxygen quantum yield. Both toxicity 
and cellular uptake experiments were carried out for the six compounds in A549 tumor and 
WI-38 VA13 cells.  

Cellular dark toxicity was found to increase in a dose-dependent manner in both tumor 
and normal cell lines as n was decreased (Figure 10). For each concentration studied, this 
toxicity was generally greater in the normal cells than in the tumors, with Pz 8 being the only 
compound in the study that was found to be nontoxic to normal cells at concentrations above 
12.5 μM. Furthermore, for a given M (Zn or H2), cellular toxicity was generally greater upon 
exposure to the free-base pzs.  
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Figure 9. Dose dependency of Pzs 2, 4, and 5, as measured by percent cell viability relative to DMSO 
control, in A549 (black bars) and WI-38 VA13 (gray bars) cells after 72 h exposure. Adapted with 
permission from [30]. Copyright 2005 Elsevier B.V.  

Pz 6
ZnA2B2(O4Me)4

1.56 3.125 6.25 12.5 25 50Pe
rc

en
t C

ha
ng

e 
in

 C
el

l V
ia

bi
lit

y

-120%
-100%
-80%
-60%
-40%
-20%

0%
20%
40%
60%

Pz 7
ZnA3B(O4Me)6

Concentration (μM)
1.56 3.125 6.25 12.5 25 50

Pz 8
ZnA4(O4Me)8

12.5 25 50

Pz 9
H2A2B2(O4Me)4

1.56 3.125 6.25 12.5 25 50Pe
rc

en
t C

ha
ng

e 
in

 C
el

l V
ia

bi
lit

y

-120%
-100%

-80%
-60%
-40%
-20%

0%
20%
40%
60%

Pz 10
H2A3B(O4Me)6

Concentration (μM)
1.56 3.125 6.25 12.5 25 50

Pz 11
H2A4(O4Me)8

1.56 3.125 6.25 12.5 25 50
 

Figure 10. Dose dependency of Pzs 6-11, as measured by percent cell viability relative to DMSO control, 
inA549 (black bars) and WI-38 VA13 (gray bars) cells after 72 h exposure. Adapted with permission from 
[29]. Copyright 2008 Hindawi Publishing Corporation (open access article). 

The most interesting result of the dark toxicity studies concerned Pz 11, which was found 
to be selectively toxic in normal cells. Nine different tumor cell lines (both adenocarcinomas 
and squamous cell carcinomas) were screened against Pz 11 and found to exhibit little-to-no 
dark toxicity upon treatment concentrations of 50 μM for 72 hours; in contrast, WI-38 VA13 
normal cells treated under the same conditions were found to have a cell viability of only 
~20%. These results suggest that Pz 11 might be a very useful diagnostic agent. For example, 
pathologists rely on the morphological appearance of tissue collected during biopsies to 
determine if a particular sample is either malignant or benign. In many cases, this 
determination is difficult to make, and either misdiagnosis (normal tissue diagnosed as 
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cancerous tissue) or undiagnosed samples (cancerous tissue diagnosed as normal tissue) can 
result. In situations where the diagnosis is unclear, Pz 11 could be added to a biopsy sample 
in culture: any normal cells would be killed, but malignant cells would remain intact. Thus, 
the use of a diagnostic aide such as Pz 11 would help to biologically differentiate tumor cells 
from normal cells that are not morphologically distinct.  

In addition to improving the screening methods of pathologists, Pz 11 could also be used 
by laboratory researchers attempting to establish a new cell line derived from a human tumor. 
Since these cell lines originate from tumor samples of patients, it is necessary to purify the 
tumor cells (i.e., remove all traces of normal cells—both from within the tumor core and from 
the area surrounding the tumor), thus enabling the cell line to be more easily established in 
the laboratory. However, this purification process is very slow, laborious, and often 
unsuccessful, due largely in part to the difficulty in removing the normal cells. Adding Pz 11 
to these samples could theoretically remove the normal cells more quickly, thereby enabling 
faster purification of the tumor cell line.  
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Figure 11. Light-dependent toxicity results of Pzs 6-11 in A549 cells, as measured by the 3-[4,5-dimethyl-
thiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay. Cells were exposed to pz (25 μM) or Photofrin 
(25 or 50 μM) for 4 hours, followed by white light exposure for 0 (black bars) or 10 (gray bars) minutes. 
Control cells were treated with an amount of DMSO equivalent to 25 μM pz. Adapted with permission from 
[29]. Copyright 2008 Hindawi Publishing Corporation (open access article). 

Like the dark toxicity results, the light-induced toxicity experiments also generated 
interesting results. As anticipated, the compounds with the higher singlet oxygen yields (Pzs 
6, 7, and 9) all showed enhanced cell killing upon white light treatment (Figure 11). The 
photosensitive effect elicited by Pz 9 suggests that the combination of the hydrophobic 
M[pz(A2B2)] core and the four hydrophilic thiotetra(ethylene glycol) monomethyl ether 
moieties provides the proper amphiphilicity necessary to achieve solubility in cellular 
environments. This contrasts with previously studied H2[pz(A2B2)] pzs in which aggregation 
existed. Furthermore, unlike the M[pz(A2B2)] and Zn[pz(A3B)] pzs, light-dependent toxicity 
was not observed for Pzs 8, 10, and 11 in this study. Thus, to date, photosensitive M[pz(A4)] 
and H2[pz(A3B)] compounds have yet to be discovered. However, regardless of their 
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phototoxicity, these compounds may still possess selective dark toxicity and therefore may 
still have significant value as potential clinical anti-tumor agents.  

 

(f) (g)(d)(c)(b) (e)(a)
A549

WI-38 VA13

 

Figure 12. Cellular uptake of pzs using false-white confocal fluorescence microscopy images of A549 (top 
row) and WI-38 VA13 (bottom row) cells treated with 25 μM agent: (a) DMSO control, (b) Pz 6, (c) Pz 7, 
(d) Pz 8, (e) Pz 9, (f) Pz 10, (g) Pz 11. Scale bar = 10 μM. Adapted with permission from [29]. Copyright 
2008 Hindawi Publishing Corporation (open access article). 

Cellular uptake studies of Pzs 6-11 disclosed that all six compounds were preferentially 
incorporated in the A549 tumor cells, with the pz localizing in the cytoplasm (Figure 12). 
This result therefore suggests that Pz 8 may serve as a useful imaging agent, given this 
preferential uptake in tumor cells and the earlier observation that WI-38 VA13 normal cells 
are nontoxic upon exposure to Pz 8.  

 
 

Future Directions 
 
The effectiveness of a PDT or imaging agent is dependent upon the drug being 

preferentially incorporated into tumor cells. The structure-function studies described above 
for the M[pz(AnB4-n)] pzs are being carried out in an effort to address this issue in the 
porphyrazines. By adjusting the core structure (n), the central metal ion (M), and the 
identity/properties of the side chains (R), one is able to adjust the 
hydrophobicity/hydrophilicity balance that is likely necessary for targeting tumor cells. The 
preliminary studies described herein have identified several such characteristics that can 
directly influence the biological activity of the pz. Future work will continue to build upon 
this knowledge of the sulfur-appended pzs, as other n, M, and R combinations will be 
systematically studied. As additional preclinical screening experiments are carried out, it is 
anticipated that a number of these compounds will be selected for future clinical trials. (Pzs 2 
and 8 are early candidates, pending further studies.) 

In addition to the preparation of more biologically compatible sulfur-appended pzs, 
future work in the field of porphyrazine anti-tumor agents will focus on both synthetic and 
delivery advancements. A number of other pz subclasses have recently emerged as having 
potential therapeutic applications [32-42]. Moreover, new breakthroughs have been reported 
in general porphyrazine synthetic techniques [37,43], which in turn will facilitate the 
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preparation and purification of future compounds. Lastly, several recent articles have 
attempted to improve the cellular uptake of pzs by incorporating the compounds into 
liposomes [44-48]. These three emerging areas in the study of pz anti-tumor agents are 
described in more detail below. 

 
 

Emerging Pz Subclasses Exhibiting Biological Potential 
 
While the sulfur-appended pzs have garnered much of the preliminary interest in the 

biological activity studies, several other pz subclasses have also been shown to be worthy of 
further investigation. Perhaps the most notable and well-studied subclass is the nitrogen-
appended seco-porphyrazines. The first seco-pz was formed as a by-product during the 
synthesis of H2[pz(N-Me2)8]: oxidation of one of the pyrrole rings resulted in the cleavage of 
the R2NC=CNR2 bond, yielding Pz 12 (Figure 13) [32]. A number of seco-pzs have been 
produced since that time [33-35], including both peripherally-metallated structures [36] 
(which show enhanced singlet oxygen sensitization), such as Pz 13, and water-soluble 
compounds, such as Pz 14, as shown in Figure 13 [37,38]. 
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Figure 13. Selected structures of seco-porphyrazines. 

Like Pz 13 above (φΔ = 0.59), many of these compounds have been found to possess very 
high singlet oxygen quantum yields (φΔ ~ 0.45-0.6), thus making them excellent candidates 
for PDT therapy. To date, the largest reported singlet oxygen quantum yield for a 
porphyrazine was an annulated seven-member ring seco-porphyrazine, Pz 15, with φΔ = 0.74 
[39]. While the extremely high singlet oxygen quantum yields of the seco-pzs are very 
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promising, further biological studies are needed to realize the potential clinical relevance of 
this subclass of pzs. 

Limited work has also been carried out on two other pz subclasses. Porphyrazine 
derivatives containing multifluorenyl substituents, such as Pz 16 (Figure 14), have been 
prepared and shown to possess photophysical properties suggesting their potential as PDT 
agents [40]. Similarly, a series of zinc bis(1,4-didecylbenzo)-bis(2,3-pyrido) porphyrazines, 
including Pz 17 (Figure 14), have been prepared; after reacting these compounds with 
quarternizing agents, the pzs were found to be water-soluble and exhibited a photosensitizing 
effect [41]. Like the seco-pzs, in-depth biological studies still need to be performed in order 
to better understand the biological activity of these two new pz subclasses.  

A new subclass of boron-containing pzs has also recently been proposed for study [42]; 
however, the synthesis of any such compound has not yet been reported. It is believed that 
boron-containing pzs such as Pz 18 (Figure 14) would offer potential in both PDT and boron 
neutron-capture therapy applications.  
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Synthetic Advancements 
 
Nearly all of the pzs studied to date have been prepared via the mixed cyclization of two 

maleonitrile derivatives. While such compounds allow for a great amount of flexibility in 
tailoring the pzs for biological applications, the co-cyclization method used to prepare the 
compounds can result in the formation of six possible macrocycles, which then need to be 
separated and purified. Despite the fact that both the nature (e.g., using bulky 
β,β’-dialkoxybenzo groups) and the ratio of the cyclization partners can be used to favor the 
production of one or more isomers, isolating the desired pz is still often challenging. Recent 
work has therefore sought to simplify the methods by which the pzs are prepared. To this end, 
a one-pot synthesis has been successfully carried out to produce the nitrogen-appended Pz 19 
[37]. This compound was prepared on a large scale (18.4 g) in comparatively high yield 
(33%) and was easily purified. Subsequent reactions led to the seco-pz analogue, Pz 20, a 
potential biological agent. Structures of Pzs 19 and 20 are shown in Figure 15. The use of the 
one-pot synthesis significantly reduced the amount of post-cyclization purification needed to 
sufficiently purify Pz 19. As more improved synthetic capabilities such as these are realized 
for the pzs, compounds will be produced and purified more quickly and easily, thereby 
facilitating the discovery of new therapeutic and imaging agents.  
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Figure 15. Porphyrazines prepared via a one-pot synthesis. 

The ability to easily convert Pz 19 into the water-soluble Pz 20 addresses another 
shortcoming of the first-generation pz anti-tumor agents: aggregation in aqueous media. As 
mentioned above, many of the original sulfur-appended pzs were found to aggregate slightly 
in aqueous media, leading to the suppression of their singlet oxygen generation. By preparing 
water-soluble compounds, the pzs will be more conducive to the aqueous microenvironment 
of the tumor cells, thereby likely enhancing both cellular uptake and PDT applicability. Thus, 
significant efforts in future pz synthetic work will likely focus upon the development of 
water-soluble pzs for use in biological applications [43]. 
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Pz Liposome Incorporation 
 
In an effort to better predict future biologically active porphyrazines, recent studies have 

attempted to incorporate a number of pzs into liposomes [44-48]. Most notably, a series of 29 
different pzs of the form M[pz(AnB4-n)] were studied, with A = [S-R]2; B = a fused 
4,7-di-(isopropyloxy)benzo group; M = H2, Mg, or Zn; and n = 2 (trans), 3, or 4 [48]. The 
results of this study showed a strong correlation between pz structure and the ability to bind 
to membranes. In particular, membrane binding ability decreased as n increased, and 
metallated pzs resulted in stronger binding than did free-base pzs. Furthermore, R groups 
exhibiting a balanced amphiphilicity were found to improve membrane binding.  

Thus, the most promising results were observed with Zn[pz(A2B2)] pzs containing R 
groups with a balanced hydrophobicity/hydrophilicity. Pz 21 (Figure 16), with A = 
S(C2H4O)2H, is one such example. The results correlate well to the structure-function studies 
that have been carried out to date for the sulfur-appended pzs, suggesting that liposome 
binding may be a useful preliminary testing method in the search for biologically active pzs 
[48].  
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Figure 16. Structure of the porphyrazine found to have the strongest liposome binding constant [48]. 

 
Conclusion 

 
The flexibility of the porphyrazines, in regards to both their ease of synthesis and the 

various chemical/physical properties available to them, make these compounds very 
attractive for imaging and therapeutic applications. Initial work has shown promise that a 
number of these compounds may be of potential clinical relevance. However, further studies 
are needed to more thoroughly elucidate the structure-function relationships of the pzs. To 
this end, synthetic and delivery advancements continue to unfold, and these discoveries will 
continue to improve our understanding of the pz biological behavior. We further note that 
only a small subset of pzs have to date been studied for their anti-tumor potential; many more 
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pzs possessing useful anti-tumor behavior likely either already exist or can be easily 
synthesized. Thus, the combination of the exciting results of the early pz studies and the 
untapped potential of this class of compounds makes the future extremely bright for the 
porphyrazines in the field of biological applications. 
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Mass spectrometry (MS) can be viewed as the universal “balance” of the natural 

sciences. By measuring atomic and molecular weights it has become an essential tool for 
composition and structural analysis. In fact, the discovery of soft ionization techniques some 
20 years ago has introduced MS to the biosciences and ultimately to clinic-associated 
facilities. Electrospray (ESI) and MALDI (matrix-assisted laser desorption) ionization leave 
biomolecules intact and allow their measurement up to very high masses. As the 2002 Nobel 
Price Winner John Fenn of Virginia Commonwealth University put it – elephants learned to 
fly. Nevertheless, MS had its place in the clinical laboratory before those discoveries with the 
long established coupling of gas chromatography (GC)-MS for the detection of small organic 
acids and metabolites. Especially for the “General-Unknown-Screening” in cases of 
intoxication the method has proven very useful. It is limited, however, to volatile compounds 
or such samples which can be derivatized to achieve that effect. The mass range of the 
instruments ends mostly well below 1000 Da. Therefore, liquid chromatography (LC)-MS 
couplings soon moved in to complement GC-MS for water-soluble and higher-molecular-
weight compounds. Those two coupling techniques remain the only MS-based methods with 
some impact in the clinical laboratory so far. The new possibilities of investigating whole 
proteins or other macromolecules using MS technology have not yet found their way into 
clinical diagnostics. Attempts were made trying to apply SELDI (surface-enhanced laser 
desorption ionization) to comparative biomarker profiling of body liquids such as serum. To 
that end, biochips were covered with various chromatographic surfaces with the goal to 
simplify as well as standardize sample preparation. While some interesting reports can be 
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found in the literature, reproducibility seems to be a major problem which has so far 
effectively prevented SELDI from becoming a diagnostic tool. Reasons may be the biochips 
themselves whose production is an art. In addition, the biological variation introduced by the 
study subjects is difficult to control. A blood sample, e.g., will vary depending on the time of 
day it is taken, the gender and age of the person, monthly or age-dependent hormone 
changes, or food and drink which was consumed on a regular basis or shortly before 
sampling. Therefore, only drastic reproducible biological effects can be monitored in 
diagnostics and even then, some diagnostic markers are not very reliable as, e.g., PSA for 
prostate cancer. A third reason for the difficulties SELDI was experiencing was ion 
suppression during ionization. The effect molecules have on each other hunting for protons in 
the ion cloud depends on the respective make-up of the analyte and surrounding solvent 
system and is difficult to control. In case of large concentration differences – one major 
component in a bulk of minor components - this is hardly an issue for the main analyte. 
Minor components, however, may be effectively suppressed and become invisible in the 
spectrum. 

In contrast to clinical diagnostics, MS has established itself very well as an essential tool 
in clinical research. It provides data with high sensitivity and accuracy for genomics, 
proteomics and metabolomics. In fact, MS-based research literally exploded as is documented 
in numerous new journals. As an example, whole proteomes can be identified and screened 
for effects due to disease or stimulation. But again, study design is very important dealing 
with samples of biological origin. Variation in concentration from sample to sample may be 
greater than technical variation. Looking at whole proteomes means to investigate snapshots 
of highly complex mixtures of thousands of different proteins caught at one particular point 
in time and space. In general, the analyst has to deal with the protein extracts of a specific 
number of cells or of tissue homogenates. While cell culture has the potential to supply 
enough material for exhaustive analysis, it has been discussed how well cells can be kept 
over extended periods of time without changing or contaminating them. Obtaining sufficient 
animal or human tissue may also prove difficult. Apart from animal rights issues, keeping and 
raising animals requires special, and therefore, expensive facilities. A tissue biopsy from 
human being is not easy to get and also does not contain too much material for further 
processing. Tissue and sample collection need to be highly standardized to avoid 
decomposition and ensure comparable results for extended periods of time. In addition, 
sample exchange among scientific institutions is important and the history of the analyte must 
be known very well. Biomolecules are highly susceptible to environmental changes and 
respond with, e.g., oxidation or cleavage. Particularly handling and transport steps may 
introduce unwanted modifications depending on the time span the sample was exposed to 
open air or room temperature. Therefore, biobanks are increasingly created which strive to 
provide state-of-the-art storage. However, well maintained storage and documentation is 
associated with cost and not necessarily accessible for the average scientist.  

MS has reached a level of performance which causes a shift of the analytical bottleneck 
to sample preparation. MS does require a certain degree of purification in order to achieve 
reproducible results and it is these steps which, while selectively isolating one population of 
molecules, lose another. In an example proteome expression is considered. There the goal is 
to visualize the complete proteome and identify members regulated due to changes. However, 



Mass Spectrometry in Clinical Chemistry 

 

303

the generation of protein extracts requires homogenization, lysis and dissolvation steps so 
that in each procedure some information is lost, be it due to solubility or other properties. 
E.g., hydrophobic proteins may be lost, although the addition of detergents has expanded the 
soluble proteome considerably. Most of the time, “whole proteome analyses” only refer to 
investigations of the soluble proteome. Those can be visualized in two dimensions using gel 
electrophoresis. It creates maps with respect to protein isoelectric point and molecular 
weight. The concentration of the proteins is reflected in their staining intensity or spot size, 
but the dynamic range of the visualization method leaves proteins present in lower amounts 
invisible. More often than not, the abundant proteins are not of interest for the research 
project. Various authors suspect more than twelve orders of magnitude in dynamic range. Not 
unexpectedly, the correlation between mRNA and protein levels was shown to be insufficient 
to predict protein expression levels from quantitative mRNA data so that one is forced to 
study proteins in order to get to the essence of all efforts - function.  

The wanted or unwanted separation effects are the crux of all analyses, be it small or 
large molecules. Nevertheless, MS is flexible enough to be adapted to complicated 
measurements with novel ionization or detection techniques. We may hypothesize that the 
impact of MS in clinical research and diagnostic will continue to grow. While for the former 
all suitable ionization and detection methods will be employed in any combination which 
solves a scientific problem, for the latter dedicated instruments and integrated system 
solutions will evolve. Array analysis and sample or tissue profiling seem to look the most 
promising applications. 
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Abstract  
 
The Mass Spectra (MS) of blood human proteome can be of great help in detecting 
diseases. In Prostate Cancer (PCa), prognostic (predictive) factors are particularly 
important given the marked heterogeneity of this disease at clinical, morphologic and 
biomolecular levels. Blood contains a treasure of previously unstudied biomarkers that 
could reflect the ongoing physiological state of all tissue. The serum Prostate-Specific 
Antigen (PSA) measurement is a very good biomarker for PCa, but the Sensitivity is 
somewhat low (above 62%). In this paper we propose a general strategy, based on 
Computational Chemistry techniques, which should improve the predictive power of 
PSA. Our group adapted the Shining Star graph to represent human serum-plasma-
proteome MS for healthy and PCa patients. In this work we calculated different Spectral 
Moments of the Markov Matrix associated to the Star graph for a sample of patients. 
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These indices are similar to other graph parameters such as Topological Indices (TIs) or 
Connectivity Indices (CIs). We used these indices to create Quantitative Proteome-
Disease Relationships QPDRs models in analogy to QSAR models of small drugs. The 
best QPDRs found model showed a sensitivity value of 89.9%. This methodology might 
be useful in several Bioinformatics applications based on Translational Medicine. 
 

Keywords: Mass spectra/ Graph theory/ Complex networks/ Spectral moments/ Prostate 
cancer/ Prostate-specific antigen 
 
 

Introduction 
 
A blood proteome Mass Spectra (MS) represents a potential tool for the early detection 

of diseases [1]. Transformation of the output signal from the serum plasma MS into a graph 
may be a useful alternative to Prostate Cancer (PCa) MS pre-processing. This graph can be 
numerically drawn using numerical indices that describe the connectedness between nodes in 
the graph. Many authors refer to this class of indices as to Topological Indices (TIs) or 
Connectivity (CIs) [2-6]. The transformation of networks (a picture) into TIs or CIs 
(numbers) allows not only the storage, manipulation and information retrieval in 
computational chemistry, but also enables the search for quantitative relationships between 
system structure and function. However, one can consider numerous variations to this classic 
strategy beyond the world of small molecules and covering not only macromolecules, such as 
DNA and proteins, but also brain cortex, population sociology and other complex systems. 

From now on we will refer to all these indices (TIs and CIs) as the CIs [7-14]. The 
network representation and study of CIs may help to capture not only linear but also non-
linear relationships among the MS regions. The idea of the connectivity analysis applied to 
red blood cells metabolic components serves in some way as inspiration for this line of 
thinking, approaching the study of blood with CIs and graphs [14]. The CIs may improve the 
ability of the single biomarker to encode multi-causal information. In principle, we can 
represent MS information by a graph and calculate the CIs in analogy with approaches used 
for DNA or protein sequences [15]. 

In this work we adapted the Shining Star graph [16] to represent human serum-plasma-
proteome MS for healthy and PCa patients. The network used in this work also incorporated 
as nodes the level of the Prostate Surface Antigen (PSA) for cancer and healthy patients, 
including benign prostatic hyperplasia patients [17]. The PSA is a very good biomarker for 
prostate cancer, when we try to differentiate PCa patients from control group using the 
dataset reported by Petricoin et al. [18] the PSA based model classifies correctly only the 
62% of cancer patients. This methodology is new, widespread and with a great scope. 
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2. Materials and Methods 
 
In Figure 1 the flowchart of this work is shown. The first step (A) was to transform the 

MS in order to obtain a set number used for graphic representation, see section 2.1. and 2.2. 
The second step (B) was to portray the MS of each patient with a Shining Randic Star [19], 
see section 2.3. The third and final step (C), using the Linear Discriminant Analysis, was to 
develop the statistical models, see section 2.4. 

 

 

Figure 1. Work Flowchart. 

 
2.1. Database 

 
The database reported by Petricoin et al. has been used in this work [18]. It contains the 

MS spectra of 322 patients, classified into 4 groups according to their PSA level. The first 
group was formed by 190 patients with a PSA level greater than 4 (group A), the second 
group consisted of 63 patients with a PSA less than 1 (group B); 26 patients with a PSA level 
in the 4-10 range formed the third group (group C) and 43 patients with a PSA level greater 
than 10 the fourth group (group D). The clinical analysis has demonstrated that the healthy 
patients belong to the groups A and B, while the patients of the groups C and D are PCa. 
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2.2. Ms Data Coding 
 
There are more than 15000 signals present in each spectrum. We have calculated the 

product of m/z with the corresponding intensity (I) value for each signal. By considering 
successive ranges of 500 values of this parameter, 31 regions have been obtained for each 
spectrum and the mean value within each region has been calculated, as well as the standard 
deviation and the standardization. The later value of I of the 31 total regions has been coded 
into 8 branches (B, C, D, E, F, G, H, I) depending on the weight of the region in each MS, 
with the aim of obtaining a graphical representation of the MS spectrum for each patient. The 
node corresponding to the region of PSA is represented by the letter A. 

 
 

2.3. Star Graph Representations 
 
The spectrum was represented graphically by a Shining Randic Star [19], drawn with the 

software MARCH-INSIDE [20-29]. The starting point was the classification of each region 
into more categories according to degrees of average intensity (B, C, D, E etc.). Afterwards, 
the number of regions of each type was counted and the Star graph was drawn through 
adding one node by region. The first node is the PSA value, represented in branch A, and 0, 1 
or 2 nodes were also added in this branch depending on the PSA value = 0, 1 or 2. See Figure 
2.  

 

 

Figure 2. MARCH-INSIDE view of a Serum proteome MS Star graph. 
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2.4. Linear Discriminant Analysis (Lda) 
 
The data set was divided into two series, a training series and a cross-validation series. 

The training series consisted of 230 patients (175 control group healthy patients and 55 PCa), 
while the cross-validation series contained 92 patients (78 control group healthy patients and 
14 PCa). A LDA was performed using the STATISTICA package [30] to develop different 
classification functions capable of differentiating healthy from PCa patients. In the eq 2.1, the 
activity, or any given biological property, is expressed as a function of the spectral moments 
μk(Ri) of order k for every PSA region and/or MS region Ri, generated in each case. In the 
classification function 

 

( ) )1.2(
5,32

,
cRbP

ki
ikk

i +⋅= ∑ μ  

 
P is the biological property, μk is the kth spectral moment, bk are the coefficients obtained 

in the classification function for the spectral moment, and c is the intercept. The regions 
included 31 MS regions plus one PSA region if it is necessary. The discriminant function was 
obtained by using the forward-stepwise method with a minimum tolerance value of 0.01. In 
particular the spectral moment μ0(RPSA) with order k = 0 for the PSA graph is equal to the 
PSA value. 

 
 

3. Result and Discussion  
 

Classification Function 
 
Model using PSA-Moments: 
 

( ) ( )1.398.134.4 0 −⋅=− PSAscorePCa μ  

 
N = 322, Rc = 0.63, λ = 0.606, χ2 = 114.01, p < 0.001 

 
Model using PSA/MS Moments model: 
 

( ) ( ) ( ) ( ) ( )2.338.16821.551.2455.482.20 0503 +⋅+⋅−⋅+⋅=− TotalRRPSAscorePCa II μμμμ   
 
N = 322, Rc = 0.81, λ = 0.344, χ2 = 240.95, p < 0.001 
 
N is here the number of patients included in the discriminant analysis calculation, Rc is 

the canonical regression coefficient, Wilk's λ is the standard statistic, used to denote the 
statistical significance of the discriminatory power of the current model. Its value will range 
from 1.0 (no discriminatory power) to 0.0 (perfect discriminatory power). The parameter χ2 is 
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the Chi-squared statistic, and p is the error level [31]. The model 3.1 has 100% Specificity, its 
total Accuracy is 91.9%, but its Sensitivity is only 62.3%. This model has an unacceptably 
low predictive power for detecting a PCa patient. Main improvements are obtained when the 
PSA values are related to the MS. The best results are obtained by including the PSA value in 
the Shining Star graph (model 3.2). In this model an intimate relationship between the PSA 
values and the MS of the patient is originated by taking into account PSA value and MS 
information on the same graph. Sensitivity values reach 90.9% in training series and 92.9% in 
cross-validation series. For this model the Wilk’s λ value is 0.344, a good result for the 
discriminatory power of this model. The error level p is lower than 0.05, it means that the 
hypothesis of groups overlapping with a 5% error can be rejected [32]. A summary of the 
results for the models 3.1 and 3.2 is given in Table 1. 

Then we proceeded to demonstrate that the model met the basic assumptions of LDA 
[31]. The distribution of the residuals for all patients (raw residuals vs. case number) is shown 
in Figure 3, section (A). A double ordinate Cartesian plot of residuals (first ordinate), Leave-
One-Out (LOO) residuals (second ordinate), and leverages (abscissa), defined the 
applicability domain of the models 3.2 as a squared area within ± 2 band for residuals and 
leverage threshold of h = 0.05217 [33,34]. As it can be noted in Figures 3, section (B); almost 
all cases used in training and validation lie within this area. Actually, some cases have a 
leverage value higher than the threshold, but show LOO residuals and standard residuals 
within the limits [35].  

 
Table 1. Summary results for models. 

 
Parameters 

 
Model (3.1) 

 
Model (3.2) 

 
Classifications matrices 

 
Control group 

 
Cancer patients 

 

253   0 
 

 26   43 
 

251     2 
 

 7     62 

 
Statistic parameters in both series (%) 

 
Total accuracy 

 
Specificity 

 
Sensitivity 

 

91.9 
 

100.0 
 

62.3 

97.2 
 

99.2 
 

89.9 

The bold characters refer to the number of patients that the model classifies correctly 
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Figure 3. A) Scatter plot of raw residual vs. case number; B) Double ordinate Cartesian plot of residuals, 
LOO residuals and leverage for the model 3.2. 

We tested the normal distribution of residual using different distribution fitting tests; the 
results were: Kolmogorov-Smirnov d = 0.18 with p < 0.01; χ2 = 126.78 with p = 0.000; and 
Shapiro-Wilks W = 0.80 and p < 0.001 [31]. In Figure 4, section (A), the frequency 
histogram is shown for normality testing. The hypothesis of normality should be rejected. 
However, as it is obvious in section (B), eliminating some cases (belonging to Group C) with 
too low residual values, normality is approached significantly. Nevertheless, the deviations 
from normality seem to be not severe, mainly taking into consideration certain robustness of 
the method to small deviations from normality. The scatter plots of square standardized 
residual vs. the respective μk included in the 3.2 model reveal an adequate scatter on the 
points without any consistent pattern, which validates the assumption of homocedasticity 
(i.e., homogeneity of variance in variables) [36]. This important parametric assumption of 
LDA was represented in Figure 5.  

 

 

Figure 4. Analysis of the Application Domain and some Parametric Assumptions. 
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Figure 5. Normality Histograms for model 3.2. 

 
4. Conclusion 

 
In this work the following results were obtained. The mass spectrum of human proteome 

was represented by means of a method widely used to describe sequences aminoacid. The 
QPDRs methodology has been used to combine the Mass Spectrum with patients' PSA level, 
by this technique we succeeded in improving the predictive power of the PSA, increasing by 
30% the sensitivity value. 
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Abstract 
 
Breast cancer is one of the most frequent malignancies in women and ranks second only 
to lung carcinoma among cancer deaths in adult female patients. Breast cancer is a 
heterogenous disease that encompasses a number of pathological entities with distinct 
clinical behavior. Racial differences in the biology and treatment of breast cancer are also 
well documented. A positive correlation between obesity and breast cancer has been 
established. Indeed, deregulated adipokine production from fat cells represents an 
important molecular basis underlying obesity-related carcinogenesis. Thus, the growth 
and progression of breast tumor cells is dependent both on their intrinsic malignant 
potential and the microenvironment they interact with. 
The circulating concentrations of adiponectin, an insulin-sensitizing adipokine, correlate 
inversely with breast cancer development since adiponectin could potently inhibit the 
proliferation of both estrogen receptor-positive and estrogen receptor-negative human 
breast carcinoma cells.  
We hypothesize that the differences in the biology of breast cancers observed in women 
of different races are at least partially related to differences in the secretory activity of 
adipocytes in the breast tissue. We review the possible role of adipokines in breast 
malignancies of women of various races. It is hoped that these biomarkers could identify 
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those women who are at increased risk for developing aggressive breast carcinomas and 
thus may benefit from increased surveillance and/or prophylactic intervention.  
 
 

Introduction 
 
According to the American Cancer Society, breast cancer rates have risen by 30% in the 

past 25 years in the developed world, due in part to increase in screening which detects the 
cancer in earlier stages1. The lifetime probability of developing breast cancer in developed 
countries is about 4.8%. Breast cancer is, however, a heterogenous disease that encompasses 
distinct pathological entities. A minor subset of breast cancers is known to arise from 
germline BRCA1 mutation. Most breast cancers are, however, sporadic. Avoidable risk 
factors during a woman's life for developing sporadic breast cancer include becoming 
overweight or obese, the latter defined as a body mass index (BMI) of > or = 30.0 kg/m2. The 
prevalence of obesity has increased substantially over previous decades to about 20% in 
industrialized countries (by some estimates, in the US exceeding 60%), and a further increase 
is expected in the future2-4. Therefore a similar trend is observed in the incidence of breast 
cancer and obesity.  

An increased concentration of estrogen from peripheral aromatization in adipose tissue 
partly explains the association between body mass index and the risk of post-menopausal 
breast cancer. Other possible mechanisms that relate obesity to cancer risk include insulin 
resistance and resultant chronic hyper-insulinemia, increased production of insulin-like 
growth factors or increased bioavailability of steroid hormones. Recently, adipose tissue-
derived hormones and cytokines (so-called adipokines) such as leptin and adiponectin, as 
well as obesity-related inflammatory markers like the nuclear factor kappa beta (NF-kappa B) 
have emerged as important players in breast cancer initiation and progression5-6. 

The development of reliable gene expression arrays, real-time quantitative RT-PCR, and 
immunohistochemical (IHC) techniques for studying molecules have facilitated the 
understanding of the role of the above molecules as well as steroid hormones (including 
androgens and corticosteroids), fat-soluble vitamins A and D, fatty acids, and xenobiotic 
lipids derived from diet in the molecular events of breast cancer pathogenesis.  

Although the overall incidence of breast cancer among African-American (AA) women 
is lower than in white American women, this cancer is more common in young 
premenopausal African-American women, and African-American breast cancer patients of all 
ages are more likely to have advanced disease at diagnosis, higher risk of recurrence, and 
poorer overall prognosis. Disparate characteristics of breast cancer diagnosed in African 
Americans as compared with Caucasians, such as more advanced stage at diagnosis and less 
estrogen-receptor positive, co-morbidities, and access to therapy could help explain the 
observed survival outcomes7, 8.  
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Race-Related Differences in the  
Morphometry of Breast Carcinomas 

 
Morphometric methods have been used to demonstrate the differences in the morphology 

between breast cancers among black and white women9, 10. H&E stained slides obtained from 
148 Nigerian, 166 African-American and 170 Caucasian breast cancer patients were 
evaluated for volume-corrected mitotic index (smi) expressed as mitosis/mm2, mean nuclear 
area (mna) aided by a digitizing interactive video overlay, and fraction of fields with tubular 
differentiation (ftd). Empirical distributions of, and inter-relationships between, the three 
features showed that there was a significant difference in the mean values among the three 
groups (p<. 0001). The smi and mna values were largest for Nigerian (N), intermediate for 
African-American (AA), and lowest for Caucasian (C) women (smi N=26.5±14.7, 
AA=19.9±6.7, C=14.5±5.1; mna N=55.9±19.9, AA=47.1±12.7, C=34.3±10.3). For smi and 
mna, all pair wise means differed (p<0.05). The pattern was reversed for ftd, with the 
Nigerian cases having the smallest value (ftd N=17.8±17.0, AA=21.9±16.6, C=28.4±17.9). 
Thus, there is a significant difference in proliferative activity and degree of differentiation 
among Nigerian, African-American, and Caucasian women with breast cancer, even after 
adjusting for other confounding variables like age and stage. These differences are likely 
genetically programmed. These findings have also been confirmed in several other reports11. 

 
 
Race-Related Differences in the Genetics and 

Biology of Breast Carcinomas 
 
Novel cancer therapies have focused on specific molecular markers present in malignant 

tumors. The rationale of targeted therapy relies on the knowledge of molecular mechanisms 
involved in carcinogenesis and their influence in clinical outcome allied to a more specific 
and less toxic treatment. Recent cDNA micro-array studies have demonstrated that breast 
cancers can be divided according to their gene expression profiles into 4 distinct subtypes: (1) 
basal-like tumors (ER-, HER2-), (2) tumors with amplification of HER2/neu (ER-/+, 
HER2+), (3) luminal tumors A and B (ER+, HER2-), and (4) normal breast-like cancers 8, 11. 
Importantly, these subtypes have distinct prognostic and therapeutic implications. For 
example, basal-type breast carcinomas are high-grade with poor prognosis but respond better 
to conventional chemotherapy than other subtypes. Although basal-type carcinomas account 
for only 15-20% of all breast cancers, they are overrepresented among black women and also 
those with BRCA1 germline mutation. 
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Factors Secreted by Adipocytes (Adipokines) are 
Emerging as Major Players in Breast 

Carcinogenesis with Race-Related Differences 
 
Mature adipocytes, a specific mesenchymal cell type, are distributed widely throughout 

the body. There are two main types of mature adipocytes: white and brown. These two 
varieties are contained in the adipose organ in varying ratio. The relative percentage of the 
white and brown adipocytes in the adipose organ may vary accordingly to 
environmental/hormonal changes. Furthermore, they are capable of de-differentiating to less 
matured cells and forming proliferative-competent precursor cells like preadipocytes, 
adipofibroblasts, or even other forms of cells. Larger adipocytes do have a less favorable 
profile of cytokine secretion than smaller adipocytes. It is possible that using morphometric 
techniques, we may be able to demonstrate significant differences in the proportion of 
adipocytes in different human races and molecular subsets of breast cancers grouped 
according to adipokine production12, 13. 

We propose that the differences in breast cancer observed in women of different races is 
related not just to the degree and distribution of obesity pattern but also the type of 
adipocytes, their secretion profile as well as differences in receptors. Adipokines were 
traditionally assumed to be molecules selectively secreted from fat cells with role in 
regulation of energy metabolism and cardiovascular tones. They have come to be recognized 
as possible link between obesity and breast cancer pathogenesis. Adipokines combine 
positive and negative regulatory functions in cancer tumorigenesis. For example, leptins 
promote epithelial cell proliferation in the breast and adiponectins act as growth inhibitors of 
breast cancers.  

 
 

Adiponectin 
 
The circulating concentrations of adiponectin, an insulin-sensitizing adipokine, inversely 

correlate with breast cancer development since adiponectin could potently inhibit the 
proliferation of both estrogen receptor-positive and estrogen receptor-negative human breast 
carcinoma cells. It is possible that the protective role of obesity in pre-menopausal women is 
due to increased adiponectin production or activity. Administration of adiponectin 
significantly attenuated the mammary tumor growth in nude mice implanted with human 
breast carcinoma cells12-15. Adiponectin effects are mediated by its receptors, AdipoR1 and 
R2. There is an association between genetic variants of the adiponectin (ADIPOQ) and 
adiponectin receptor 1 (ADIPOR1) genes with breast cancer risk. Specifically, two ADIPOQ 
SNPs (rs2241766 and rs1501299), have been associated with circulating levels of adiponectin 
and increase in breast cancer risk. One ADIPOR1 SNP (rs7539542), which modulates 
expression of adiponectin receptor 1 mRNA, is also associated with breast cancer risk. There 
are findings to suggest that a cross-talk between adiponectin and estrogen receptor signaling 
exists in breast cancer cells and that adiponectin effects on the growth and apoptosis of breast 
cancer cells in vitro are dependent on the presence of 17-beta estradiol16-19.  
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Thus, adiponectin exerts a direct growth-inhibitory effect on tumor cells by down-
regulating cell proliferation and up-regulating apoptosis, and also inhibits tumor-related 
angiogenesis and these evidences suggest a potential therapeutic role for adiponectin in the 
treatment of breast cancer especially in ER- negative breast cancers observed in women of 
color. 

 
 

Leptin  
 
Leptin functions by stimulatory effects on the downstream cell signaling pathways of 

both estrogen-dependent and -independent breast cells. Cyclin D1 may be the target gene for 
leptin mediated growth stimulation of breast cancer cells and molecular mechanisms 
involving Stat3-mediated recruitment of distinct co-activator complexes. Leptin also 
increases the production of E-cadherin, an intercellular adhesion molecule that is a tumor 
suppressor20, 21. Leptin and estrogen, however, synergistically increase tumor size and these 
changes correlated with an increase in E-cadherin. It appears that E-cadherin may 
paradoxically serve as a tumor enhancer when exposed to leptin and estrogen. 

Leptin levels are significantly higher in black women than in white women and are also 
significantly higher in obese and overweight women than in normal-weight women. Further 
studies to evaluate relationship between molecular subsets of breast cancers and serum leptin 
levels/leptin receptors may yield therapeutic information20, 21. 

 
 

Hepatocyte Growth factor (HGF) 
 
Hepatocyte growth factor (HGF)) is produced by adipocytes and HCG levels are often 

elevated in breast cancer patients, and particularly so in those with advanced disease. In a 
multivariate analysis, the HGF concentration functioned as an independent prognostic 
indicator22. HGF levels are reduced after the removal of primary tumor, suggesting that a 
major portion of the circulating levels was produced by the tumor itself and/or the closely 
associated, and excised, adipose tissue. It will be interesting to assess the racial differences of 
HGF in breast cancer patients of different races. 

 
 

Nuclear Factor (NF)-kappa B  
 
NF-kappa B induces aberrant cell proliferation and has anti-apoptotic properties in breast 

cancer cells. An inverse correlation of the level of epidermal growth factor (EGF) family of 
receptors (EGFR) and estrogen receptor (ER) is observed between ER- and ER + breast 
cancer cells. The transmission of mitogenic signal induced by EGF-EGFR interaction is 
mediated via activation of nuclear factor kappaB (NF-kappaB) 23.  

Breast cancers in women of African descent are characterized by a more aggressive 
clinical behavior and increased frequency of estrogen receptor-negative immuno-phenotype. 
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It therefore appears that the adipocyte of Black women with breast cancers may be active 
secretors of NF-kappa B. This molecule is a therefore a potential therapeutic target for the 
subset of estrogen receptor (ER) negative (-) breast cancer cells that overproduce the 
epidermal growth factor (EGF) family of receptors (EGFR).  

 
 

Discussion and Concluding Remarks 
 
Breast cancer is a heterogenous disease that encompasses a number of pathological 

entities with distinct prognostic and therapeutic implications. Gene expression-profiling 
studies have demonstrated that breast cancers can be divided into four main groups, namely 
basal-like, luminal A and B, HER2+, and normal breast-like carcinomas. Using paraffin 
immunostains for estrogen and progesterone receptors (ER, PR) as well as 
immunohistochemical or fluorescent in situ hybridization (FISH) analysis to determine 
HER2/neu expression status as surrogate markers by pathologists, this classification already 
drives treatment decisions for newly diagnosed breast carcinoma cases.  

Early detection is paramount in reducing both morbidity and mortality of breast cancer. 
At present, screening is routinely done by mammography at intervals that depend on the age 
and risk factors (e.g. family history) of the woman. Mammography is, however, both 
cumbersome (performed only in selected centers) and unpleasant for the patients, therefore 
compliance is an issue and many cancers are detected in an advanced stage. Moreover, many 
young women develop breast cancer well before the age when routine mammography 
screening begins. Clearly, an inexpensive serum marker (analogous to PSA to screen for 
prostate cancer in men) would be extremely useful in identifying those women who could 
benefit from starting mammography early.  

Racial differences in the epidemiology and biology of breast cancers are well-
established. Many black women appear to develop aggressive basal-like breast carcinoma at a 
relatively young age. Obese white women are also at increases risk, though usually at older 
age. There is emerging evidence that factors secreted by adipocytes may contribute to breast 
carcinogenesis. In the focus of attention are leptin and adiponectin, two adipokines that 
positively (leptin) or inversely (adiponectin) correlate with the clinical risk for developing 
breast cancer.  

It is an attractive hypothesis that a simple serum test ran on automated chemistry 
analyzers that determines the secretion profile of adipocytes (e.g. circulating leptin and 
adiponectin levels) can identify those at-risk black and/or obese women who could benefit 
from vigorous mammography screening. Another promising diagnostic target produced by 
adipocytes is hepatocyte growth factor (HGF) that may be useful in detecting recurrent breast 
carcinoma.  

Molecular analysis by PCR can be a helpful tool in exploring the genes involved in 
production of these molecules and their receptors. An understanding of the mechanisms of 
action of these molecules will help understand the biological differences of breast cancers in 
women of different races. This promises to open door for possible new therapeutic 
manipulations. 
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Abstract 
In primates, including man, purine catabolism terminates with the formation of uric acid. 
This is due to a lack of uricase, which catalyzes the conversion of uric acid into allantoin 
in most other mammals. A nonsense mutation during evolution inactivated uricase 
activity in humans, resulting in enhanced protection against reactive oxygen species. The 
loss of uric acid degradation in purine catabolism is believed to compensate for the 
inability of humans to synthesize vitamin C, which is a powerful antioxidant. Blood in 
humans contains a very low concentration of allantoin produced from the elimination of 
reactive oxygen species by uric acid. Therefore, the measurement of serum allantoin is a 
good marker for judging the degree of reactive oxygen species generation in the body. In 
recent years, serum allantoin has been extensively used as a marker of oxidative stress. 
Serum allantoin levels are reportedly increased in Down syndrome, Behçet's syndrome, 
Wilson disease, neonatal chronic lung disease, chronic rheumatoid arthritis, and patients 
undergoing hemodialysis. In this review, we will describe the analytical methods of 
serum allantoin measurement and their clinical significance. 
 
 

Introduction 
 
Life first appeared on the earth 35 hundred million years ago. Among the first life forms 

to develop were anaerobic organisms that lived quite successfully without oxygen. However, 
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the atmospheric oxygen level increased as new organisms that produced oxygen during 
photosynthesis appeared. This caused some anaerobic life forms to die out due to the 
oxidative action of oxygen and others to remove to anoxic environments. In time, aerobic 
organisms appeared that could not only protect themselves from oxygen, but could also 
utilize this gas.  

In the present day, aerobic animals, including humans, uptake oxygen from the air and 
gain chemical energy (ATP) by oxidizing photosynthetic products from plants. During this 
process, reactive oxygen species (ROS), including superoxide anions, singlet oxygen, 
hydrogen peroxide, and hydroxyl radicals, are continuously generated in the body and are 
combated by ROS removal systems, such as superoxide dismutase, glutathione peroxidase, 
and catalase. Reactive oxygen species oxidize constituents that are essential for the 
maintenance of life, and thus can cause serious diseases. Because of their high reactivity, the 
half life of ROS in organisms is very short, making the direct detection of ROS very difficult. 
When ROS are scavenged by various constituents, metabolites of ROS scavengers are 
produced through antioxidation and accumulate in the body. These metabolites, so-called 
oxidative stress markers, are one means of examining the generation status of ROS. 

Some ROS scavengers can be found in human blood. In particular, uric acid is a potent 
scavenger of ROS, including singlet oxygen and hydroxyl radicals [1-4]. Since humans do 
not have the enzyme uricase that catalyzes the conversion of uric acid into allantoin in other 
animals, the end product of purine catabolism is uric acid rather than allantoin. Also in 
contrast with other animals, humans cannot synthesize vitamin C, which is a powerful 
antioxidant. The loss of uric acid degradation in purine catabolism is due to an added 
terminal codon in the uricase gene [5], resulting in protection from ROS. In humans, this 
mechanism is thought to compensate for the inability to synthesize vitamin C [1, 6]. Human 
serum therefore contains small amounts of allantoin produced from uric acid. Here, we will 
describe the analytical measurement and importance of human serum allantoin as an 
oxidative stress marker.  

 
 

Assay for Allantoin in Human Serum 
 
Allantoin levels in the serum of laboratory animals have been measured by a colorimetric 

method reported by Young and Conway [7] that involves the alkaline hydrolysis of allantoin 
to allantoic acid, the acid hydrolysis of allantoate to glyoxylate, and the formation of the 2,4-
dinitrophenylhydrazone of glyoxylate (named the Rimini-Schryver reaction) or the detection 
of NADH oxidation by a glyoxylate reductase reaction [8]. However, this method has both 
poor sensitivity and poor specificity. We recently developed a new enzymatic assay for 
specifically measuring the serum allantoin concentration of experimental animals, and 
successfully applied this method after the oral administration of purine nucleotides to rats [9]. 
In this method, allantoin is converted to allantoate by the action of allantoinase. Allantoate is 
then hydrolyzed to ureidoglycine, CO2, and ammonia by the action of allantoate 
amidohydrolase. NADP-dependent glutamate dehydrogenase subsequently acts on the 
ammonia produced, resulting in a change in the absorbance at 340 nm due to NADPH 
consumption. However, this method has a poor sensitivity due to low molar extinction 
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coefficient of NADPH at 340 nm, and therefore cannot be used to detect serum allantoin 
levels in humans, who lack uricase and therefore have substantially lower serum allantoin 
levels than those found in other mammals.  

Most human serum allantoin measurements are performed by a high performance liquid 
chromatography (HPLC) method [10-16]. The HPLC procedure consists of many successive 
steps: sample deproteination, pre-purification of allantoin by anion exchange 
chromatography, desiccation of the eluate, alkaline hydrolysis of allantoin to allantoic acid, 
acid hydrolysis of allantoic acid to glyoxylic acid, derivatization of glyoxylic acid with 2,4-
dinitrophenylhydrazine, and separation of the derivative with HPLC. This process is time-
consuming, complicated, and requires a large volume of sample and expensive equipment. 
Consequently, the HPLC method is difficult to perform on large numbers of samples. Assay 
methods for serum allantoin using gas chromatography/mass spectrometry [17] and capillary 
electrophoresis [18] have also been reported, although these methods also require expensive 
equipment. 

To overcome these disadvantages, we recently developed a highly sensitive novel 
enzyme cycling method for measuring allantoin levels in human sera [19]. The scheme of our 
method is shown in Figure 1. The first step is allantoin hydrolysis by allantoinase, followed 
by the hydrolysis of allantoate by an allantoate amidohydrolase reaction, which results in 
ammonia production. The ammonia is then converted to NAD by NAD synthetase. This NAD 
is cycled between its oxidized and reduced forms in the presence of glucose dehydrogenase, 
diaphorase, glucose, and WST-1, producing colored WST-1 formazan that is monitored at 
450 nm. Unfortunately, the allantoinase and allantoate amidohydrolase used in this method 
are not currently commercially available. We hope that they soon will be available, and that 
our enzymatic method will become commonly used for assaying human serum allantoin 
levels. 

 
 
Clinical Significance of Allantoin Measurement 
 
Serum allantoin levels are reported to increase in several diseases. Here, we describe the 

diseases that result in increased levels of serum allantoin that is formed as a consequence of 
the removal of ROS by uric acid. The serum allantoin levels in healthy subjects and in 
patients with oxidative stress–related diseases are summarized in Table I. 

Down syndrome is a chromosomal disorder with three chromosomes 21 (trisomy 21), 
rather than the usual pair of chromosomes. The superoxide dismutase 1 (SOD1) gene residing 
on chromosome 21 results in excess expression of this enzyme. Thus, SOD1 activity is 
reportedly increased by approximately 50% in Down syndrome patients, leading to an 
increase in the ratio of SOD1 to the sum of catalase and glutathione peroxidase, which 
catalyze the conversion of hydrogen peroxide to water [20-22]. The imbalance in this ratio 
causes increased ROS that are removed by uric acid, resulting in increased serum allantoin 
levels [23]. 
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Figure 1. Reaction scheme for the enzymatic method of allantoin determination. 

Behçet's disease is a chronic inflammatory disease that causes recurring aphthous 
stomatitis and inflammation in various organs, including the skin, vulva, and joints. Although 
the causes of Behçet's disease are unknown, it may an autoimmune-related disorder similar to 
chronic rheumatoid arthritis. Both of these inflammatory disorders can increase the number 
and activity of neutrophils, which when activated generate large amounts of ROS during the 
inflammatory response. This leads to increased serum allantoin levels in Behçet's disease [24] 
and chronic rheumatoid arthritis [25] as a result of the antioxidative activity of uric acid. 

Plasma allantoin levels were previously reported to be significantly higher in newborns 
with chronic lung disease than in those without [26]. Newborn patients had severe respiratory 
distress syndrome and could not maintain opened pulmonary alveoli, due to the lack or 
insufficient production of surfactant. These patients were administered surfactant while 
oxygen was supplied at a continuous positive airway pressure, which led to increased ROS 
formation. 

It has also been demonstrated that serum allantoin levels are increased in Wilson disease 
[27], an autosomal recessive disorder characterized by disturbed cooper metabolism. Genetic 
abnormalities of the copper transporter distributed mainly in the liver leads to defective 
incorporation of copper into apo-ceruloplasmin and the biliary excretion failure of copper. 
Patients with this inherited disorder have increased plasma levels of free cooper that is not 
bound to ceruloplasmin. The non-celuloplasmin cooper possibly causes injury by producing 
ROS in various tissues.  

The treatment of coronary occlusion, including acute myocardial infarction, is performed 
by thrombolytic therapy and percutaneous coronary intervention, and results in restored 
blood flow into ischemic tissue. This reperfusion leads to cell membrane damage and the 
impairment of cellular function by ROS generated in cardiomyocytes and neutrophils. Serum 
allantoin levels are reportedly more increased in patients that have undergone percutaneous 
transluminal coronary angioplasty or thrombolytic therapies than in patients without these 
therapies [28]. 
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Finally, hemodialysis is considered to cause defects in antioxidation; a decreased plasma 
antioxidative capacity leads to an overproduction of ROS, and serum allantoin levels are 
reported to increase in hemodialytic patients [16, 18, 29]. 

 
Table I. Allantoin concentration in serum from healthy subjects and from patients with 

oxidative stress–associated conditions. 
 

Disorder [reference] Subpopulation  
(no. of subjects) 

Allantoin concentration (μM) 

patients (16) 18.58 ± 2.27 Down syndrome [23] 
healthy subjects (16) 14.07 ± 1.07 

patients (23) 21.5 ± 11.0 Behçet's disease [24] 
healthy subjects (21) 15.9 ± 6.9 

patients (4) 36.1 ± 6.3 Chronic rheumatoid arthritis [25] 
healthy subjects (7) 18.6 ± 3.8 

patients (10) 25.9 ± 9.8 Neonatal chronic lung 
disease [26] healthy subjects (9) 11.0 ± 5.7 

patients before therapy (7) 11.0 ± 1.8 
patients after therapy (7) 4.3 ± 0.5 

Wilson disease [27] 

healthy subjects (19) 6.5 ± 0.8 
patients treated with 

angioplasty (8) 
27.4 ± 15.2 

patients treated with 
thrombolysis (12) 

24.6 ± 8.6 

patients without therapy (15) 15.8 ± 6.2 

Thrombolytic therapy and 
percutaneous transluminal 
coronary angioplasty [28] 

healthy subjects (31) 12.6 ± 6.3 
patients (30) 27.1 ± 13.8 Patients undergoing 

hemodialysis [16] healthy subjects (30) 4.76 ± 2.99 
 
 

Conclusion 
 
Oxidative stress is closely related to the above-mentioned and other diseases. It is 

defined as the difference between the extents of oxidative damage by ROS and the removal 
of ROS by various antioxidative constituents. When oxidative stress becomes excessive, 
proteins, lipids and DNA are oxidized. However, the measurement of generated ROS is 
difficult because of its very short half-life. Thus, the oxidation products of ROS scavengers in 
the blood or urine are frequently used as oxidative stress markers. Plasma uric acid is a 
mainly water-soluble antioxidant that scavenges singlet oxygen and hydroxyl radicals. We 
expect that the measurement of serum allantoin formed from uric acid will be performed 
extensively in future to determine the degree of ROS generation in various diseases. 
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Abstract 
 
Background: Patients with markedly elevated serum creatine kinase (CK) activity due to 
muscle damage often also have increased serum aminotransferase activity (AST, ALT). 
However, the expected ratio of serum CK to aminotransferase activity in patients with 
severe muscle damage is uncertain.  
Methods: We evaluated consecutive patients seen during a 6-month period who had 
markedly increased serum CK activity (≥ 1,000 U/L). Only patients with simultaneous 
measurements of CK, ALT and AST activity were included. One hundred eight patients 
ages of 17 to 93 years met these inclusion criteria. Their records were reviewed to 
ascertain the cause of the elevated CK activity.  
Results: Eighty five of the study patients had rhabdomyolysis from a variety of causes to 
explain their marked CK elevation, while 23 had myocardial necrosis, usually from acute 
myocardial infarction. The median ratio of serum CK to AST activity in these 108 high-
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CK patients was 25:1 (interquartile range, 13 to 37:1). The median ratio of serum CK to 
ALT activity was 41:1 (interquartile range, 24 to 80:1). Patients with high CK activity 
due to rhabdomyolysis or myocardial necrosis had similar CK/AST and CK/ALT ratios.  
Conclusions: In patients with a serum CK activity above 1,000 U/L, the serum CK 
activity should be expected to be approximately 25 times the AST activity and to be 40 
times the ALT activity. These ratios can serve as guidelines when assessing high-CK 
patients who also have elevated serum aminotransferase activity.  
 

Keywords: Aminotransferase, ALT, AST, skeletal muscle, rhabdomyolysis, myocardial 
infarction, heart, liver 
 
 

Introduction 
 
Patients with markedly increased serum creatine kinase (CK) activity are not uncommon 

in clinical practice. CK is highly expressed in skeletal and cardiac muscle (1). 
Aminotransferase enzymes (AST, ALT) are also expressed in skeletal and cardiac muscle (2-
4) and some of patients with high serum CK activity also have elevated serum 
aminotransferase activity. Unlike CK, which is not expressed appreciably in the liver (1), 
AST and ALT are also expressed in the liver. Thus, it is often not clear when an elevated 
serum AST or ALT activity in a patient with high serum CK activity can be explained by the 
high CK activity per se and when another cause for the elevated aminotransferase activity, 
such as liver disease, needs consideration. To more fully understand relationships between 
serum CK and aminotransferase activities, we analyzed more than one hundred consecutive 
patients from our hospital who were found to have a markedly elevated serum CK activity, 
reflecting major skeletal or cardiac muscle injury.  

 
 

Methods  
 

Patients and Serum Samples 
 
Between January and June 2006, our hospital’s chemistry laboratory received 14,566 

samples in which a measurement of serum CK activity was requested. The laboratory 
detected a marked elevation in serum CK activity ( ≥ 1,000 U/L, which was more than five 
times the upper limit of the gender-specific reference ranges of 135 U/L for women and 170 
U/L for men) in 524 (4%) of these serum samples obtained from 243 different patients. These 
243 patients were eligible for the study if a simultaneous serum sample had been collected for 
measurement of AST and ALT. One hundred nine of them met these criteria. If a patient had 
more than one set of samples that met our eligibility criteria, only the initial pair of CK and 
AST/ALT measurements was used.  

Medical records were located in 108 of the 109 patients and reviewed to establish the 
cause of the elevated serum CK activity. The patient whose chart could not be located was 
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excluded. Patients whose elevated serum CK activity was found on chart review to be due to 
rhabdomyolysis were further classified according to the system of Miller (5).  

The median age of the study population was 58 years (range, 17-93). Males outnumbered 
females 2 to 1 (72 vs. 36). One sample from a woman with a serum CK activity exceeding the 
assay detection limit (80,000 U/L) was arbitrarily assigned a value of 80,001 U/L. One 
sample from a man with serum AST and ALT activity exceeding the assay detection limits 
(8,000 and 9,000 U/L, respectively) was arbitrarily assigned values of 8,001 and 9,001 U/L, 
respectively.  

 
 

Statistical Analyses  
 
Results are presented as the median and interquartile range. Differences between groups 

were tested for significance by the Mann Whitney U test (6). Differences between 
proportions were tested for significance by Fisher’s exact test (7). Two-tailed probability (p) 
values < 0.05 were considered to be statistically significant.  

 
 

Results 
 

Diagnoses (Table 1)  
 
Eighty five of the study patients (79%) had rhabdomyolysis as the explanation for their 

markedly elevated serum CK activity (Table 1). Fifty three of them were male and 32 were 
female. The remaining 23 patients (21%) had myocardial necrosis, in all but one case due to 
acute myocardial infarction (Table 1). Nineteen of them were male and 4 were female. 
Proportions of males and females with rhabdomyolysis or myocardial necrosis were not 
significantly different.  

 
 

Serum Enzyme Activities  
 
Median serum CK, AST, and ALT activities for the 108 study patients are shown in 

Table 2. Patients with rhabdomyolysis had lower median CK concentrations than patients 
with myocardial necrosis (Figure 1), but this difference did not reach statistical significance. 
Serum AST and ALT activities were also lower in the rhabdomyolysis patients than in the 
myocardial lysis patients, with the difference in serum ALT being statistically significant 
(p=0.027; Figure 1). Serum AST activity was increased above the reference range in 75% of 
the patients with rhabdomyolysis and in 96% of the patients with myocardial lysis (p=0.04). 
Serum ALT activity was increased above the reference range in 35% of the patients with 
rhabdomyolysis and in 44% of the patients with myocardial damage (P>0.05). Among the 
patients with rhabdomyolysis, serum ALT activity was increased in 25% of the men and in 
53% of the women (p=0.01).  
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Table 1. Causes of elevated serum creatine kinase activity in the study cohort.  

 
Rhabdomyolysis                   85 
 Traumatic or compression       10 
   trauma or crush injury     4 
   surgical trauma          3 
   prolonged coma          3  
 Nontraumatic                 75 
   non-exertional           68 
   Alcohol, drugs, toxins   36 
   Infection/sepsis        15    
   Water/electrolyte disorder 6 
   Inflammatory myopathy  6  
   Miscellaneous         5 
   exertional               7 
    Seizure              5  
    Hyperkinetic state      2a 
Myocardial necrosis                23 
  Myocardial infarction b         22 
  Myopericarditis               1 
TOTAL                         108 

Rhabdomyolysis cases are classified using Miller’s system (5).  
a due to alcohol withdrawal in 1 and extreme exertion/exercise in 1 
b ST segment elevation acute myocardial infarction or acute coronary syndrome  

 

 

Figure 1. Median serum CK, AST, and ALT activity (U/L) in patients with rhabdomyolysis (Rha, n=85) and 
patients with myocardial necrosis (Myo, n=23). Median values are shown as black bars and interquartile 
ranges as gray bars. The difference in serum ALT between patients with rhabdomyolysis and myocardial 
necrosis was significant (*, p=0.027).  
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Serum Enzyme Activity Ratios  
 
Median CK/AST, CK/ALT, and AST/ALT activity ratios for the entire study cohort are 

shown in Table 2. Median serum CK/AST and CK/ALT ratios in the patients with 
rhabdomyolysis were similar to the patients with myocardial necrosis (Figure 2). Likewise, 
median AST/ALT ratios were 1.91 in both patient groups. 

 

 

Figure 2. Median CK/AST and CK/ALT activity ratios in patients with rhabdomyolysis (Rha, n=85) and 
patients with myocardial necrosis (Myo, n=23). Median values are shown as black bars and interquartile 
ranges as gray bars. Neither of the differences between patients with rhabdomyolysis and myocardial 
necrosis was statistically significant.  

 
Table 2. Median serum CK, ALT and AST activity (U/L)  

and ratios of CK/AST, CK/ALT, and AST/ALT in the study cohort. 
 

CK  2,411 
(1,206-4,354) 

AST  
 

110 
(64-190) 

ALT 
 

54 
(40-78) 

CK/AST 25 
(13- 37) 

CK/ALT 41 
(24-80) 

AST/ALT 1.91 
(1.32-2.92) 

Values in parentheses represent interquartile ranges.  
ALT, alanine aminotransferase; AST, aspartate aminotransferase; CK, creatine kinase. 
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Discussion 
 
Enzymatic transamination using alanine aminotransferase (ALT) and aspartate 

aminotransferase (AST) was first described in skeletal muscle (2), and later in the heart, liver 
and other organs (3,4). Transamination reactions play a key role in intermediary metabolism 
by transferring an amino group from α- amino acids such as alanine or aspartic acid to α-
ketoacids such as α-ketoglutaric acid. 

This study documents a high prevalence of elevated serum AST and ALT activity in 
patients who have skeletal or cardiac muscle damage associated with high serum CK activity 
(≥ 1,000 U/L). Thus, measurement of serum CK activity should be considered when an 
otherwise unexplained elevation in serum AST or AST activity is detected on a 
comprehensive metabolic profile or a liver panel, as CK is not measured as a part of these 
panels.  

The median serum CK activity in the 108 patients with high serum CK activity was 25-
fold higher than the simultaneously-measured AST activity and was 40-fold higher than ALT 
activity. However, there was variation in CK/ALT ratio and CK/AST ratios among individual 
patients. Thus, a simple “correction” of the ALT or AST activity based on the level of CK 
activity is not feasible. However, in patients with high serum CK activity, the level of ALT or 
AST activity relative to the CK activity can be used as a guide in evaluating whether elevated 
serum AST or ALT activity can be attributed to the muscle damage. In addition to the serum 
CK/AST and CK/ALT activity ratios, the patient’s medical and social history, medication 
list, physical findings and other laboratory parameters are likely to be useful in guiding the 
clinician to the need for additional testing for co-existent non-muscle disease.  

In patients with an elevated serum ALT and/or AST activity that can be attributed to 
hepatic disease, a ratio of serum AST/ALT activity exceeding 2 often leads to consideration 
of more advanced hepatic disease caused by alcohol, non-alcoholic fatty liver, or chronic 
viral hepatitis (8-12). Our study demonstrated that serum AST/ALT ratios of 2 or greater also 
occur in nearly half of patients with rhabdomyolysis or myocardial lysis. Therefore, a serum 
ratio of AST to ALT activity above 2 is not specific for liver disease. Furthermore, an 
AST/ALT ratio above 2 is not a very sensitive method for detecting muscle lysis, as seen in 
this study as well as in a previous study of muscular dystrophy patients, in whom serum ALT 
often equaled or even exceeded AST activity (13). 

Elevated serum ALT activity was twice as prevalent in women as men with high serum 
CK activity for unclear reasons. This gender disparity may have been, in part, due a lower 
serum ALT reference range in healthy women (14). Because we did not evaluate men and 
women with serum CK activity less than or equal to 1,000 U/L, the prevalence of elevated 
serum ALT and AST activity that we report here cannot be extrapolated to a population with 
more modest elevations in serum CK activity, in whom elevated serum aminotransferase 
activity would be expected to be less prevalent. 
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