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Chapter 1
Introduction of Cyclophosphamide

Recent epidemiological investigation in early pregnancy has revealed an increased
embryonic loss in nurses occupationally exposed to antineoplastic drugs, during the
first trimester of pregnancy [1]. Drug treatment often in pregnant female has been
associated with a number of malformations in both animals [2, 3] and humans [4].
There has been also increasing number of reports of gonadal damage following
cytotoxic drug therapy for the treatment of malignant and non-malignant conditions
[5].

Drugs in the alkylating agent category used in cancer therapy, such as cyclophos-
phamide (CP), have also been anecdotally associatedwith gonadal damage in anoma-
lies. Thus, the interest in the possible use of CP in therapeutic areas other than cancer
chemotherapy has increased concern regarding the effects on reproductive processes
[6]. In human pregnancy, it has been particularly difficult to obtain data on the action
of drugs and environmental chemicals [7]. The use for an animal study in this direc-
tion therefore becomes imperative. Interestingly, what effect different doses of CP
have on the male gonad of the offspring is exposed antenatally to CP during the
critical period of gonadal development.

1.1 Structure of Cyclophosphamide

CP is a potent cytostatic agent related to the class of compounds known as alky-
lating agents. CP together with a number of related N-phosphorylated derivatives of
nitrogen mustard is an attempt to obtain a compound with greater antitumor speci-
ficity than found in conventional alkylating agents of the nitrogen mustard class.
Endoxan-Asta brand of cyclophosphamide is chemically N, N-bis (B-chloroethyl)-
N-O-propylenephosphoric acid ester diamide monohydrate (Fig. 1.1) to release the
active polyfunctional alkylating form.
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2 1 Introduction of Cyclophosphamide

Fig. 1.1 Cyclophosphamide is a synthetic alkylating agent chemically related to the nitrogen
mustards with antineoplastic and immunosuppressive activities. In the liver, cyclophosphamide
is converted to the active metabolites aldophosphamide and phosphoramide mustard, which bind
to DNA, thereby inhibiting DNA replication and initiating cell death, MW: 261.08 g/mol

1.2 Activation of Cyclophosphamide

The activity ofCP in experimental and clinical cancerwas demonstrated andnowwell
established that the effectiveness of CP does not arise from enzymatic cleavage by
tumor cells as originally proposed.This compound is activated byhepaticmicrosomal
enzymes, with the active metabolites reaching their target site through the systemic
circulation. The complex mode of enzymes with the active metabolites is reaching
their target site through the systemic circulation. The complex mode of activation
of CP and the identity of the active metabolites have been the subject of intense
study by several groups of investigators. The current view of activation [8, 11],
which may well undergo full further modification, is that the liver cytochrome p-
450 microsomal mixed functional oxidase system converts cyclophosphamide to
4-hydroxycyclophospamide, within equilibrium with its acyclic tautomeric form,
aldophosphamide.

Cyclophosphamide further oxidation of the latter compound possibly through
the mediation of liver aldehyde oxidase and the other aldehyde-metabolizing
enzymes results in the formation of known metabolites, carboxyphosphamide and
4-ketocyclophoasphamide which are relatively non-toxic. The cleavage of aldophos-
phamide by a ß-elimination reaction yields phosphoramide mustard and acrolin,
both of which are highly cytotoxic and may represent the active form of the drug [9].
Although both of these compounds have now been isolated as products of cyclophos-
phamide activation [10, 11], it has not been established that they are generated
in sufficient quantity to account for the total cytotoxic activity. Hydrolysis of P-N
linkage of the parent compound or of its metabolites could yield the alkylating agent
non-nitrogen mustard, also an end product of cyclophasphamide metabolites. The



1.2 Activation of Cyclophosphamide 3

cytotoxic activity of this compound appears to be too low to contribute appreciably
to the total pharmacologic activity of cyclophosphamide.

1.3 Risk Factors of Cyclophosphamide

CP is mutagenic [3], carcinogenic [12] and teratogenic [3, 18] in nature [13]. CP
is a first substance known to induce chromosome rearrangements and gene muta-
tion in germ cells of experimental animals [14]. The mutagenic activity has been
reported for a variety of mammalian (including human) somatic cells and for germ
cells of experimental mammals [14]. An increased number of chromosomal aber-
rations were observed in the peripheral blood lymphocytes of children treated with
3–5 mg/day of CP for 6–8 months for non-malignant conditions. Treatment with CP
has been associated with the production of secondary cancer, significant incidence
of bladder carcinoma, non-Hodgkin’s lymphoma and squamous cell carcinoma of
the skin which have been observed in patients treated for non-malignant diseases,
rheumatoid arthritis and glomerulonephritis [15]. The incidence of a second cancer
also increased in CP-treated cancer patients. These malignancies have been bladder
cancer, acute leukemias and reticulum cell sarcomas in some unusual locations [16].

Teratogenic potential of CP in humans has been difficult to evaluate since there are
no epidemiologic data to correctly assess the embryologic risk inman [16]. However,
CP has been reported to cause gonadal damage (oligozoospermia, azoospermia and
amenorrhoea) which may be irreversible in some instances [17]. Also patholog-
ically in man, marked aplasia of sertoli’s cells and loss of germinal epithelium,
lining the seminiferous tubules are reported to be the striking features. In woman,
ovarian atrophy, fibrosis and complete absence of follicular structures have further
been observed to be the primary histologic features. Several reports have shown
that high doses of CP on specific critical days of pregnancy can be teratogenic to
experimental animals [18]. It has been suggested that CP is about three times more
lethal to the fetus than the adult rats [19]. Large doses of CP have been reported to
cause alopecia, nausea and vomiting [20]; fetal cardiomyopathy, hematologic effects,
pulmonary toxicity [21]; hepatotoxicity [22]; mucosal ulceration, skin pigmentation
and anaphylaxis. Transient cerebral dysfunction has also been associated with CP
therapy.

CP has also been used an immunosuppressive agent following organ transplanta-
tion experiments [23]. It caused significant depression of antibody production with
number of antigens [24]. CP was found to be more effective against rapidly prolif-
erative cells. Since CP is more effective against proliferative (in cycle) than non-
proliferative (out of cycle) cells, it was grouped ‘cell cycle-specific’ antineoplastic
agents [25]. The cell cycle specificity of CP appears to be prime determinant in
killing of immunologically competent cells. Embryo transplantation experiments
showed that early CP treatment interfered with the subsequent development of both
the embryo and the mother [26].
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Objectives of study are based on existing knowledge in literature where CP has
been used to see its effect on the adults, especially during spermatogenesis [14, 27–
30]. Despite the fact that CP has been associated with gonadal damage in several
reports, its action during differentiation and development of the testes has failed to
receive even cursory attempt. It is undoubtedly to know the changes in testicular
tissue collected from 1-day-old pups delivered to mother rats exposed to single dose,
2 or 10 or 20 mg/kg of CP on 12th or 15th or 18th day of gestational age to evaluate
the genotoxicity in terms of chromosomal abnormalities and to compare the same in
other organ such as liver and bone-marrow, protein profile alterations, and cellular
changes based on histopathology. Besides this apart from the major objective, it was
also proposed to evaluate the frequency of chromosomal aberrations in embryonic
tissue and/or liver and testes at various intervals (14th, 16th, 18th and 22nd day
of gestation), after single dose (20 mg/kg) of CP at 12th day of gestation. Further
extended the study of the protein profile changes in normal developing embryos
between 12th and 15th day of gestation, critical period when the embryos were
insulted as a part of the major objective in this study, and to look into the reproductive
performance (by breeding/mating experiment) followed by looking into the protein
profile, in case infertility was induced, of the adult males and females from the
following experiments where mother rats were exposed to single dose of CP of 2
or 10 or 20 mg/kg at 12th or 15th or 18th day of gestation, or a continuous dose
(5 mg/kg) of CP on 12th to 15th day of gestation.
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Chapter 2
Effect of Cyclophosphamide
on Chromosomes

The chromosome damage has long been recognized as a serious hazard to man
because such a damage is associated with severe clinical disorders [1–3]. Thus, tests
designed to detect the chromosome-damaging potential (clastogenicity) of chemi-
cals have become an established part of the safety evaluation programmes. The best
validated in vivo test for clastogenic potential involves the analysis of either chromo-
somes or micronuclei in rodent bone-marrow cells [4]. The bone marrow is a useful
source because it has proliferating cells with a short cell cycle and is recommended
for estimating the mutagenic activity of chemicals [5, 6].

Cyclophosphamide (CP) is a first substance known to induce chromosome rear-
rangements and gene mutation in germ cells of experimental animals (see [7]). The
clastogenic effect of CP has been assessed in human lymphocyte cultures [6, 8, 9] and
bone-marrow cells. It is also reported to induce chromosomal aberrations and (SCEs)
in human and experimentalmammals in vivo [10–17].Most of the chemicalmutagens
induce chromosomal aberrations both in bone-marrow cells and in spermatogonia.
Besides equal or different sensitivities of various tissues [18], spermatogonia seem
to be more sensitive to cell killing than bone-marrow cells. It was observed that
single dose of CP (40 mg, 80 mg or 160 mg/kg) induced structural chromosomal
aberrations including translocation and interfered with the normal development of
bivalents [19]. Organ-specific genotoxicity effect of CP was observed by Ashby and
Beije [20]. CP induced chromosomal aberrations andmicronuclei in rat bone-marrow
cells but failed to induce unscheduled DNA synthesis in liver [3, 20]. CP damage in
bone-marrow cells of non-hepatectomized rats was compared with the CP damage
on regenerating liver cells of hepatectomized rats. Results indicated that regenerating
liver cells were more sensitive than bone-marrow cells [21].

Cytogenetic analysis of bone marrow in mice revealed that during the long-term
exposure (7–28 days), the percentage of aberrant cells remained stable but consid-
erable individual variation in the frequency of aberrant cells was observed [5]. The
chromosomal aberration in bone-marrow cells was influenced by the length of the
exposure to mutagen. The frequent aberrations were chromatid and chromosome
breaks. Chromatid exchanges were detected only during the first 24 h after exposure
termination, and chromosome exchange (dicentric and ring chromosome) was seen
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8 2 Effect of Cyclophosphamide on Chromosomes

very rarely [22]. In mice, earlier studies [19, 23–25] showed a significant increase
of chromosomal aberration after a single dose (20, 40 and 60 mg/kg) of CP. The
maximum frequency of aberrant cells occurred 12 and 18 h after 50 mg/kg of CP
application [22], while cytogenetic analysis of cells processed after 24 h yields only
about 60–70% of maximum frequency changes [26–28].

2.1 Experimental Procedure

Rats are putative animal being used for experimental studies. Female Charles Foster
rats of approximately 100–200 days of age weighing about 200–250 g were housed
in wire cages with the males of the same strain (C.F. inbred strain) in the evening,
and pregnancy was confirmed by the presence of sperms in the vaginal smear exam-
ined on the following morning. Sperm-positive day was designated as day ‘zero’ of
pregnancy. Pregnant females were weighed and houses individually in a noise-free
air-conditioned (23± 1 °C) animal housemaintained on a light dark cycle of 12:12 h.
Pregnant animals were fed on the diet pellet (Hindustan Lever, Bombay, India) and
tap water.

Chemical The chemicals used were cyclophosphamide (Endoxan-Asta) (Khandel-
wal Lab., Bombay, India); colchicine (Bios, India); sodium chloride; potassium chlo-
ride; trisodium citrate; acetic acid; methanol; glycerol; Giemsa powder (B.D.H.,
India); trypsin (Sigma Chemicals, Co., USA). The stock CP solution was prepared
under the sterile conditions by dissolving 100 mg of CP in 10 ml of sterile distilled
water, and the dosage of the drug was worked out on the basis of mg/kg body weight.
Nine parallel sets of experiments were carried out, where one of the three different
doses, i.e., 2 or 10 or 20mg/kg bodyweight of CPwas administered intraperitoneally
(i.p.), with the help of a sterile tuberculin syringe to the pregnant rats at either of
the three different, i.e., 12th or 15th or 18th day of gestation. These experiments
were designed according to the dose/gestation as: 2/12, 10/12, 20/12; 2/15, 10/15,
20/15; and 2/18, 10/18, 20/18. The pregnancy in all these experimental groups was
allowed to continue till delivery, and the tissues such as testes, liver and bone mar-
row collected from 1-day-old male pups for cytogenetic studies. In another set of
experiments, single dose of 20 mg/kg body weight of cytophosphamide was given at
12th day of gestation after dissecting the uteri horn for cytogenetic studies. Similar
procedure was adopted for collection of fetuses on 22nd day in the experiments with
delayed delivery. The control animals were divided into twomajor groups: onewhich
received the normal saline at three different gestations (12, 15, 18) parallel to the
experimental groups and the other with no injection at all. Because of the absence of
a significant difference between the two types of controls, the data was pooled and
the average values are used for comparison in the study.

Metaphase arrest The colchicines, a mitotic inhibitor (8 mg/kg body weight), were
injected to 1-day-old male pups, and pups sacrificed by cervical dislocation after two
hours of exposure.



2.1 Experimental Procedure 9

Chromosome preparation The fresh tissues from 1-day-old male pups and embry-
onic/fetuses were collected in a small glass petri dish or watch glass and minced with
a pair of scissors where required. This tissue suspension in saline was transferred to
the graduated conical centrifuge of the clumped cells and centrifuged at 800 rpm for
10 min and decanted.

Hypotonic treatment The pellet was suspended in prewarmed freshly prepared
0.56% potassium chloride solution or 0.9% sodium citrate solution in case of testic-
ular suspension and kept at 37 °C for 10–20 min. The cells were dispersed by gentle
pipetting and centrifuged at 800 rpm for 10 min.

Fixation The pellet thus obtainedwas fixed in 3:1methanol: acetic acid. The fixative
was added slowly and changed thrice before the slide was prepared.

Slide preparation The layer of dispersed cell suspension was drawn out, and three
to four drops were added onto a precooled clean slide. The slide was then held close
to the flame for few moments, for the fixative to burn completely, leaving the slide
dry.

Chromosome staining and Giemsa banding The slide was stained with 5%
Giemsa stain or used for G-banding. The G-banding was done by the method of
Worton and Duff (1979), which is a modified technique of Seabright. The banding
was done at room temperature, and slides are rinsed in 0.15 M NaCl and exposed to
0.15 M NaCl containing trypsin solution for 30–120 s. The slides were again rinsed
with 0.15 M NaCl solution and then with 5% Giemsa for 5–10 min, followed by a
wash in distilled water and allowed to dry. The slides were observed for cytogenetic
features and photographed. The normal karyotype with 42 autosomes and X and Y
sex chromosomes of male Charles Foster rats as shown in Fig. 2.1.

The chromosomal features such as breaks, gaps, dicentrics, acentric fragments and
ring chromosomeswere scored in unbandedmetaphase plates asmany times breaks in
chromosomes were not discernible clearly in banded metaphases. The chromosome
features observed in the study were divided into two groups: one including breaks,
gaps, acentric fragments, dicentrics and ring chromosomes (Fig. 2.2) and the other
including centromere spreading, chromatin bodies (Fig. 2.3) and aneuploidy. The
breaks and gaps in the former group were distinguished, and dicentric chromosomes
could not be confirmed by C-banding because most of the scoring of the features in
this group was done in unbanded metaphase plates. This was due to the reason of
missing breaks and gaps in swollen banded plates at times. The identification of such
features of centromeric spreading includes in the second group. The name ‘chromatin
bodies’ in this study are used as per convenience for fragmented chromosomes,
where fragmented pieces round up in different sizes to form chromatin bodies. The
probable mechanism of formation of such bodies and the end result is shown in
Fig. 2.3A, B. This feature seems apparently to be different from pulverization of
chromosomes. Further, the scoring of hyperdiploids (without exact multiples of basic
diploid number) was done as aneuploidy. Hypodiploid metaphase plates were only
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Fig. 2.1 Normal karyotype of male Charles Foster rats

Fig. 2.2 A–E Partial
metaphase showing breaks,
gaps, acentric fragments,
dicentrics and ring
chromosomes
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Fig. 2.3 A–D Partial
metaphase showing
centromere spreading (C and
D) formation of chromatin
bodies after extreme
fragmentation of
chromosome (A and B)

considered if consistently observed with the same chromosome number. The dose
and days relationship between nine parallel sets of experiments (already described)
was observed using arcsine transformation for proportions and a two-way analysis of
variance (F-values) in all the three tissues, i.e., testes, liver and bonemarrow. Further,
chi-square test was applied to compare the differences between treated and control
experiments with respect to different chromosomal abnormalities. The correlation
coefficient ‘r’ was measured to examine the relationship between the three different
doses used and the aneuploidy in different chromosome groups. The correlation of
frequency distribution of aneuploidy of each chromosome between two different
groups was also measured and showing significant relationship.

A variety of abnormal chromosomal features were observed in testicular tis-
sue, liver and bone marrow of 1-day-old pups, obtained from pregnant rats, where
cyclophosphamide (CP) was administered in a signal dose of 2 or 10 or 20 mg/kg
body weight either at 12th or 15th or 18th day of gestation. The abnormal features
such as breaks, gaps, acentric fragments, dicentrics, ring chromatin, centromeric
spreading, chromatin bodies and aneuploids were observed in three different organs,
i.e., in tests, liver and bone marrow in the nine experiments designated according to
dose/day (gestation) as 2/12, 10/12, 20/12, 2/15, 10/15, 20/15 and 2/18, 10/18, 20/18
as well as in their respective controls.

The apartment observations of the frequency of total abnormal chromosomal fea-
tures both in testicular tissue and liver from 1-day-old pups showed a dose-dependent
increase irrespective of the gestational age at which they were exposed antenatally to
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cyclophosphamide. A maximum genotoxic effect in terms of chromosomal abnor-
malities was observed not only in testes (31.03%) and liver (42.85%), but also in bone
marrow (50%) of 1-day-old pups exposed antenatally to 20mg/kg dose of cyclophos-
phamide at 12th day of gestation (Expt. 20/12). A statistical comparison of data of
total chromosomal abnormalities in testis of 1-day-old pups between the antenatally
treated and control showed significant difference (p < 0.5) in the experiments where
10 mg/kg dose of cyclophosphamide was used at 12th (Expt. 10/12) and 18th (Expt.
10/18) day of gestation, whereas 20 mg/kg dose of cyclophosphamide to the preg-
nant rats at all the three gestations (12th, 15th and 18th day, i.e., Expt. 20/12, 20/15,
20/18) showed a high significant difference (p < 0.001) in comparison to control
experiments. A similar comparison in other two tissues, i.e., liver and bone marrow
from antenatally exposed 1-day-old male pups (Expt. 20/12) where 20mg/kg dose of
CP was administered to pregnant rats at day 12 gestation, also showed a significant
difference (p < 0.001) with respect to controls. However, F-values calculated to com-
pare the days and dose response with respect to studied chromosomal abnormalities
in all the tissues showed lack of significant difference (Table 2.1).

The data is split into two groups, one including chromosome breaks, gaps, dicen-
tric, ring chromosome, acentric fragment (Tables 2.2, 2.3 and 2.4) and the other with
centromere spreading. Chromatin bodies and aneuploidy (Tables 2.5, 2.6 and 2.7)
were carried out in all the three tissues. The statistical comparison was made to find
out which specific aberration(s) contributed to the significant difference observed
between experimental groups and its respective controls.

An apparent dose-related increase of chromosomal abnormalities like breaks,
gaps acentric fragments, dicentrics and ring chromosomes was observed in testicular
tissues of antenatally exposed 1-day-old pups in 2/18 (4.40%).

10/18 (13.46%) and 20/18 (15.38%) experimental groups. However, a decrease
in the percentage frequency of these chromosome aberrations and no relationship

Table 2.1 Observed f-values between the experimental groups with respect to chromosomal
abnormalities

Abnormal chromosomal features Liver Bone marrow Testes

Days Doses Days Doses Days Doses

Acentric fragment 0.20 1.79 1.28 0.71 0.31 1.68

Aneuploid 1.00 1.00 1.00 1.00 0.76 1.23

Breaks 1.92 0.07 1.00 1.00 1.49 0.51

Centromeric spreading 1.91 0.08 1.48 0.51 0.42 1.57

Chromatin bodies 0.49 1.56 1.14 0.85 0.001 1.99

Dicentric 0.15 1.84 0.43 1.56 0.35 1.63

Gap 1.02 0.87 1.02 0.98 1.34 0.61

Ring chromosomes 0.00 0.00 1.91 0.086 0.68 0.31

Total abnormalities 0.58 1.41 0.77 1.22 0.47 1.52

f-value (table) 5–1%: 2 and 4 d. f. 6.94 18.00 (lack of significant)
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Table 2.2 A group of chromosomal features observed in testicular tissue collected from 1-day-old
pups exposed in utero to CP at different gestations

Gestation
period
(days)

Doses
of CP
(mg/kg)

Total
metaphase
plates obs.

Total %
(%)
abnormal
plates
obs.

Number and (%) of abnormal chromosomal features

Break Gap Dicentrics Acentric Ring
chromosomes

Control – 37

12 2 50 6
(12.00)

1
(2.00)

2
(4.00)

3
(6.00)

10 71 5
(7.04)

5
(7.04)

20 58 4
(6.89)

1
(0.58)

1
(0.58)

15 2 41 3
(7.31)

1
(2.40)

2
(4.81)

2
(3.44)

10 83 3
(3.61)

1
(1.20)

2
(2.40)

20 90 9
(10.09)

2
(2.22)

1
(1.11)

3
(3.33)

2
(2.22)

1
(1.11)

18 2 45 2
(4.44)

1
(2.22)

1
(2.22)

10 52 7
(13.46)

5
(9.61)

1
(1.92)

1
(1.92)

20 91 14
(15.38)

1
(1.09)

2
(2.19)

3
(3.29)

6
(6.59)

2
(2.19)

at all with increasing dose was observed in 2/12, 10/12, 20/12 and 2/15, 10/15,
20/15 experimental groups, respectively, whereas in liver in 2/15 (1.15%); 10/15
(4.30%), 20/15 (9.09%) and in bone marrow of 2/15 (2.08%), 10/15 (6.25%), 20/15
(8.62%) experimental groups, an apparent dose-related response was also observed.
The statistical analysis carried out with respect to control in all the three tissues
showed lack of significant difference.

The frequency of chromosomal abnormalities like centromeric spreading. Chro-
matin bodies and aneuploidy increased with increasing dose in all the nine sets of
experiments in testicular tissue. A maximum frequency (24.13%) was observed in
20 mg/kg dose at 12th day of gestation (i.e., Expt. 20/12). The chi-square test carried
out between 2/12; 2/15; 2/18 and the control was insignificant, whereas the statistical
comparison between 10/12 and 10/18 experimental groups and the control showed
a significant difference (p < 0.05). This difference was contributed by the two chro-
mosomal features, i.e., centromeric spreading and aneuploidy. However, the highest
dose of cyclophosphamide (i.e., 20 mg/kg) showed a significant difference (p < 0.01)
when experimental groups 20/12, 20/15 and 20/18 were compared with control. It
was observed that chromatin bodies contributed to this significant difference with
respect to control. The percentage frequency of abnormal chromosomal features such
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Table 2.3 A group of chromosomal features observed in liver collected from 1-day-old pups
exposed in utero to CP at different gestations

Gestation
period
(days)

Doses
of CP
(mg/kg)

Total
metaphase
plates obs.

Total %
(%)
abnormal
plates
obs.

Number and (%) of abnormal chromosomal features

Break Gap Dicentrics Acentric Ring
chromosomes

Control – 32 1
(3.12)

1
(3.12)

12 2 189 5
(2.64)

2
(1.05)

2
(1.05)

1
(0.52)

10 87 2
(2.29)

1
(1.14)

1
(1.14)

20 77 2
(2.59)

1
(1.29)

1
(1.29)

15 2 396 6
(1.51)

1
(0.25)

2
(0.50)

2
(0.50)

1
(0.25)

10 186 8
(4.30)

6
(3.22)

2
(0.50)

20 77 7
(9.09)

1
(1.29)

1
(1.29)

3
(3.89)

2
(2.59)

18 2 33 3
(9.09)

3
(9.09)

10 138 5
(3.62)

1
(0.72)

2
(1.44)

2
(1.44)

20 32 3
(9.37)

1
(3.12)

2
(6.25)

as break, gap, acentric fragments dicentrics and ring chromosomes in different tis-
sues (A) testes, (B) liver and (C) bone marrow in 1-day-old pups exposed in utero to
CP (2 or 10 or 20 mg/kg) at 12th or 15th or 18th day of gestation.

The percentage frequency of abnormal chromosomal features like centromeric
spreading, chromatin bodies and aneuploidy in different tissues—(A) testicular tis-
sue, liver and (C) bone-marrow in 1-day-old pups exposed in utero with CP (2 or 10
or 20 mg/kg) at 12th or 15th or 18th day of gestation.

The liver showed dose-dependent increase of chromosomal abnormalities such
as centromeric spreading, chromatin bodies and aneuploidy in 2/12 (0.52%), 10/12
(40.25%) experimental groups, whereas a similar observation was made in bone
marrow of 2/18 (2.27%); 10/18 (3.22%) and 20/18 (14.81%) experimental groups.
However, the genotoxicitywas observed in 20/12 experimental group in both liver and
bone marrow. The statistical comparison revealed that chromatin bodies contributed
to the significant difference (p < 0.001) observed in both liver and bone-marrow cells
in comparison to their respective controls.

The percentage frequency of total aneuploid metaphase plates and the frequency
of aneuploid chromosomes within a given group in testicular tissue in all the nine
sets of experiments are depicted in Table 2.8. The F-values calculated to compare
the days and dose response between the experimental groups with respect to total
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Table 2.4 A group of chromosomal features observed in bone marrow of 1-day-old pups exposed
in utero to CP at different gestations

Gestation
period
(days)

Doses
of CP
(mg/kg)

Total
metaphase
plates obs.

Total %
(%)
abnormal
plates
obs.

Number and (%) of abnormal chromosomal features

Break Gap Dicentrics Acentric Ring
chromosomes

Control 44 0

12 2 30 2
(6.66)

1
(3.33)

1
(3.33)

10 64 2
(3.12)

1
(1.56)

1
(1.56)

20 18 1
(5.55)

1
(5.55)

15 2 48 1
(2.08)

1
(2.08)

10 16 1
(6.25)

1
(6.25)

20 58 5
(8.62)

1
(1.72)

3
(5.17)

1
(1.72)

18 2 44 3
(6.81)

1
(2.27)

1
(4.54)

10 124 10
(8.06)

5
(4.03)

2
(1.61)

2
(1.61)

1
(0.80)

20 54 0

aneuploidy showed no aneuploidy increased with increasing doses of CP in exper-
imental groups of 2/12 (4%); 10/12 (12.67%); 10/15 (2.40%), 20/15 (7.77%), and
frequency (12.67%) of aneuploidy was observed only in 10/12 experimental group.

Table 2.8 shows the percent frequency of aneuploidy of individual chromosomes
within a given chromosome group in the testicular tissue of 1-day-old pups in all the
sets of experiments as also shown in karyotype (Fig. 2.4).

Apparently, the percent frequency was observed to increase in 10/12 experimental
groups in both C- and D-group chromosomes in comparison to other groups. A
similar observation was again made in C- and D-group chromosomes in the 20/15
experimental group. The correlation coefficient ‘r’ between the three different doses
used and the aneuploidy observed in C- and D-group chromosomes were found
to be significant (p < 0.05). However, aneuploidy of individual chromosomes in C-
group, in experimental groups 2/18, 10/18 and 20/18, showed a dose-related increase.
The correlation coefficient ‘r’ between the two was found to be significant (p <
0.05). A significant difference (p < 0.01) was also observed when ‘r’ was calculated
between C and D groups of chromosomes for aneuploidy in 10/12; 10/15 and 10/18
experimental groups. Further, the correlation ‘r’ between the frequency distributed of
aneuploidy of each chromosome within C- and D-groups (i.e., how many times each
chromosome—11–13 in C-group and 14–20 in D-group appears in single aneuploid
metaphase plate) showed a significant difference (p < 0.05) only within D-group
chromosomes in 10/12, 10/15 and 10/18 experimental groups.
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Table 2.5 Agroup of chromosomal features observed in testicular tissue of 1-day-old pups exposed
in utero to CP at different gestations

Gestation
period
(days)

Doses of
CP
(mg/kg)

Total
metaphase
plates obs.

Total %
(%)
abnormal
plates
obs.

Number and (%) of abnormal
chromosomal features

Centromeric
spreading

Chromatin
bodies

Aneuploidy

Control 37 2
(5.40)

2
(5.40)

12 2 50 3
(6.00)

1
(2.00)

2
(4.00)

10 71 12
(16.90)

3
(4.22)

9
(12.67)

*20 58 14
(24.13)

1
(0.58)

10
(17.24)

3
(5.17)

15 2 41 1
(2.43)

1
(2.43)

10 83 9
(10.84)

1
(1.20)

6
(7.22)

2
(2.40)

20 90 11
(12.22)

1
(1.11)

3
(3.33)

7
(7.77)

18 2 45 2
(4.44)

1
(2.22)

1
(2.22)

10 52 6
(11.53)

3
(5.76)

3
(5.76)

20 91 13
(14.28)

1
(1.09)

8
(8.79)

4
(4.39)

In another set of experiment where single dose (20 mg/kg) collected at various
intervals (i.e., 14th, 16th, 18th and 22nd day of gestation), abnormal chromosomal
features like breaks, gaps dicentrics, acentric fragments, chromatin bodies, aneu-
ploidy and centromeric spreading were observed. The percent frequency of total
abnormal chromosomal features in embryonic tissues collected from 14th (20.28%),
16th (29.28%) and 22nd (72.72%) day fetuses showed an increase in chromosomal
abnormalities with increasing gestational age. The statistical comparison was car-
ried out with respect to control, using X2-test which showed significant difference
for 14th day (p < 0.05); 16th day (p < 0.01) and a very high significant difference for
22nd day (p < 0.001) in comparison to respective controls. A similar observation of
increase in total chromosomal abnormality with increasing gestation was observed
in case of liver collected from 16th (23.13%), 18th (44.15%) and 22nd (88.50%)
day fetuses. The statistical comparison with respect to control showed significant
difference from 16th day (p < 0.05) and for 22nd day (p < 0.001) fetuses. The chro-
mosomal frequency in testicular tissue (28.35%) collected from 18th day fetus also
showed significant differences (p < 0.05) with respect to control.
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Table 2.6 A group of chromosomal features observed in liver of 1-day-old pups exposed in utero
to CP at different gestations

Gestation
period
(days)

Doses of
CP
(mg/kg)

Total
metaphase
plates obs.

Total %
(%)
abnormal
plates
obs.

Number and (%) of abnormal
chromosomal features

Centromeric
spreading

Chromatin
bodies

Aneuploidy

Control 32 0

12 2 189 1
(0.52)

1
(0.52)

10 87 2
(2.29)

2
(2.29)

29
(37.66)

1
(1.29)

20 77 31
(40.25)

1
(1.29)

1
(0.25)

15 2 396 4
(1.01)

3
(0.75)

10 186 0

20 77 0

18 2 33 0

10 138 19
(13.76)

3
(2.17)

16
(11.59)

20 32 4
(12.50)

4
(12.50)

Further analysis of the data after splitting into two groups, one including chromo-
some breaks, gaps, acentric fragments, dicentrics, ring chromosomes and the other
with centromeric spreading chromatin bodies and aneuploidy, was carried out in all
the tissues. The percentage frequency of total abnormal chromosomal features in dif-
ferent tissue collected at various intervals (14, 16, 18 and 22 days of gestation) after
single dose of (20 mg/kg) CP at day of gestation as well as different groups—one
showing the percentage frequency of abnormal chromosomal features like break,
gap, acentric fragment, dicentric and ring chromosome and centromeric spreading,
chromatin bodies, and aneuploidy in different tissues.

The chromosome fragments, dicentrics and ringswhich apparently decreasedwith
respect to gestational age in liver are collected from 16th (13.63%) to 18th (22nd)
(0.55%) day fetuses and show lack of significant difference with respect to control in
all the tissue. The frequency of chromosomal abnormalities like centromeric spread-
ing, chromatin bodies and aneuploidy increases in embryonic tissue with increase
of embryonic age, i.e., 14th (8.69%), 16th (19.28%), 18th and 22nd (72.72%) day
fetuses. Similar observationwas observed in liver collected from 16th (12.50%), 18th
(31.16%) and 22nd (85.47%) day fetuses. The testicular tissue of 18th (25.37%) day
fetus showed increased frequency of chromosomal abnormalities with respect to
control. The statistical analysis was carried in all the tissue with respect to control
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Table 2.7 A group of chromosomal features observed in bone marrow of 1-day-old pups exposed
in utero to CP at different gestations

Gestation
period
(days)

Doses of
CP
(mg/kg)

Total
metaphase
plates obs.

Total %
(%)
abnormal
plates
obs.

Number and (%) of abnormal
chromosomal features

Centromeric
spreading

Chromatin
bodies

Aneuploidy

Control 44 1
(2.27)

1
(2.27)

12 2 24 3
(12.50)

1
(3.33)

2
(6.66)

10 64 3
(4.64)

2
(3.12)

1
(1.56)

*20 18 8
(44.46)

8
(44.46)

15 2 48 2
(4.16)

2
(4.16)

10 16 2
(12.56)

1
(6.25)

1
(6.25)

20 18 3
(5.17)

3
(5.17)

18 2 44 1
(2.27)

1
(2.27)

10 124 4
(3.22)

2
(1.61)

1
(0.08)

1
(0.80)

20 54 8
(14.81)

8
(14.81)

which showed significant difference. It was observed in experiments that chromatin
bodies contributed to the significant difference with respect to control.

The two types of fetuses were collected: one phenotypically normal looking
and other phenotypically abnormal looking with clinical features such as hydro-
cephalus, micrognathia, growth retardation (loss of body weight), limbs reduced,
product tongue, kink tail and swell umbilical cord observed. The percent frequency
of total chromosomal abnormalities in liver from normal looking fetus (38.73%) was
lower than liver of abnormal fetus (58.13%) collected from 18th day of gestation.
The statistical comparison was carried out with respect to control. Using X2-test
showed significant difference (p < 0.001), whereas similar observation was observed
in case of liver collected from 22nd day of gestation. The percent frequency of total
chromosomal abnormalities in case of normal looking fetus (42.85%)was lower than
what was observed in the liver collected from abnormal looking fetus (88.50%). The
statistical comparison was carried out with respect to control and total abnormalities
in case of liver from normal looking and abnormal looking fetus showed significant
difference (p < 0.001).
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Table 2.8 Total number of aneuploid metaphase plates and their (%) frequency of aneuploid
chromosomes within a given group

Gestation
period
(days)

Doses of
CP
(mg/kg)

Total
metaphase
plates obs.

Total and
(%)
abnormal
metaphase
plates obs.

Frequency of aneuploidy of individual
chromosomes

A
(1–3)

B
(4–10
X, Y)

C*
(11–13)

D*
(14–20)

Control 37 2 (5.40)

12 2 50 2 (4.00) 1 2 4 6

10 71 9 (12.67) 4 4 13 20

20 58 3 (5.17) 1 3 5

15 2 41 0

10 83 2 (2.40) 1 2 4

20 90 7 (7.77) 2 11 13

18 2 45 1 (2.22) 1 1 2 4

10 52 3 (5.76) 1 2 4 6

20 91 4 (4.39) 1 11 5

*Statistical analysis showing significant differences (p < 0.05)

Fig. 2.4 Karyotype showing
aneuploidy in testicular
tissue after antenatal
exposure with
cyclophosphamide

Further analysis of the data after splitting into two groups, one including chromo-
some breaks, gaps, acentric fragments, dicentrics and the other centromeric spread-
ing, chromatin bodies, aneuploidy, was carried out for statistical comparison to find
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out which specific aberration contributed to the significant difference between exper-
imental group and control. The statistical comparison revealed that chromatin bodies
contributed significant difference (p < 0.001).

The correlation coefficient ‘r’ was observed between total chromosomal abnor-
malities and collection of tissues at various intervals which showed significant
correlation (p < 0.05) between the two variables in case of liver tissues.

2.2 Interpretation

The study observed an apparent dose-related increase of total chromosomal abnor-
malities (i.e., breaks, gaps, acentric fragments, dicentrics, rings, centromeric spread-
ing, extreme fragmentation of the chromosomes leading to the formation of chro-
matin bodies like structures and aneuploidy) in the testicular tissue of 1-day-old pups
exposed antenatally to CP in 2/12, 10/12, 20/12; 2/15, 10/15, 20/15 and 2/18, 10/18,
20/18 (doses/gestational age) experimental groups. A similar dose-related increase in
chromosome aberrations was observed in liver tissue, whereas the studies conducted
in bone marrow from 1-day-old pups antenatally exposed different dosed of CP did
not any linear dose–effect relationship. However, the statistical analysis (F-values)
of doses and days relationship alone did not show any significant difference for total
chromosomal aberrations, suggesting that doses ranging from 2 to 20 at 12–18 days
gestation do not lead to any significant difference in terms of induction of chromo-
somal aberration. But when results obtained at these doses with respect of different
gestational ages were compared with control, a significant difference was observed
in experiments 10/12, 10/18, 20/12, 20/15, 20/18 in testes and 20/12 in liver and
bone marrow, thus indicating that 2 and 10 mg/kg doses of CP caused less genotoxic
effect (i.e., less increase in the frequency of chromosomal aberrations), probably due
to low metabolic capacity of the target cells, which are incapable of transforming
the promutagen into the genotoxic metabolites in heterozygotes [21]. However, a
maximum damage was observed in terms of total chromosomal aberration, in all the
three tissues studied in 20/12 experimental group, suggesting this gestational age
during development to be prone to genotoxicity. Although apparently in case of tes-
ticular tissue all the three days of gestations (involving pre- and post-testicular tissue
formation periods) used for insulting the developing embryo seemed to be critical for
the genotoxic effect, the 12th day of gestation remained most sensitive and critical
period for severe chromosomal abnormalities in case of not only the testicular tissue
but also liver and bone marrow. This observation was further supported by experi-
ments where single dose of 20 mg/kg of CP was given at 12th day of gestation to
pregnant rats and embryonic tissue and/or liver or testes studied at 14th, 16th, 18th
and 22nd days of gestation, respectively. It was observed that the total chromosomal
aberrations in the embryonic fetal tissues between 14th and 22nd day of gestation
showed the following trend: 14 < 16 < 18 < 22.
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A dose-related increase of chromosome aberrations [29] has been reported in
preimplantation embryos aftermaternal administration of CP in spermatogonia, sper-
matocytes and preovulatory phase in oogonia of mouse [30]. It was observed that in
case of spermatogonia, spermatocytes 80 mg/kg dose of CP gave double the amount
of chromosome aberrations than at 40 mg/kg. However, this linear dose–effect rela-
tionship did not continue to hold true between 80 and 160 mg/kg dose presumably
because of the lethal effect upon the sensitive spermatogonia. In in vivo studies in the
bone marrow of mouse, rat and Chinese hamster, a similar dose-related increase of
chromosome aberrations was observed [25]. Although the present study showed an
apparent dose–effect relationship with respect to chromosome aberrations in testes
and liver, it was statistically non-significant as observed in bone marrow as well.
The reason in this study for not following a dose-related pattern of chromosome
aberrations could be various such as the nature of material used which was different
from what is reported in literature, the selection of doses, usually in literature dose
of CP used are 20 mg/kg and above, or the length of after exposure gap in present
experiments. Reports in literature have shown a decrease in chromosome aberration
corresponding to the increases in after-exposure gap [22]. It was concluded that CP
reached bone marrow and spleen cells of mouse within 6 h of treatment [25] and for
the purpose of mutagenicity testing it was recommended to process rat bone marrow
6, 24, 48 h after treatment with a single dose of mutagen [31, 32]. Further, the high-
est frequency of aberrant cells was indicated to occur for different chemicals during
12–14 h after their single-dose application. It was observed that the frequency of
metaphase cells with chromosome aberration produced by, i.e., application of CP
differed significantly from these control levels already 6 h after mutagen adminis-
tration, reaching a maximum between 12 and 18 h. The frequency of aberrant cells
was observed to decrease after 24 h [22].

The present study conducted in testicular tissue liver and bone marrow in 1-day-
old pups antenatally exposed to CP at 12 or 15 or 18 day of gestation, left an after
exposure gap of approximately 10, 7 and 4 days and 4 days in three respective
experimental groups. However, a significantly different maximum damage observed
in terms of total chromosomal abnormalities in 20/12, experimental groups, not only
in testicular tissue but also in liver and bone marrow even after exposure gap of ten
days apparently indicated that there was no decrease in chromosomal aberrations
even after a prolonged exposure to CP.

Further, it was observed that different categories of chromosomal aberrations,
one, including breaks, gaps, acentric fragments, dicentrics, ring chromosomes and
the other involving centromeric spreading, chromatin bodies and aneuploid followed
two different rules. The former group of chromosomal aberrations decreased with
longer after exposure time and the latter group of chromosomal aberrations increased
with increasing after exposure. These observations were statistically non-significant
when compared to control in the first group of chromosomal aberrations and highly
significant in case of the second group of chromosomal aberrations in all the three
tissues studies, i.e., testes, liver and bone marrow. These observations further sug-
gested that on one hand, the longer after exposure, gap led to a decrease in aberrations
like breaks, gaps, acentric fragments dicentrics and ring chromosomes and on the
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other hand, increased the aberrations such as centromeric spreading, chromatin bod-
ies and aneuploids. The latter observation is in total contrast with what has been
reported earlier in literature. These findings were further confirmed by observing the
frequency of above two groups of chromosomal abnormalities in embryonic tissues
and/or liver and/or testes of embryo/fetuses examined at various intervals, i.e., 14,
16, 18 and 22 days of gestation after a single-dose exposure of 20 mg/kg CP. A
decreasing trend of chromosomal abnormalities such as breaks, gaps, acentric frag-
ments, dicentrics and ring was observed in all the tissues studied from 14th to 22nd
day of gestation. The statistical analysis carried out with respect to control in all
the tissues also showed no significant difference, whereas in the same experiment
chromosomal abnormalities like centromeric spreading, chromatin bodies and aneu-
ploids increased with advancing gestational age. The statistical analysis with respect
to control in this case showed a significant difference. It was further observed that
chromatin bodies were the one which contributed to this significance. These obser-
vations suggested that the yield of one group of the chromosomal aberrations by
the length of the exposure to CP. In the former situation, the length of the exposure
whereas in the latter the after-exposure interval did not have any bearing on the yield
of chromosomal aberrations.

Interestingly, a highly significant difference in termof chromosomal abnormalities
such as centromeric spreading, chromatin bodies and aneuploidy was observed in
the liver tissue of normal and abnormal looking fetuses collected at 22nd day of
gestation, thus indicating that chromosomal aberrations might be an expression of
a direct cytotoxic effect [33]. The presence of fragmented chromosomes leading to
chromatin bodies probably indicated that these aberrations were elicited in cell at
G-phase of the cell cycle and the reasons to find a highly significant correlation of
this type of chromosomal damage at a particular dose (20 mg/kg) of CP in all the
tissues studied could as well be because of the growing embryonic/fetal tissue. It
has been observed previously that the sensitivity of regenerating liver cells to CP, in
comparison to the normal liver cells (of non-hepatectomized rats) and bone marrow
was more in including chromosomal aberration [21]. It is suggested that the study
of ‘chromatin bodies’ in developing embryo/fetuses could be as a potential index of
genotoxicity.

The results in the present study indicated that centromere spreading and aneu-
ploidy contributed to the significant difference when results from 10/12 and 10/18
experimental groups were compared with control. A maximum frequency of aneu-
ploidy was, however, observed in testicular tissues of 1-day-old pups exposed ante-
natally to 10 mg/kg dose of CP and at 12th day of gestation. It was further observed
that aneuploidy in C- and D-group chromosomes contributed to this high frequency.
A similar observation with respect to both C- and D-group chromosomes was made
in 20/15 experimental group. The correlation between the frequency distribution of
aneuploidy of each chromosomes within C- and D-group chromosomes (i.e., aneu-
ploidy of 11–13 in C-group and 14–20 in D-group per metaphase plate) showed a
significant difference within D-group chromosomes in 10/12, 10/15 and 10/18 exper-
imental groups, suggesting that CP probably leads to a non-random, non-disjunction
event in C- and D-group chromosomes. These observations are in contrast to what
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has been observed previously where they indicated that 30, 50, 145mg/kg dose of CP
were capable of inducing non-disjunction. The possible reasons for aneuploidy, how-
ever, could be either as a consequence of chromosome breakage and rearrangement
or as a secondary event to clastogenesis. The present study showed that at a particular
dose level, single acute treatment with CP was capable of inducing non-disjunction
events in developing testicular tissue. The qualitative discrepancies with respects to
dose in literature and the present study could as well be due to the difference in the
physiology of cell kinetics in two different test systems (materials) used.
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Chapter 3
Effect of Cyclophosphamide
on Testis—Protein Profile Study

3.1 Introduction

The protein is an important aspect of the process of differentiation andmorphogenesis
[1]. Since then most of the studies have been histochemical in nature describing the
nucleohistones and the localization of the testicular enzymes [2].

Some investigators have analyzed changes which occur during development and
during the maturation of rat testes. Mills et al. (1972) reported that total DNA,
RNA and protein contents decreased in testicular tissue during development and
corresponded to cell population and morphological changes. They observed that the
protein content of the rat testis represented an average of 66% of the total testis dry
weight. The protein content of the testis per gramweight decreased as the dry weight
decreased during the development. The decreased in percentage dry weight of the
testes corresponded closely with the lumen formation in the seminiferous tubules.
Further, gonadal patterns in rat during development from the morphologically indif-
ferent stage up to birth were studied by two-dimensional gel electrophoresis by
Muller et al. [3]. Specific proteins were detected in both the male and the female sex
at the morphologically indifferent stage and during differentiation.

Most of the information regarding protein profile changes in rodents, however, is
available in matured gonad both in vivo and in vitro conditions, especially at the time
of spermatogenesis. A large number of studies have been performed in order to under-
stand morphological changes which occur during completion of the spermatogenic
process [4]. A unique acid-soluble basic protein was detected in the testes of sexu-
ally mature rats and a number of other mammalian species. This protein was devoid
of phenylamine, tryptophan, glutamic acid, glutamine, isoleucine and cysteine [5].
However, majority of studies concerned with biochemical changes have attempted to
correlate enzyme activity to particular cell types in germinal epithelium [6–8]. The
expression of many testicular enzymes and proteins is temporarily regulated during
spermatogenesis [9]. The synthesis of lactate dehydrogenase-X, a testes-specific
isoenzyme, has been shown to begin during themid-pachytene stage of spermatocyte
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development and continue throughout spermatid differentiation [10]. Another testes-
specific isoenzyme detected in pachytene spermatocytes but increases markedly in
activity as spermiogenesis proceeds [11] analyzed stage-specific protein synthesis
during spermatogenesis. Stern (1983) observed quantitative changes for polypeptides
of molecular weight ranges from 16,500 to 82,000 Da during spermatogenesis.

However, little is known about the testicular and extratesticular origin of newly
synthesized proteins accumulated in each testicular compartment. Cultured rat sertoli
cells synthesize and secrete proteins that are serum like [12, 13], follicle stimulating
hormone (FSH)-dependent and cell-specific [14, 15]. In seminiferous tubules of the
rat, the sertoli cell is influenced cyclically by the spermatogenic cycle [16] reported
three acidic proteins found in testicular intertubular fluid (TIF) and seminiferous
tubular fluid (TIF) of molecular weight 72,000, 45,000 and 35,000 Da possibly
secreted by sertoli cells. They suggested that most albumin and transferrin found in
TIF and SNF have an extratesticular origin and that proteins secreted by the Sertili
cells could gain access to both TIF and SNF. It is not surprising to find sertoli cell-
specific secretory proteins in TIF samples since androgen-binding protein, another
sertoli cell-specific secretory protein, has been reported to be secreted into TIF [17].

Also, the role of retinoids in mammalian spermatogenesis has long been recog-
nized. Wolbach and Howe [18] reported the failure of spermatogenesis in animals
deprived of retinol. Later studies [19] showed that in retinol deficiency, spermato-
genesis does not progress beyond early meiosis and is accompanied by extensive
degeneration of the germinal epithelium. Retinol is transported in plasma bound to
a specific transport protein, retinol-binding protein [20]. The cellular localization of
the different retinoid binding proteins in the rat testes has been examined in several
reports [21, 22]. The cytosolic retinol-binding protein (CRBF) has been found to be
strikingly localized within the sertoli cells [23]. In contrast, cellular retinoic acid-
binding protein (CRABP) was found particularly in germ cells. It has also shown
enrichment of CRBP in sertoli cells and that of CRABP in germ cells.

From both an applied and basic standpoint, a study of antineoplastic drug such as
cyclophosphamide on developing testes is valuable. The present study was initiated
with the aim to learn the about the action of CP on developing male gonad (testes) in
terms of protein profile changes, after insulting the developing fetuses with different
doses of CP.

Procedure: Animals: Three gestational ages (12th, 15th and 18th) with three
doses (2, 10, 20 mg/kg) of CP have already been described earlier.

Chemicals: The chemicals used were acrylamide (Singma Chem. Co., USA);
N,N ′-methylene-bis-acrylamide(Bis); N,N,N ′,N ′-tetramethylethylenedimamine
(TEMED, Sigma Chem. Co., USA); sodium dodecyl sulfate (SDS, Sigma Chem.
Co., USA); phenylmethyl sulfonyl fluoride (PMSF, Sigma Chem. Co., USA);
ammonium persulfate (Sigma Chem. CO.’USA); Coomassie Brilliant Blue R-250
Sigma Chem. CO.’ USA); silver nitrate (BDH, India); potassium dichromate (BDH,
India); sodium carbonate (BDH, India); potassium tartarate (BDH, India); Folin’s
Reagent (BDH, India); bovine serum albumin (Sigma Chem. Co., USA); cupper
sulfate (BDH, India); ß-mercaptoethanol (BDH, India); Triton X-100 (Centronic,
India); magnesium chloride (BDH, India); sodium metabisulfite (BDH, India);
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Bromophenol Blue (Dye) (E. Merck’s England); potassium chloride (BDH, India);
nitric acid (BDH, India); formaldehyde (BDH, India); hydrochloric acid (BDH,
India); methyl alcohol (BDH, India); ethyl alcohol (absolute) (BDH, India); glycerol
(BDH, India); acetic acid (BDH, India); glycine (BDH, India); trichloroacetic acid
(TCA) (BDH, India).

Preparation of Homogenizing Buffer

Tris (hydroxylmethylaminomethane) 10.00 mM
Potassium chloride 9.00 mM
Magnesium chloride 0.250 mM
Sodium metabisulfite 0.025 mM
ß-mercaptoethanol 6.000 mM
Phenylmethyl sulfonyl fluoride 0.025 mM
Triton X-100 2%

The pH of the homogenizing buffer was adjusted 7.4 with HCL.

Preparation of Electrophoresis Buffer

Tris (hydroxymethylaminomethane) 0.625 M
Glycine 0.192 M
Sodium dodecyl sulfate 0.01%

The pH of the electrode buffer was adjusted 8.3 with the hydrochloride acid.

Preparation of Stacking Gel Buffer

Tris (hydroxymethylaminomethane) 0.125 M
Sodium dodecyl sulfate 0.1%

The pH of the stacking buffer was adjusted to 6.8 with hydrochloride acid.

Preparation of Separating Gel Buffer

Tris (hydroxymethylaminomethane) 0.375 M
Sodium dodecyl sulfate 0.1%

The pH of the separating buffer was adjusted to 8.8 with hydrochloride acid.

Preparation of Sample Buffer

Tris (hydroxymethylaminomethane) 0.0625 M
Sodium dodecyl sulfate (SDS) 4%
Glycerol 10%
ß-mercaptoethanol 5%
Bromophenol Blue (Dye) 0.001%
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The pH of the sample buffer was adjusted to 6.8 with the help of hydrochloride acid.

Preparation of Gel Solution
Stock solution of 30% by weight of acrylamide and 0.8% by weight of N-N ′-
bismethylene acrylamide was prepared. The stacking gel 2.5% was prepared by
taking 2.5 ml of stock solution and 10 and 15% separating gels prepared by taking
10 and 15 ml of the stock solution. The gels were polymerized chemically by the
addition of 0.025% by volume of N, N, N, N-tetramethylethylenediamine (TEMED)
and ammonium persulfate. After mixing, the gel solution was immediately placed
in glass and allowed to stand for 20–30 min for polymerization. Just before the use,
the water layer was sucked off and gel was placed in an electrophoresis apparatus.

Preparation of Protein Reagent
This reagent was freshly prepared before use. 100 ml pf 2% Na2CO3 in 0.1 NaOH
was taken and to it 1 ml of 4% potassium tartarate added. After shaking well, this
mixture 1.0 ml of 2% CuSO4 was added drop by drop followed by vigorous shaking
to avoid turbidity.

Procedure
Testicular tissue was collected from one-day-old pups in nine parallel sets of experi-
ment where three different doses—2 or 10 or 20 mg/kg body weight of CP were
administered intraperitoneally to the pregnant rats at any of the three different
gestational ages, i.e., 12th or 15th or 18th day. These experiments were designated
according to dose/gestation as 2/12, 10/12, 20/12; 2/15, 10/15, 20/15; and 2/18,
10/18, 20/18 as documented in Table 3.1, which also depicts the number of mother
rats used and total number of pups studied.

Some of the pups from these experimental groups were allowed to grow for three
to four months as adults and mated with respective opposite’s sexes to find out if
infertility was induced.

In another set of experiment, 5 mg/kg body weight of CP was injected (i.p.)
to pregnant rats during 12th to 15th day of gestation and male litters examined
for infertility at three to four months of age (examined by mating with respective
controls). Testicular tissue from such infertile males was also subjected to the study
of protein profile. Testes from 1-day-old pups of normal rats and that from the age
matched normal male adult rats were used as controls.

In a third set of experiment (as proposed in the aims and objectives), the extract
of the middle portion of the male embryos (excluding the anterior and posterior
portions with fore and hind limbs of the embryo, only to include the region-bearing
the testicular tissue) was used for protein profile studies at 12th, 13th, 14th and
15th day of gestation. The rationale for doing these experiments was to know if the
proteins, which normally appeared in 12th to 15th day embryos, were affected by
CP given to mother rats on 12th or 15th day. The embryo in this case was sexes on
the basis of the presence of the absence of the X-chromatin body in the interphase
cells and sometimes on the basis of the karyotypes.
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Table 3.1 Number of 1-day-old male pups exposed antenatally to CP used for protein profile study

Gestational
period (days)

Doses of
CP
(mg/kg)

Experimental
code

Number of
mother rats
used

Number of
male pups
delivered

Number of
female
pups
delivered

Number of
male pups
used for
biochemical
studies

Control – – 7 (13) 18 (25) 13 (32) 6

12 2 2/12 4 (11) 8 (29) 9 (27) 3

10 10/12 5 (13) 13 (33) 14 (33) 3

20 20/12 6 (15) 11 (35) 16 (34) 10

15 2 2/15 5 (13) 13 (42) 4 (28) 4

10 10/15 3 (11) 12 (32) 13 (26) 4

20 20/15 4 (11) 11 (25) 9 (24) 4

18 2 2/18 4 (10) 15 (36) 17 (40) 5

10 10/18 5 (12) 8 (24) 20 (44) 4

20 20/18 6 (13) 17 (31) 17 (28) 5

CP Cyclophosphamide
() Data in the parenthesis indicates the total number studied for biochemical study

Processing of the Tissues
The fresh tissue was homogenized in the ratio of 100 mg/2.5 ml (w/v) at 4 °C for
10min in the homogenizing buffer (pH7.4). The homogenatewas centrifuged at 4000
× g for 30 min at 4 °C. The supernatant and the pellet were saved for electrophoresis.
The protein concentration was estimated by Lowry’s method as tabulated below,
using crystalline BSA as standard.

Quantification of protein by Lowry’s method

Reagent Blank 1 2 3 4 5

Water 0.5 0.4 0.3 0.3 0.2 –

Protein solution – 0.1 0.2 0.2 0.3 0.5

Protein reagent 5.0 5.0 5.0 5.0 5.0 5.0

Mixed and allowed to stand for exactly 10 min and then added.

Folin’s Reagent 0.5 0.5 0.5 0.5 0.5 0.5

Mixed and allowed to stain for another 10 min. and absorbance measures at 660
against the blank.

The standard graph was drawn plotting optical density against concentration of
known standard protein. The amount of protein in the samples was determined.
The purpose of determining the amount of protein in a given sample was to ensure
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loading of equal amounts of protein in gels in all the experimental groups for a precise
quantitative comparison.

Running of Gels
The proteins were run on 10 and 15% SDS-polyacrylamide slab gel containing 0.1%
SDS in final concentration. The discontinuous buffer system of Laemmli (1970) was
used to separate proteins according to their molecular weight. The protein samples
were completely dissociated in sample buffer, keeping in boiling water for 10 min
in each slot, samples containing 50 µg m of protein were loaded and run at constant
current 100 v.

Staining of Gels with Coomassie Blue and Silver
After the run, the gels were fixed in 50%TCA overnight, washed with water and then
stained with freshly prepared 0.1% staining solution of Coomassie Brilliant Blue R-
250. The staining solution was prepared in a mixture of methanol: acetic acid: water
in the ratio of 5:1:5. The gels were photographed when maximum intensity of bands
appeared and further destained for photosensitive silver staining by the method of
Merrill’s (1981). The gels were treated through a series of steps as follows:

1. 50% methanol + 12% acetic acid—20 min
2. 10% ethanol + 5% acetic acid—10 min (three times, 200 ml)
3. 0.003M Potassium dichromate + 0.0032N nitric acid (200 ml)
4. Distilled water 30 s—four times (200 ml)
5. 0.012 M AgNO3—200 ml—30 min.
6. Rinsing in 0.28M sodium carbonate +0.5 ml of formaline per liter (300 ml)—

three times (first two rinsing with developer then develop in third 300 ml of
developer).

7. Developing was stopped by discarding the developer and adding 1% acetic acid
(100 ml).

8. Gels were washed twice with 200 ml of distilled water and stored in 1% acetic
acid solution.

The double staining technique was used for visualization and comparison of
protein bands in the same SDS-polyacrylamide gel by the method of Saxena and
Bamezai [24]. The synopsis of the sequences used in destaining the Coomasie blue
gel and further staining with silver staining are documented as follows:

Steps Solutions Times

1. Gels destained in 50% methanol; 7% acetic acid; 200 ml four times; 6-h
interval

24 h

2. Wash with distilled water (200 ml) 1–2 min

3. 5% HCl (200 ml—two times) 5 min

4. Wash with distilled water—200 ml four times—30 min each 2–4 h

5. Gels fixed in 50% methanol: 10% acetic acid 20 min–12 h

(continued)



3.1 Introduction 31

(continued)

Steps Solutions Times

6. Silver stained with little modification of Merrill’s method (1081)

7. Before developing rinsed with 5% formalin 1–2 min

8. 10% acetic acid (200 ml)

9. Wash with distilled water and photographed

Molecular Weight Determination
The molecular weight of the polypeptides was determined by the method of Weber
and Osborn [25]. The protein standards covering a sufficiently broad molecular
weight range were used to construct standard plots of log molecular weight versus
mobility for each of the polyacrylamide gel concentration used. The following protein
standards provided an acceptable molecular weight range: bovine serum albumin
(BSA); (MW 6600); egg bovine (MW 45,000); glyceraldehye 3-phosphate dehy-
drogenase (G-3-P D) (MW 36,000); carbonic anhydrase (MW 29,000); trypsinogen
(MW 24,000); trypsin (MW 20,100); α-Lacta albumin (MW 14,200). The mobility
was calculated as:

Distance of protein migration Length before staining

Mobility = Distance of protein migration

Length after destaining
× Length before staining

Distance of dye migration

The relative mobilities were plotted against the known molecular weights to
construct standard graph of log molecular weight.

The standard graph—log known molecular weight vs. mobility for 10 and 15%
SDS-polyacrylamide gel.

Findings
The protein profile changes were observed in developing testes, collected from 1-
day-old pups, antenatally to a single dose (i.e., 2 or 10 or 20 mg/kg body weight) of
CP during 12- or 15- or 18-day gestation. The qualitative changes were observed in
both 10 and 15% SDS-polyacrylamide gels after using double-staining technique.
The detailed and pooled data of both the gels is mentioned in tables.

Table 3.2 presents the qualitative changes in protein bands observed in the testic-
ular tissue of 1-day-old pups exposed antenatally to CP at 12th day of gestation
with respect to age matched control. The most prominent protein profile changes in
supernatant fraction were as follows: (a) the disappearance of intense protein band at
approximately 4400 Da in 2/12 experimental groups, apart from the disappearance
of less than 20,000 Da protein band in the intense protein band at approximately
86,000, 74,500 and 64,000 Da in 2/12 experimental groups; 86,000 and 74,000 Da
in 10/12 and 20/12 experimental groups; and (c) the increased intensity of protein
bands of approximately less than 20,000 Da in 10/12 experimental groups. The pellet
fraction also showed profile changes which were: (a) the disappearance of protein
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Table 3.2 Qualitative protein profile changes of testes from 1-day-old pups exposed antenatally to
single dose of CP at 12th day of gestation

Supernatant fraction Pellet fraction

Protein bands in
1-day-old
control testes
(Da)

Qualitative changes in
protein bands with respect
to control at different doses
CP (mg/kg)

Protein bands in
1-day-old
control testes
(Da)

Qualitative changes in
protein bands with respect
to control at different doses
CP (mg/kg)

2 10 20 2 10 20

86,000 DEC DEC DEC 74,500 DEC DEC INC

74,000 DEC DEC DEC 64,000 DEC DIS NA

64,000 DEC DIS DIS 58,000 DEC DIS NA

58,000 NA DIS DIS 44,000 NA DEC INC

44,000 DIS DIS DIS 24,000 DIS DEC INC

20,000 NA INC DIS 21,000 NA INC INC

Not affected; DEC decreased; INC increased; DIS disappeared. Pooled data from 10 and 15%
SDS-PAG

band at approximately, 24,000 Da in 2/12 experimental group; 6400 and 5800 Da
in 10/12 experimental group; (b) the reduction of the intensity of protein bands at
approximately 74,500, 64,000, 58,000 Da in 2/12 experimental group and 74,500,
44,000, 24,000 and 21,000 Da in 2/12 experimental groups and (c) the increase in
the intensity of protein band at 20/12 experimental groups.

The qualitative changes in protein profile in testicular tissue from 1-day-old pups
exposed antenatally to CP at 15th day of gestation are depicted in Table 3.3. Themost

Table 3.3 Qualitative protein profile changes of testes from 1-day-old pups exposed antenatally to
single dose of CP at 15th day of gestation

Supernatant fraction Pellet fraction

Protein bands in
1-day-old control
testes (Da)

Qualitative changes in
protein bands with
respect to control at
different doses CP
(mg/kg)

Protein bands in
1-day-old control
testes (Da)

Qualitative changes in
protein bands with
respect to control at
different doses CP
(mg/kg)

2 10 20 2 10 20

86,000 NA NA INC 74,500 NA DEC NA

74,000 NA NA INC 64,000 NA DIS DEC

64,000 NA NA INC 58,000 NA DEC DEC

58,000 NA NA INC 44,000 NA DEC DEC

44,000 NA DIS INC 24,000 NA DIS DIS

20,000 NA NA INC 21,000 NA DIS DIS

NA Not affected; DEC decreased; INC increased; DIS disappeared
Pooled data from 10 and 15% SDS-PAG
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Table 3.4 Qualitative protein profile changes of testes from 1-day-old pups exposed antenatally to
single dose of CP at 18th day of gestation

Supernatant fraction Pellet fraction

Protein bands in
1-day-old control
testes (Da)

Qualitative changes in
protein bands with respect
to control at different
doses CP (mg/kg)

Protein bands in
1-day-old control
testes (Da)

Qualitative changes in
protein bands with
respect to control at
different doses CP
(mg/kg)

2 10 20 2 10 20

86,000 NA DEC DEC 74,500 NA NA DIS

74,000 NA DEC DEC 64,000 NA NA DIS

64,000 NA DEC DEC 58,000 NA NA NA

58,000 NA DEC DEC 44,000 NA DEC NA

44,000 NA DEC NA 24,000 NA DEC INC

20,000 NA NA INC 21,000 NA DEC INC

NA Not affected; DEC decreased; INC increased; DIS disappeared. Pooled data from 10 and 15%
SDS-PAG

prominent changes in supernatant fraction were as follows: (a) the disappearance of
intense protein band at approximately 44,000 Da in 10/15 experimental group and
(b) the increased intensity of protein bands at approximately 86,000, 64,000, 58,000,
44,000 and less 20,000 Da in 20/15 experimental groups.

The following protein profile changes were observed in pellet fraction: (a) the
disappearance of intense protein band at approximately 64,000, 24,000, 21,000 Da
in 10/15 experimental group; 24,000 and 12,000 Da in 20/15 experimental group; (b)
reduction of the intensity of intense protein bands at approximately 74,500, 58,000,
44,000 Da in 10/15 experimental group and 64,000, 58,000 and 44,000 Da in 20/15
experimental groups.

The protein profile changes in testicular tissue of 1-day-old pups exposed ante-
natally to CP on 18th day of gestation are shown in Table 3.4. The most prominent
changes occurred in supernatant fractionwhichwere as follows: (a) the disappearance
of decrease in the intensity of intense protein bands at approximately 86,000, 74,000
and 64,000, 58,000 Da in 20/18 experimental group and 86,000, 74,500, 64,000,
58,000, 44,000 Da in 10/18 experimental group and (b) the increase intensity of
protein band at approximately less than 20,000 Da observed in 20/18 experimental
group. The pellet fraction also showed qualitative changes in testicular tissue: (a)
the disappearance of intense protein bands at approximately 75,000 and 64,000 Da
in 20/18 experimental group and (b) the reduction of intensity of protein band at
approximately 24,000 and 21,000 Da in 20/18 experimental groups.

The experimental plan also showing the collection of tissue from normal devel-
oping embryos of male or female pups for protein profile study at 12th to 15th day
of gestation to find out stage or sex-specific proteins in both supernatant and pellet
fractions were analyzed by SDS-polyacrylamide gel electrophoresis to know if the
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affected protein profile in the previous experiments involved any of the proteins
which appear during these gestational ages.

The study of 12th-day male embryo supernatant fractions showed protein bands
at approximately 135,000, 127,000, 125,000, 118,000, 110,000, 104,000, 96,000,
58,000, 44,000, 24,000 and three bands of approximately less than 20,000 Da. A
similar pattern of protein profile was observed in female embryos, of the same gesta-
tional age, except for the disappearance of one protein bands of approximately less
than 20,000 Da (Table 3.5).

Male embryo of 13th day gestational age showed the appearance of protein band
of approximately 135,000, 127,000, 125,000, 118,000, 110,000, 104,000, 96,000,
66,000, 58,000, 44,000, 24,000 Da and three protein bands of less than 20,000 Da
in the supernatant fraction, whereas the female embryo of same gestational age

Table 3.5 Protein profile changes in the supernatant fraction of normal developing embryos

Mol. Wt. (Da) Gestational age (days)

12 13 14 15

M F M F M F M F

146,000 – – – – – – – +

142,000 – – – – + – + +

136,000 – – – – + + + +

135,000 + + + – – – – –

130,000 – – – – – – + +

127,000 + + + – – – + +

125,000 + + + – – – – –

121,000 – – – – + + + +

118,000 + + + + – – – –

117,000 – + – – + + + +

110,000 + – + + + + + +

96,000 + – – – + + + +

67,000 – + + – – – – –

66,000 – – + – – – – –

58,000 + + – – + + + +

52,000 – – + + + + + +

44,000 + + – – + + + +

37,000 – – + – + + + +

24,000 + + + + + + + +

20,000 + – – + + + + +

20,000 + + + + + + + +

20,000 + + + + – – + +

M Male; F female; (+) present; (–) not present; data from 10 and 15% SDS-PAG
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showed appearance of protein bands of approximately 118,000, 110,000, 104,000,
96,000, 66,000, 44,000, 24,000 and two bands of less 20,000 Da. Table 3.5 shows the
protein profile in 14th day male embryo supernatant fraction where the protein bands
at approximately 142,000, 136,000, 121,000, 117,000, 110,000, 71,000, 67,000,
52,000, 44,000, 37,000 and two bands of less than 20,000 Da were observed. The
female embryo showed the same pattern except for the disappearance of 142,000 Da
protein band.

The protein profile of 15th embryo showed the appearance of protein bands
of approximately 142,000, 136,000, 130,000, 127,000, 121,000, 117,000, 110,000,
71,000, 67,000, 52,000, 44,000, 37,000 and three bands of approximately less than
20,000 Da in the supernatant fraction, whereas female embryos of the same gesta-
tion showed similar pattern of protein profile except for the presence of 146,000 Da
protein band (Table 3.5). The protein profile changes in supernatant and pellet frac-
tion of 1-day-old testes exposed antenatally at 12th, 15th, 18th days of gestation with
different doses of CP, using 10 to 15% SDS-PAGE stained with Coomassie blue and
the same gel for silver staining were used for protein profile study and comparison
of protein bands using two different staining in the same PAGE (Fig. 3.1).

Table 3.6 depicted the protein profile observed from the pellet fraction of 12th,
13th, 14th, 15th day embryo using 15% gel. The 12th day male embryos showed the
presence of protein bands of approximately 92,000, 82,000, 58,000, 42,000, 38,000,
32,000, 30,000 and two bands of less than 20,000 Da, whereas the female of the same

Fig. 3.1 Protein profile changes in supernatant and pellet fraction of the normal developing embry-
onic tissue collected from lower middle region of abdomen containing gonadal ridge from 12th to
15th day of gestation, using 15% SDS-PAGwith silver staining. (Mrk=Marker; SC= Supernatant
control; PC = Pellet control; SE = Supernatant experiment; PE = Pellet experiment)
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Table 3.6 Protein profile changes in the pellet fraction of normal developing embryos

Mol. Wt. (Da) Gestational age (Days)

12 13 14 15

M F M F M F M F

94,000 – – – – + + + +

92,000 + + + + – – –

84,000 – – – – – + – –

82,000 + + + + + + + +

78,000 – – – – + + + +

68,000 – – – – + + + +

58,000 + + + + – – – –

55,000 – – – – + + – –

50,000 – – – – – – + –

48,000 – – + – – – – –

46,000 – – – – – + – –

38,000 + + + + – – – –

35,000 – – – – + + + +

32,000 + – + – – – – –

30,000 + + + – – – – –

27,000 – – – – + + + +

22,000 – – – – + + + +

20,000 – – + + + + + +

20,000 + + + + + + + +

20,000 + + + + + + + +

M Male; F female; (+) present; (–) not present; data from 10 and 15% SDS-PAG

gestational age showed a similar pattern except for the disappearance of 32,000 Da
protein band.

Male embryos of 13th day gestation showed the appearance of protein bands at
approximately 92,000, 82,000, 58,000, 48,000, 42,000, 38,000, 32,000, 30,000 and
four band of approximately less than 20,000 Da. The female embryos of the same
gestational age showed a similar pattern, except for the disappearance of protein band
approximately 48,000, 32,000 and 30,000 Da. In case of day 14th male embryos,
the appearance of protein bands of approximately 94,000, 82,000, 78,000, 68,000,
55,000, 42,000, 35,000, 27,000, 22,000, and four bands less than 20,000 Da were
observed. The female embryos of same gestation showed a similar pattern of protein
profile except for the appearance of two proteins of approximately 84,000 and 46,000.

The 15th day embryos showed the appearance of protein bands of approximately
94,000, 82,000, 78,000, 68,000, 50,000, 42,000, 35,000, 27,000, 22,000, and four
bands less than 20,000 Da, whereas the female embryo of the same gestational
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age group showed similar pattern of protein profile except for the disappearance of
approximately 50,000 Da.

Interestingly, it was observed that the protein of 58,000, 44,000, 24,000, and
less than 20,000 Da affected in 2/12, 10/12; 20/12; 10/15; 20/15 and 10/18, 20/18
experimental groups; appeared during 12–15 days of gestation. However, it was not
studied earlier if these were same proteins required for normal differentiation and
further development of male gonad (testis).

Protein Profile Changes in Infertile Testes
The nine parallel sets of experiments where three different doses of CP 2 or 10 or
20 mg/kg body weight were given to the mother rats at 12th or 15th or 18th day of
gestation showed no effect on fertility except for the delay in males. However, the
infertility was induced where continuous dose of 5 mg/kg of CP was given at 12–
15dayof gestation and the resultswere confirmed after the serialmating technique (as
described inMaterials andmethods). Themost prominent changes observed were (a)
the disappearance of intense protein bands of approximately 78,000, 73,000, 71,000,
49,000, 43,000, 34,000, 28,000 Da from the supernatant fraction and 1000,000,
88,000, 26,000Da from the pellet fraction and (b) the reduction of intensity of protein
bands of approximately 75,000, 60,000, 51,000, 44,000, 38,000, and 32,000 Da
from the pellet fraction and of approximately 265,000 Da protein from supernatant
fraction.

3.2 Interpretation

Cyclophosphamide (CP) is an alkylating agent, and DNA synthesis is sensitive to
the action of alkylating agents [26]. It has further been reported that single high dose
treatment (50–100 mg/kg) of CP leads to a decreased DNA and protein synthesis
in spermatids [27], followed by a decrease in testicular weight [28]. The present
study showed that the number of proteins inhibited increased with the increasing
dose. Only a single protein of 44 KD was apparently observed to be inhibited in the
supernatant fraction of 2/12 experimental group, whereas 10 and 20 mg/kg doses
of CP were sufficient to inhibit a variety of proteins. This difference in sensitivity
and different results probably could be because of the difference in the nature of
experimental material used in the two studies. It was observed that in 10/12 and
20/12 experimental group’s proteins of 64, 58 and 44 KD were inhibited. Further, in
the 20/12 experimental group protein (s) of approximately less than 20KDmolecular
weight was also inhibited in the supernatant fraction. The results suggested that the
low dose of CP (2 mg/kg) treatment did not affect the protein profile changes when
compared to 10 and 20 mg/kg doses of CP exposure to developing testes, either due
to very low amount of CP, or due to the recovery of the content during the period of
embryonic life as the gestational age progressed. There was an apparent qualitative
change in major protein profile observed in the testicular tissue from 1-day-old pups
exposed antenatally toCP at 12th day of gestation. It has been observed earlier that CP
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affects mesenchymal tissues [29] and testes being mesenchymal in origin, it is quite
possible that on 12th day of gestation when differentiation of male sex takes place
[3, 30], this alkylating agent apparently suppressed over all protein synthesis and
inhibited specific polypeptides of the testicular cells during development of gonads.

The protein profile of the pellet fraction did not show similar effects with respect
to increasing dose as observed in the supernatant fraction. The apparent increase in
the intensity of the protein bands in 20/12 experimental group could probably be
because of various reasons such as the cells failed to replicate DNA after alkylating
damage, which may have led to mitotic delay and cell enlargement associated with
abnormal RNA and protein synthesis. It is also possible that cross linking of DNA,
inhibition of protein synthesis and arrest of the cell-cycle in G2 stage resulted in cell
death. Although the exact mechanism of cell death has not been established, it could
be possible that after the cell death the accumulation of protein (s) takes place due
to apoptosis too.

The protein profile in testicular tissue from 1-day-old pups exposed antenatally
to CP on 15th day of gestation caused less changes as compared to 12th day of
gestation, probably because at this stage (15th day of gestation) testis is completely
differentiated and a well-defined tunica albuginea appears (Fig. 3.2) [31].

The low dose of CP (2 mg/kg) did not affect the protein profile changes in the
supernatant as well as the pellet fractions. The protein profile changes in pellet
fraction showed the disappearance of 24 and 21 KD, decrease in the intensity of 58
and 44KD in 10/15 experimental group. The protein band of 44KDdisappeared from

Fig. 3.2 T.S. of rat fetus at
day 15 after H& E staining.
Male sex—differentiation,
testis being develop in close
proximity to mesonephros
(→)and double-layer tunic

albuginea (→)covering
formation of seminiferous
tubules (→) inside the testis
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the supernatant fraction in 10/12, 20/12 and 10/15 experimental groups probably due
to the fact that CP completely inhibited the protein and the recovery within 10-days
or 7-days of interval after CP treatment did not take place, whereas the increased
intensity of protein bands in 20/15 experimental group probably could be due to
either the selective cellular death or the possible recovery within 7 days (i.e., the
period between treatment of CP and collection of the tissue). It could be possible
that due cell death degradation of protein takes place, resulting in an accumulation
of abnormal amount of protein. It has been reported earlier that CP quantitatively
affects the synthesis of DNA and protein in developing embryo [32].

The antenatal exposure of male pups to CP on 18th day of gestation, the time by
which the testicular development is already over, did not show much inhibition of
polypeptides but did not affect the intensity of protein bands, reflecting the possible
alteration in the synthesis of polypeptides at relatively higher doses of CP. The
lowest dose (2 mg/kg) of CP seemed to have effect on protein profile, whereas 10
and 20 mg/kg doses of CP also showed less changes in protein profile as compared
to 10/12, 20/12 and 10/15 and 20/18 experimental groups, probably due to—(1) the
low dose of CP to be unable to inhibit proteins, (2) the recovery of the inhibited
protein during the course of development or (3) the requirement for more time for
CP show its activity for cellular toxicity. It was observed earlier that inhibition of
protein synthesis was not observed until 72 h after CP treatment [32], and it could
be possible that CP required more time to metabolize or transfer the metabolite (s)
to the target tissue for selective cell killing activity.

Present study includes that these proteins of molecular weight 86, 64 58, 44 KD
and less than 20KD from the supernatant fraction, and 74.5, 64, 58, 44, 24 and 21KD
from the pellet fraction of the testicular from 1-day-old pups exposed antenatally to
CP in 2/12, 10/12, 20/12, 10/15, 20/15 and 10/18, 20/18 experimental groups were
affected (i.e., disappeared or decreased or increased in intensity) after exposure with
CP.

These proteins fell in the molecular weight range of 16.5–89 KD which appear
at the time of spermatogenesis (Stern et al. [33]. It could be possible that these
protein appear well before the initiation of spermatogenesis and play some role in
spermatogenesis. It was further observed that the protein 24 KDwhich was observed
in new born rat testes [3] was inhibited in 10/15 and 20/15 experimental group,
whereas the protein of similar molecular weight decreased in intensity in 10/12 and
10/18 experimental group, probably suggesting that 24 KD protein observed in the
embryonic tissue at 12th and 13th day of gestation and in the newborn is different. It
could also be explained if the gene for this protein was active at two different times
during embryonic development.

The embryonic material on 12th and 15th day of gestation, the period used for
insulting the developing embryo in the already described results, apart from the days
in-between i.e. 13th and 14th, were also used for protein profile studies (region of the
embryos studied and the purpose is described in Materials and methods) to know if
the proteins, inhibited in the testicular tissue from1-day-old pups exposed antenatally
to CP at 12th and 15th day of gestations appeared normally during these gestational
periods.
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The present study indicated that molecular weight ranges of the proteins from
146 KD to less than 20 KD appeared in the supernatant fraction, and 94 KD to
less than 20 KD in the pellet fraction of normal male and female embryonic tissues
collected at 12th to 15th day of gestation. The proteins of 58 KD which appeared in
normal developing male embryo of day 12 and 13, disappeared in both the super-
natant and pellet fraction of 20/12 experimental group. However, a protein of similar
molecular weight showed decreased intensity in the supernatant fraction of 10/18 and
the pellet fraction of 2/12 experimental group. A 44 KD molecular weight protein
which appeared in normal developing embryos of both the sexes from 12th to 15th
day of gestation disappeared in the supernatant fraction of 2/12, 10/12, 20/12 and
showed a decrease in the intensity in 10/18 experimental group. The pellet fractions,
however, showed the similar molecular weight protein with decreased intensity in
10/12, 10/18 and increased intensity in 20/12 experimental group.

Interestingly, it was further observed that the protein of less than 20 KD which
appeared in normal developing male embryos of 12th and 13th days and the embryo
of both the sexes from 14th to 15th days of gestation, disappeared in the supernatant
fraction 20/12 and showed an increased intensity in 10/12 and 20/18 experimental
groups. The above observations suggested that these proteins probably appeared at or
before the time of the differentiation of gonad and any insult to the embryo resulting
in inhibition of protein synthesis could lead to the infertility in future. It is also likely
that the proteins with similar molecular weights produced in the embryo and in the
adult are different in nature and physiological function. However, these conclusions
are based on experimental design which may require for reconfirmation.

The qualitative changes in the protein profile were also observed in the testicular
tissue obtained from adult infertile rats that were exposed antenatally to a continuous
dose of CP of 5 mg/kg at 12th to 15th day of gestation. The results showed that the
proteins of approximately 49 and 34 KD molecular weight disappeared from the
supernatant fraction, whereas a protein of 44 KD showed decreased intensity in the
pellet fraction. A similar molecular weight protein was observed to be affected in
the experimental groups of 2/12, 10/12 and 20/12 (already described in the results).
Again, the same protein (44 KD) was observed to appear in early embryonic devel-
opment, and it is assumed that this protein might be playing an important role in
fertility, because the similar molecular weight proteins (34, 49 and 44 KD) were
found during the period of spermatogenesis (Stern et al. [33]. The results indicate
that protein of 34 and 28KDmolecularweight disappeared from the supernatant frac-
tion. The proteins of the same molecular weight have been reported by Shanowittz
et al. [16] in seminiferous tubular fluid (SNF) and testicular intertubular fluid (TIF).

In our experimental study, it was also observed that high molecular weight
proteins (110, 88 KD) disappeared from pellet fraction Carson [34] has reported
that high molecular weight proteins are retinol binding which play an important role
in spermatogenesis [19].

In conclusion, it is apparent that CP inhibits the synthesis of macromolecules
(proteins) which have an important function in gene expression [35]. Also, it could
affect the fertility of F1 generation, although the exact mechanism of infertility is
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not clear, but it indicates that continuous insulting with CP at the time of gonadal
differentiation causes abnormal development which leads to infertility in males.
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Chapter 4
Effect of Cyclophosphamide
on Testis—A Histological Study

4.1 Introduction

In recent years, an increasing number of reports have appeared on the testicular
damage following antimitotic drug therapy for the treatment ofmalignant conditions.
In view of the marked cytotoxicity of the anticancer drugs, particularly alkylating
agents on human and animal fertility [1, 2], hence, the study becomes relevant on
testicular damagehas been ascribed to several drugs such as cyclophosphamide [3–5].
Various reports on the subject show that high dose of cyclophosphamide (CP) during
specific, days critical period of pregnancy can be teratogenic in experimental animals
[6–8]. The effects of these cytotoxic drugs on the testis have been studied by testicular
biopsy, semen analysis and endocrine assessment of the hypothalamo-hypophyseal
testicular axis. However, the literature lacks adequate mention regarding the effect
on the germinal and non-germinal elements (i.e., gonocytes and sertoli cells) in the
testis of 1-day-old rats exposed in utero (antenatally) to different doses of CP.

As CP is an alkylating agent which causes maximum damage to rapidly dividing
cells, the drug was expected to affect the seminiferous epithelium to reduce the
number of spermatozoa produced [9]. The seminiferous epithelium in the fetal testis
shows two distinct cell types which include gonocytes (primordial germ cells) and
the supporting cells, precursors of the sertoli cells. During fetal life, testis shows
active mitotic activity and testicular cords undergo conspicuous morphological and
biochemical changes to form the seminiferous tubules of the adult testis. Merchant
[10] reported that the number of sertoli cells and germ cells increases in tubules of
rat, and these two cell lines, germ cells and sertoli cells, continue to be present in the
seminiferous tubules of developing and maturing testis [10–16].

The CP-induced testicular damage has been observed dose-dependent manner,
and high doses of CO destroyed all stages of spermatogenic elements in the rat [3,
5, 17]. Germinal cell aplasia (‘Sertoli cell-only’ syndrome) was induced by a variety
of methods: administration of busulfan, hydroxyurea and vitamin A-deficient diet
during embryonic life [18–21]. In fetal testicular cord, the germ cells are called
gonocytes, randomly distributed as single large cells among supporting cells (sertoli
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cells). Their cytoplasm appears clear than the surrounding cells [10, 22, 23]. The
primary movement of the gonocytes seems toward the periphery of the seminiferous
tubule [15] leading to eventual disappearance of centrally located germ cell. It was
observed that the number of gonocytes in mouse testes increased significantly after
ethinyl estradiol treatment and decreased with irradiation [24–26].

CP has also been associated with qualitative changes of sertoli cells. Previous
studies have shown that the sertoli cells partially control the development of semi-
niferous epithelium and spermatogenetic processes of mammals [27]. The origin
of sertoli cell is not known, and certain mesenchyme, surface epithelium and
mesonephric tubules have all been suggested as possible sources. Although none of
these can be excluded at the present time, morphological evidence suggests epithe-
lium origin. The columnar arrangement of the sertoli cells and their initial ultrastruc-
tural resemblance to surface epithelium cells [28] also point epithelial rather than
mesenchymal origin. Whereas, the positive correlation between the total number of
sertoli cells, the total length of seminiferous tubules per testes and the total areas
of seminiferous epithelium have been observed area increased after ethinyl estradiol
treatment in developing testes [26], whereas the number of sertoli cells decreased in
hypophysectomized immature rats [16, 27]. However, the qualitative relationship is
developed between the sertoli cells per testes and the number of renewing spermato-
gonia per testis in adult rat. This provides an evidence of qualitative regulation of
adult spermatogenesis by the population of sertoli cells during the inpubertal period
of testicular development. It has been reported that sertoli cells play an important
role in the early maturation of the seminiferous epithelium, and the site of conversion
of progesterone to testosterone reported that number of sertoli cells per cross section
and the ratio of the number of sertoli cells per gonocytes were significantly decreased
in mouse testes after ethinyl estradiol treatment [26, 29].

It is reported that alkylating agents also influence the function of leydig cells. In
the developing and maturing testes, the study of differentiation of the leydig cells
is complicated due to the fact that not all the cells differentiate at the same time
[28], resulting in heterogeneous population of cells. The leydig cells are the site for
the synthesis of male hormones in the fetal testis and are also believed to influence
the multiplication and differentiation of germ cells. The testicular development from
14.5 to 20.5 days is characterized by an increased capacity to synthesize testosterone
and respond to L/H hormone. The decrease in testosterone production in the neonatal
testis is because of reduction in the number of leydig cells with increasing age [16].
However, certain drugs, which are cytostatic in nature, show direct or indirect action
on the seminiferous epithelium during early stages of development of seminiferous
tubules and destroy germ cells [30, 31].

Drugs affecting hormonal pathway attack sertoli cells and at later stages of the
seminal epithelium. CP has been associated with various disorders of spermatogen-
esis by changing the concentrationof inhibin (FSH-suppressinghormone) secretedby
sertoli cells, and with the increase of FSH and LH levels, resulting in tubular damage
[2], however reported that in rats, lethal or near lethal quantities of nitrogen mustard
(CP metabolite) were necessary to influence spermatogenesis and fertility, whereas
previous studies indicated that the prolonged exposure for more than four weeks
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could be lethal (Wheeler et al. 1962) and the fertility was affected due to dominant
lethalmutagenic effect [17, 32, 33]. It was observed that the chronic administration of
low dose of cyclophosphamide had minimal effects on the male reproductive system
and fertility, but resulted in malformation and growth retardation in the surviving
fetus with a high frequency of fetal death [9].

However, the relevance of the effects of such chemicals on the male reproduc-
tive system of the offspring is poorly understood. In preview of these facts that the
experimental plan was designed with the aim to investigate the effect of CP on devel-
oping testes. Such study would be helpful in knowing the mechanism of action of
the drug on cytotoxicity during prenatal life and possibly correlate with reproductive
performance of F1 generation male rats.

4.2 Experimental Procedure

4.2.1 Materials

The testis of 1 day of old pups was collected from nine parallel experimental sets in
which mothers were exposed (i.p.) with cyclophosphamide (i.e., single dose of 2 or
10 or 20 mg/kg) either on 12th or 15th or 18th day of gestation period. The testes
were fixed in Bouin’s solutions for 24 h. After fixation, the testes were dehydrated
with ascending grade of alcohol and cleared in xylene. The testes were impregnated
with paraffin wax (melting point, 56°–58°). The transverse sections of 7 µm were
used after staining with hematoxylin and eosin.

Hematoxylin (Ehrlich’s)

Absolute alcohol 33 ml
Hematoxylin 0.67 g
Glacial acetic acid 3.3 ml
Glycerol 33 ml
Distilled water 33 ml
Potassium alum 3 g

These were kept for ripening, for two months until a deep red color appears.
Eosin

Eosin 1.0 g
Ethyl alcohol 70–1000 ml
Glacial acetic acid 5 ml

Dilute with equal volume of 70% alcohol before use, and then add 2–3 drops of
acetic acid.

Paraffin was removed after dipping the slide in xylol. Sections were brought to
water throughdescending grades of alcohol.Hydrated sectionswere then stainedwith
Ehrlich’s acid hematoxylin for 10 min. Sections were blued in top water. These were



46 4 Effect of Cyclophosphamide on Testis—A Histological Study

count stained with eosin for 1 min—then, these were dehydrated through ascending
grades of alcohol, cleaned in xylol and mounted in D.P.S.

Nucleus—bluish black
Cytoplasm—pink.

Counting of Sertoli cells and Gonocytes
The contents of the seminiferous tubule cross sections of both the experimental and
control testes were germinal elements, the gonocyte and non-germinal elements, the
sertoli cells. The gonocytes were distinguishable from the sertoli cells by their large
size and by a round nucleus containing a large nucleolus. According to Gondo (1974)
when no germ cells in tubule cross section show mitotic division, they are classified
as prespermatogonia or spermatogonia, and were also counted as gonocytes. The
sertoli cells could be easily distinguished from the germ cells, and they showed a
columnar shape with an elongated nucleus and excentric, small and compact nuclei.
At least five sections from each testis both experimental and controls, separated by
70 mm, were selected, and in each section ten seminiferous tubules were selected
for counting the number of sertoli cells and gonocytes.

Measurement of This Area Occupied by the Seminiferous Tubules
and Interstitial Space
The seminiferous tubular area and interstitial space weremeasured by usingmicrom-
eter disk having 100 squares of size 5 mm2, which was coincided with mm scale.
Micrometers 2 mm long geteilt in 200 tilies, which comes to finally 0.64 mm2. The
total 15 sections were selected from experimental as well as control testes for the
measurement of the area. The total number of empty squares was counted within the
region of square disk under 6 × 40 magnifications. The empty squares denote the
intertubular space, and rest of the square occupied by the tubular region indicate the
seminiferous tubular area.

Measurement of the Size of the Leydig Cells
The diameter of the leydig cells was measured by using micrometer scale in eye
piece. A total of 10 sections in each testis were chosen for the study, and in each
section five cells were observed for the measurement of the diameter of the leydig
cells. The size of the cells was measured by using grid of 0.015 mm scale at 6 × 40
magnifications.

Statistical Analysis
The histological features were observed in nine parallel sets of experiments, and it
was proposed to find out the significant difference between three different doses (2
or 10 or 20 mg/kg) of CP at 12th or 15th or 18th day of gestation. In the testicular
tissue to compare the differences between days and dose, the two-way analysis of
variance (ANOVA) table was computed for the total number of sertoli cells/tubule.
Cross section, Gonocytes/tubule cross section. Size of the Leydig cells and ratio of
sertoli cell/gonocyte in tubule cross section, tubular region and interstitial space.



4.2 Experimental Procedure 47

The f -values obtained and the significant point for the calculated f -values were
obtained by Fisher and Yates table against degree of freedom 2 and 4. When both the
calculated f -values were more than the tabulated f -values, it was indicated that the
difference between days and dose was significant. In case the f -value was significant,
the interaction was considered first, suggesting the effect of days, dose combination
varies from day (or dose to dose). Therefore, using the critical difference comparison
for significance level weremade in the observedmean values of sertoli cell, gonocyte,
ledig cell, tubular region and interstitial space. The data of the ratio of number of
sertoli cells per gonocytes; number of sertoli cells; number of gonocytes per tubule
cross section; seminiferous tubular area and intertubular space; and diameter of the
leydig cells were analyzed by Student test.

Photomicrography
The photomicrographs for histological studies were taken with the help of Leitz
Orthoplan (microscope) under maximum× 1024 magnifications. Negative film NP-
40 documentation films were used and developed in fine grain developer, and the
prints were made on Agfa extra white glossy hard printing paper.

In subhuman species, a particular cellular association occupies a relatively long
segment along the tubule. Therefore, in a typical cross section only a single associ-
ation is observed but in man cellular association occurs in irregularly shaped areas
along the tubule, and therefore, a cross section typically shows two or more cellular
associations.

4.3 Findings

The cellular features based on histology in both tubular and non-tubular regions
(interstitial space) of the testes studied from 1-day old pups exposed antenatally to
2 or 10 or 20 mg/kg dose of CP at 12 or 15 or 10 days of gestation showed both
qualitative and quantitative changes. These changes were:

Sertoli Cells
In the control testes, the average number of sertoli cells per tubule cross section
was found to be 16.00 ± 1.88 whereas in experimental tests number decreased
significantly (p < 0.001) in 20/12 (13.36 ± 2.74), 20/15 (14.08 ± 2.15) and 20/18
(11.52 ± 1.63) experimental groups as shown in Fig. 4.1a, b. The number of sertoli
cells also decreased significantly (p < 0.001) in 2/18 (13.72 ± 2.01) and 10/18
(13.16 ± 3.48) experimental groups (Table 4.1), when compared with controls. The
f -values observed for days (31.29) and dose (89.49) were significantly higher than
table f -value at 1% level (Table 4.2).

Gonocytes
The average number of gonocytes per tubule cross section was 1.98 ± 0.95 in the
control testes. The number of the gonocytes decreased significantly (p < 0.001) with
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Fig. 4.1 a Seminiferous tubule in a 1-day old control rat pups. Sertoli cells (SCs) with oval or
elongated nuclei are seen arranged in a uniform layer on the basement membrane. The gonocytes
(GN) showing large oval nuclei and clear cytoplasm abundant in quantity. The nucleus shows many
nucleoli. H & E× 1024. b Seminiferous tubules in a 1-day old control rat pups exposed to 2 mg/kg
dose of CP on day 12 of gestation. The Sertoli cells (SCs) with elongated or oval nuclei as seen in a
single uniform layer on the basement membrane. The gonocytes (GN) placed in the center of tubule
are like those seen in control. c Seminiferous tubule in 1-day old rat pups exposed to 10 mg/kg of
CP on day 12 of gestation. The sertoli cells (SCs) are less in number, and smaller size of nuclei
from round to flattened basement membrane (BM) was interrupted (Pt). Gonocytes (GN) are seen
migratory toward the periphery. d Seminiferous tubule in a 1-day old rat pups exposed to 20 mg/kg
of CP on day 12 of gestation. The Sertoli cells (SCs), which are less in number per tubule, show
nuclei with margin not well defined and merging with cytoplasm. Shape of nuclei is irregular and so
their arrangement on basement membrane (BM). The gonocytes (GN) are seen near the basement
membrane (BM) which is interrupted (Pt)

respect to control in 20/12 (1.38 ± 0.80), 20/15 (1.28 ± 0.96) and 20/18 (1.46 ±
0.81) experimental groups (Table 4.1). The observed f -values for days (10.14), doses
(123.57) and interaction (50.42) were significantly higher than table f -values at level
(Table 4.2). Themean difference between days and dose was observed and compared
with critical difference. This showed that 15th day of the gestation was susceptible
period for the development of gonocytes in 3 or 10 or 20 mg/kg doses of CP. The
20/18 experimental group also showed similar susceptibility affecting the number of
gonocytes as shown in Fig. 4.1c, d.
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Table 4.1 Effect of cyclophosphamide on tubular contents (number of Sertoli cells and
gonocytes)/tubule cross section

Gestation
period (days)

Dose of CP
(mg/kg)

No. of sertoli
cell/tubule
cross section
mean ± S.D

Significance
level

Number of
sertoli cell per
tubule cross
section mean ±
S.D

Significance
level

Control – 16.00 ± 1.88 1.98 ± 0.95

12 2 15.26 ± 2.49 P > 0.05 2.10 ± 1.11 P > 0.05

10 14.82 ± 2.60 P < 0.01 2.06 ± 1.01 P > 0.05

20 13.36 ± 2.74 P < 0.001* 1.38 ± 0.80 P < 0.001*

15 2 16.84 ± 2.16 P < 0.05 1.80 ± 0.92 P < 0.05

10 16.06 ± 3.37 P > 0.05 1.58 ± 0.54 P < 0.05

20 14.08 ± 2.15 P < 0.001* 1.28 ± 0.96 P < 0.001*

18 2 13.72 ± 2.01 P < 0.001* 1.66 ± 0.78 P > 0.05

10 63.16 ± 3.48 P < 0.001* 1.72 ± 0.88 P > 0.05

20 11.58 ± 1.63 P < 0.001* 1.46 ± 0.81 P < 0.001*

CP cyclophosphamide. *Statistically analysis showing highly (p < 0.001) significant difference
with respect to controls

Table 4.2 Effect of different doses of cyclophosphamide on different days, on sertoli cells and
gonocytes

Number of sertoli cells Number of gonocytes

Source d.f. Sum of the
squares

Mean sum
of the
squares

f -value Sum of the
squares

Mean sum
of the
squares

f -value

Days 2 619.72 309.86 131.29** 15.42 7.71 110.14**

Doses 2 422.41 211.20 89.49* 17.30 8.65 123.57**

Interaction 4 9.67 2.41 1.02 14.14 3.53 50.42**

Error 441 1042.13 2.36 32.72 0.07

Total 449 20.93.93 79.58

* **

5% 1%

2 d. f. & 441 3.02 4.660

2 d. f. & 441 2.40 3.3

ANOVA showing (f -values) a significant difference

Ratio of Sertoli Cells Per Gonocytes
The number of sertoli sells per gonocytes observed to be 9.96 ± 4.72 in the control
testes significantly decreased (p < 0.05) in 20/12 (7.87 ± 5.07) and 20/18 (8.11
± 4.33) experimental groups (Table 4.3). The f -values observed for days (182.30),



50 4 Effect of Cyclophosphamide on Testis—A Histological Study

Table 4.3 Effect of cyclophosphamide on tubular contents (the number of sertoli cells and
gonocytes) per tubule cross section

Number of Sertoli cells Number of gonocytes

Source d.f. Sum of the
squares

Mean sum
of the
squares

f -value Sum of the
squares

Mean sum
of the
squares

f -value

Days 2 353.69 176.84 182.30** 1.33 0.66 110.14**

Doses 2 78.43 39.21 40.42** 2.33 1.16 123.57**

Interaction 4 146.76 39.69 37.82 0.27 0.06 50.42**

Error 441 432.12 0.97 3.66 0.008

Total 449 1011.03 7.59

doses (40.42) and interaction (37.82) were significantly higher than table f -values
at 1% level. The mean differences showed 18th day of gestation period to be most
sensitive period to all the doses (i.e., 2 or 10 or 20 mg/kg) of CP in developing testes.

In the non-tubular region, these changes were:

Leydig Cells
The single dose of CP also altered the size (diameter, mm2) of the leydig cells in
1-day old testes (Table 4.4). The mean diameter of the Leydig cells in 10/12 (17.51
± 2.68) and 20/12 (17.51 ± 2.69) experimental groups significantly decreased (p
< 0.001) as compared to control (20.80 ± 3.07). In experiments of 10/15 (17.98 ±
2.24) and 20/15 (16.85± 1.98), also the size of Leydig cells with respect to controls
significantly decreased. The mean diameter of the leydig cells in comparison with
control significantly decreased (p < 0.001) in 2/18 (17.67 ± 2.79), 10/18 (16.58 ±
1.86) and 20/18 (15.50 ± 2.15) experimental groups (Table 4.5).

The f -values observed for days (32.50), dose (145.00) and interaction (7.50) were
found significantly higher than table value at 1% level (Table 4.4), and the significant
mean difference was also observed between 20/15 and 18/20 experimental groups
when compared with critical differences.

Interstitial Space and Seminiferous Tubular Area
An increase of the interstitial space and a subsequent decrease in the seminiferous
tubular area were observed in all the nine sets of experimental groups, i.e., 2/12,
(58.30 ± 0.98), 10/12 (56.33 ± 3.15), 20/12 (37.76 ± 2.88); 2/15 (52.88 ± 1.54),
10/15 (54.36 ± 2.05), 20/15 (56.89 ± 0.56); and 2/18 (53.76 ± 4.14), 10/18 (54.33
± 1.72), 20/18 (58.56 ± 1.10), from 1-day old pups exposed antenatally to CP
(Table 4.6). The mean interstitial space in the control testes was 1.74 ± 0.67. In the
experimental groups, the interstitial space of the testes gradually increased and the
seminiferous tubular area decreased in 2/15 (11.11 ± 1.50), 10/15 (9.63 ± 2.05),
20/15 (7.10 ± 0.56), and 2/18 (10.24 ± 4.14), 10/18 (9.45 ± 1.64), 20/18 (5.42
± 1.10) experimental groups. The maximum increase (26.19 ± 3.17) of interstitial
space and the maximum decrease (37.76 ± 2.88) in seminiferous tubular area were
observed in 20/12 experimental group. The density of the tissue in the interstitial
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Table 4.4 Effect of different doses of cyclophosphamide on different days on the ratio of sertoli
cells per gonocyte and size of leydig cells

Number of Sertoli cells Number of gonocytes

Source d.f. Sum of the
squares

Mean sum
of the
squares

f -value Sum of the
squares

Mean sum
of the
squares

f -value

Days 2 353.69 176.84 182.30** 1.33 0.66 110.14**

Doses 2 78.43 39.21 40.42** 2.33 1.16 123.57**

Interaction 4 146.76 39.69 37.82 0.27 0.06 50.42**

Error 441 432.12 0.97 3.66 0.008

Total 449 1011.03 7.59

* **

5% 1%

2 d. f. & 126 3.02 4.66

4 d. f. & 126 2.40 3.37

ANOVA (f -value) showing a significant difference

Table 4.5 Effect of cyclophosphamide on the size of the Leydig cells

Gestation period (days) Dose of CP (mg/kg) No. of sertoli cell/tubule
cross section mean ± S.D

Significance value

Control – 20.30 ± 3.67 –

12 2 20.77 ± 4.04 p > 0.05

10 17.51 ± 2.68 P < 0.001**

20 17.51 ± 2.69 P < 0.001**

15 2 19.37 ± 3.98 P > 0.05

10 17.98 ± 2.94 P < 0.001**

20 16.85 ± 1.98 P < 0.001**

18 2 17.67 ± 2.79 P < 0.001**

10 16.58 ± 1.86 P < 0.001**

20 15.50 ± 2.15 P < 0.001**

**Statistical analysis showing highly (p < 0.001) significant difference with respect to controls

space was more compact in the control testes, whereas in the experimental groups
the mesenchyme appeared less compact.

The f -values observed for days (35.11), dose (27.91) and interaction (110.52)
were found significantly higher than table value at 1% level in case of intertubular
space whereas, in case of tubular region, the f -values for days (35.04), dose (27.87)
and interaction (110.01) also showed significant difference (Table 4.7).
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Table 4.6 Reduction in the area occupied by seminiferous tubule with subsequent increase in the
interstitial space following cyclophosphamide treatment

Gestation
period (days)

Dose of CP
(mg/kg)

Tubular area
(mm2) mean
± S.D

Significance
as compared
to control

Interstitial
space (mm2)
mean ± S.D

Significance
as compared
to control

Control – 62.25 ± 0.67 1.74 ± 0.67

12 2 58.30 ± 0.98 P < 0.001 5.69 ± 0.99 P < 0.001**

10 56.33 ± 3.15 P < 0.001 7.63 ± 2.05 P < 0.001**

20 37.76 ± 1.54 P < 0.001 26.19 ± 3.17 P < 0.001**

15 2 52.88 ± 1.54 P < 0.001 11.11 ± 1.50 P < 0.001**

10 54.36 ± 2.05 P < 0.001 9.63 ± 2.05 P < 0.001**

20 56.89 ± 0.56 P < 0.001 10.24 ± 0.56 P < 0.001**

18 2 53.76 ± 4.14 P < 0.001 10.24 ± 4.14 P < 0.001**

10 54.33 ± 1.72 P < 0.001 9.45 ± 1.64 P < 0.001**

20 58.56 ± 1.10 P < 0.001 5.42 ± 1.10 P < 0.001**

**Statistical analysis showing highly (p < 0.001) significant difference with respect to controls

Table 4.7 Effect of different doses of cyclophosphamide on different days on intertubular space
and tubular region

For intertubular space For tubular region

Source d.f. Sum of the
squares

Mean sum
of the
squares

f -value Sum of the
squares

Mean sum
of the
squares

f -value

Days 2 1433.49 716.74 35.11** 1440.30 720.15 35.04**

Doses 2 1139.33 569.66 27.91** 1145.50 572.75 27.87**

Interaction 4 9023.26 2255.81 110.52** 9043.62 2260.90 110.01**

Error 126 2572.82 20.41 2589.80 20.55

Total 134 14,168.90 14,219.22

* **

5% 1%

2 d. f. & 126 3.07 4.78

4 d. f. & 126 2.44 2.47

ANOVA (f -value) showing a significant difference

Basement Membrane
An apparent observation of the control testes showed a well-formed basement
membrane, continuous in nature which surrounded the whole length and periphery
of the seminiferous tubule (3.4, 3.5 and 3.6 A). whereas in experimental testes, the
basement membrane was found to be discontinuous at several places and was not
completely surrounding the seminiferous tubule, especially in 10/12, 20/12; 10/15,
20/15; and 10/18, 20/18 experimental groups.
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4.4 Tunica Albugenia

There was no apparent difference in thickness of Tunica albugenia between 2/12,
10/12, 2/15, 10/15 and2/18, 10/18 experimental groups and the controls. The thinning
of the T. albugenia was observed in higher doses (i.e., 20/12, 20/15 and 20/18) of
CP. However, the maximum thinning of the T. albugenia was observed in 20/12
experimental group when compared to the controls.

4.5 Interpretation

The present study includes one-day old rat testis, exposed antenatally to different
doses either 2 or 10 or 20 mg/kg of cyclophosphamide (CP) on either 12th or 15th
or 18th day of gestation to evaluate dose-related quantitative changes in tubular
contents, ratio of sertoli cells per gonocytes, area in a cross section of tubule occupied
by seminiferous tubules and the interstitial space in the cross section of the testis not
occupied by tubules. In the qualitative change, the size of the leydig cells was found
to be affected. Other changes observed were in the nature of the basement membrane
of seminiferous tubules and the thickness of the T. albugenia.

The present study revealed that the number of sertoli cells decreased in the semi-
niferous tubule with increasing dose of CP. The maximum decrease in the number
of sertoli cells in seminiferous tubule was observed with 20 mg/kg dose of CP at all
the three gestations. It was also observed that even lower doses of CP (i.e., 2 and
10 mg/kg) caused significant decrease in the number of sertoli cells when fetuses
were exposed antenatally on 18th day of gestation, whereas normally the number of
sertoli cells increases throughout the fetal period due to continuous mitotic activity
[16]. The decrease in the number of sertoli cells in the present study even at lower
doses could be due to the antimitotic effect of CP, further indicating that day 18 of
gestation was most sensitive period in the differentiation and development of sertoli
cells. The time interval between the day of treatment and the day of collection of
testicular tissue was very important in addition to the dose of CP. This was clear from
negligible effect of smaller doses at early gestations (2 and 10 mg on days 12 and 15)
which could probably be explained on the basis of enough available time interval for
the recovery of sertoli cells from the assault by CP. It is likely that the specialized
morphology of supporting cells could be observed at 16th day of gestation, and the
seminiferous tubules are composed of precursors of sertoli cells and gonocytes which
further differentiate to give rise to the fetal Sertoli cells from day 17 to day 19 of
fetal life [10]. The experimental study indicated that 18th day of gestation period
was the most sensitive period as all the doses of CP (i.e., 2 or 10 or 20 mg/kg) led
to significant decrease in the number of sertoli sells in seminiferous tubules of the
developing testes and thus could be considered as critical period in the differentiation
of the sertoli cell in rat. The numbers of sertoli cells are also known to decrease in
developing mouse testes after ethinyl estradiol treatment and hypophysectomized rat
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in prepubertal stage. The decrease in number of sertoli cells suggests it as a good
parameter for estimating the effect of such drugs on rat testis [26].

A relationship was also observed between sertoli cells and germ cells during fetal
development. The results of the present study indicated that ratio of sertoli cells
per gonocyte in the seminiferous tubule decreased significantly (p < 0.05) on 18th
day of gestation with 10 and 20 mg doses of CP again suggesting that 18th day of
gestation period was the most sensitive period for disturbing the ratio of sertoli cells
per gonocyte in seminiferous tubule and could be considered as a critical period for
developing testes. The similar findingswere also observed in developingmouse testes
after ethinyl estradiol treatment [26]. A positive correlation between total number
of sertoli cells per testis and the total length of seminiferous epithelium has been
observed in rat. These quantitative relationships demonstrated between the number
of sertoli cells per testis and the numbers of renewing spermatogonia per testes in
adult rat have provided evidence of quantitative regulation of spermatogenesis by
the population of sertoli cells which gets established during the prepubertal period
of testicular development. Sertoli cells partially control the development of seminif-
erous epithelium and spermatogenesic processes inmammals. It is generally believed
that sertoli cells have important roles in the early maturation of the seminiferous
epithelium. The present study showed that high dose of CP caused discontinuity of
seminiferous basement membrane in 20/12, 20/15 and 20/18 experimental groups,
probably due to decrease in number of sertoli cells in the above experimental groups,
as sertoli cells partially control the development of the seminiferous epithelium and
a positive correlation between the total number of sertoli cells and the total area of
the seminiferous epithelium has been observed in adult rat [16, 27].

In the fetal testicular cords, the germ cells which are generally called gonocytes
are randomly distributed as single large cells among many sertoli cells precursors.
Various studies have shown that the gonocytes in the rat have their regular round
to oval shape and a large certainly placed spherical nucleus with evenly distributed
chromatin and multiple nucleoli [10, 22]. Their cytoplasm appears clearer than that
of supporting cells. The similar findings were also observed in our experimental
studies. The previous studies of germ cells in the fetal and postnatal testes of rat have
clearly demonstrated the continuity in the development and differentiation of fetal
gonocyte to adult spermatocyte [11, 34].

During development of seminiferous tubules, the movement of gonocytes toward
the basal lamina has been suggested by various workers [15]. Similar findings were
also observed in our experiments which progressively increase toward peripherally
located germ cells and the eventual disappearance of centrally located germ cells,
and the primary movement of gonocytes appeared to be toward the periphery.

The mechanism by which the germ cells were shifted adjacent to the basal lamina
is still not clear. The movement of germ cells toward the periphery is believed to have
a protective function. However, some peripheral cells also undergo degeneration. In
rat, the gonocyte multiplication stops at 17–18 days of gestation [13, 24] and is
followed by a quiescent period lasting 1st week until the fourth postnatal key when
type A spermatogonia first appears. Earlier reports showed that gonocytes of the
developing fetus were sensitive of busulfan at 13th day of gestation and sensitivity
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of gonocytes decreased rapidly after birth [2]. The results of present study showed
that highest dose of CP (20 mg/kg) caused significant decrease in the gonocytes in
seminiferous tubule when fetuses were exposed antenatally at 12th or 15th or 18th
day of gestation. The 15th day of gestation, however, was found to be most sensitive
period in the differentiation of a gonocyte, as even the lowest dose of CP (10 mg/kg)
caused decrease in the number of cells (gonocytes) significantly. Therefore, 15th day
of gestation could be considered as a critical period in the development of gonocytes.
It has been observed by earlier workers that gonocytes first appear on 15th day of
gestation in the sex cord [10, 22]. However, it is quite possible that CP is especially
more effective at that time when cell shows its first appearance, and CP checks
the multiplication of rapidly dividing cells (gonocytes), resulting in the significant
decrease of gonocytes’ number in seminiferous tubule. Similar findings were also
observed [26] in developing mouse testes after ethinyl estradiol treatment.

The movement of the germ cells to the periphery brings them nearer to the
testosterone producing interstitial leydig cells, possibly an important prerequisite for
further maturation. The maturation of gonocytes to spermatogonia might be under
the control of testosterone [35, 36]. In the developing testis, the interstitial leydig
cells resemble partly the undifferentiated fibroblast-like cells and partly the fully
differentiated and mature interstitial leydig cells [10, 16, 28] (Merchant 1977). It has
been now well established that the testicular interstitial leydig cells of the mature
males develop through intermediate stage from ‘fibroblast-like’ interstitial cells of
mesenchymal origin. The study of leydig cells in developing testis is complicated by
the fact that not all the cells differentiate at the same time. This results in a heteroge-
neous population of leydig cells at different stages of their differentiation. The results
of present study also revealed that the size of the leydig cells varied at different stages
of testicular developing and the 18th day of gestation was most sensitive to CP in this
respect. At this stage, even the minimum dose of CP (i.e., 2 mg/kg) altered the size of
the leydig cells and the decrease was significant probably due to antimitotic nature
of this drug. Therefore, 18th day of gestation period could be considered as a critical
period also in the development of leydig cells. Earlier reports suggested that in fetal
testis typical leydig cells were developed around day 17 of gestation and maximum
development occurred of fetal day 19 [10, 37]. The above finding supports the results
of prenatal exposure at 18th day of gestation period which was most sensitive period
for the size of the leydig cells. Probably, this is the time formaximum growth attained
by the leydig cells. In that study, it was reported that immediately after birth, leydig
cells showed an abrupt decrease in number but after day 4 of postnatal life, there was
a slow decline in their number [26]. The leydig cells are the site for the synthesis
of male hormone in the fetal testis as revealed by various biochemical findings [38].
During the androgens synthesis in and released from embryonic and fetal leydig cells
are also believed to influence themultiplication and differentiation of germ cells [16].

The developing of the seminiferous tubule has been studied in detail in different
mammalian species [35]. The findings of the present study indicated that the area
occupied by seminiferous tubules in a cross section of testis decreased after increase
of CP dose and maximum reduction was observed in 20/12 experimental group
followed by subsequent increase of interstitial space in testicular tissue, whereas the
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minimum changes with respect to interstitial space were observed in 2/12 experi-
mental group, probably due to either low amount of drug or low metabolic activity
which could not affect the seminiferous tubular region and interstitial space as
compared to the higher doses of CP. The seminiferous epithelium in the fetal testis
shows two distinct cell types, the gonocytes and sertoli cells, which show active
mitotic activity during fetal life. As seen in the present study, also number of sertoli
cells and gonocytes decreased in seminiferous tubule after CP treatment and the
maximum effect was observed in 20/12 experimental group. This decrease in number
of dividing cells possibly led to reduction in diameter of the seminiferous tubule
due to reduction of tubular contents, resulting in subsequent increase of interstitial
space. It was reported that number of germ cells and sertoli cells increased per cross
section, and from 17th to 19th day of fetal life, the tubule attained a diameter of
46–50 µm [16]; dichloroacetydaimines in adult rat testis has also been shown to
cause decrease in the tubular diameter due to pyknosis, karyolysis or karyorrhexis
resulting in increased tubular vacuolization [39]. The maximum thinning of the T.
albugeniawas observed in 20/12 experimental group as comparedwith control testis;
however, the study of Zschauer and Hodel [31] reported that tunica becomes thicker
after treatment with ethinyl estradiol in adult rat testis. The differences in the results
could probably be due to the different natures of chemicals used. In the experimental
testis, tunica was less compact, with large mesenchymal areas observed just deep to
the tunica, suggesting defective and poor development of the T. albugenia, at 12th
day of gestation.

The following conclusion could be drawn from the findings of the present study
that the CP interferes with the proliferation of the cellular elements in the seminif-
erous tubules of rat testis and leads to the qualitative and qualitative reduction of
such elements resulting in diminished tubular diameter most evident on day 12 of
treatment.

The testicular changes in 1-day old pups exposed antenatally to CP are dose-
dependent. Day 18 of fetal development can be considered as the critical period in
the developmental process of the sertoli cells and leydig cells, whereas day 15 can
be considered as the critical period in the developmental process of gonocytes.

Stunting of the sertoli cell and gonocytes has been a striking observation in present
study, especiallywith respect to a higher dose oCP, probably because of the cytostatic
nature of the drug. The present study indicates that the number of gonocytes decreases
significantly after CP administration and size of the leydig cells also gets altered
which probably could affect the synthesis of testosterone and further maturation of
gonocytes, presumably leading to altered fertility in F1-generation of males; there-
fore, it is quite possible that delayed fertility observed in 20/12 experimental group
probably was due to the effect on leydig cells interfering with testosterone synthesis.
The reduction of tubular contents, both germinal and non-germinal elements, in
developing testes could also affect the fertility in males.
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Chapter 5
Effect of Arsenic Exposure
in Reproductive Health

Arsenic contamination is a global health problem. A large number of people are
exposed to arsenicmostly through the contaminated water, soil, food, etc., around the
world by inhalation and ingestion and throughdrinking contaminatedwater. There are
reports which indicated that a number of countries have severe groundwater arsenic
contamination problem which deteriorating the health of the affecting population
that depend upon the concentration of the arsenic in groundwater.

Both epidemiological and experimental studies indicate that arsenic exposuremay
have adverse effect on both male and female reproduction and pregnancy outcome.
The arsenic exposure may also affect the placental vasculogenesis which may have
role in impairment in pregnancy or its outcome. The arsenic exposures are also
reported to affect semenquality andhormonal homeostasis aswell as induceoxidative
stress in both sexes that may be associated with arsenic induces adverse reproductive
health. There is an urgent need to make necessary provision for clean drinking water
in the area where groundwater is contaminated with arsenic in order to protect human
health including reproductive health.

Arsenic (As) is the naturally occurring element in the earth’s crust and highly
toxic in its inorganic trivalent form as compared to organic forms. Globally, a
substantial number of people are exposed to high levels of inorganic arsenic gener-
ally through drinking of contaminated water, eating of foods which are grown by
arsenic-contaminated water, some industrial processes, eating contaminated food
and smoking tobacco. Arsenic contamination in the drinking water is considered as
one of the serious worldwide health threats. A population of more than 100 million
people worldwide are at risk [1]. It is estimated that about 20 and 45 million people
in Bangladesh alone are at risk of being exposed to arsenic concentrations that are
more than the national standard of Bangladesh, i.e., 50 μg/l and the WHO guideline
of 10 μg/l, respectively [2].

Arsenic is ametalloid, extremely toxic and carcinogenic, and extensively available
in the form of sulfides or oxides or as a salt of sodium, iron, calcium, copper, etc.
Arsenic occurs in two forms (inorganic and organic). Inorganic arsenic compounds
(found inwater) are highly toxic,while organic arsenic compounds (found in seafood)
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are less harmful to health [3]. Calamity of arsenic toxicity has already been reported
from many countries, i.e., Bangladesh, India, Nepal, Cambodia, Myanmar, Taiwan,
Mongolia, Vietnam, Pakistan, China, Afghanistan, Argentina, Mexico, Chile and
America [4, 5]. Asia is the highly affected region due to arsenic toxicity in the
world. In India, highest distressed zones due to arsenic toxicity are West Bengal,
Chhattisgarh, Bihar, Jharkhand, Uttar Pradesh, Andhra Pradesh and even some states
of northeastern region of India also.

Long-term arsenic exposure from drinking water and food can cause skin lesions
and cancer. It has also been related to developmental effects, neurotoxicity, cardio-
vascular disease and diabetes [3]. Further, arsenic exposure is also reported to
be associated with adverse pregnancy outcomes and infant mortality, with effects
on child health, etc. [6]. Recently, Kim and Kim [7] stated that arsenic toxicity
depends on dose, route and gestation periods of exposure. In males, inorganic arsenic
causes reproductive impairments including reductions of the accessory sex organ
weights, testisweights and epididymal spermcounts. Further, inorganic arsenic expo-
sure also induces impairments of spermatogenesis, reductions of testosterone and
gonadotropins, and disruptions of steroidogenesis. They also reported that prenatal
exposure to inorganic arsenic causes adverse pregnancy outcomes and children’s
health impairments and induces premature delivery, spontaneous abortion and still-
birth. The data on human and relevant animal data on reproduction with respect to
arsenic exposure are summarized in this communication.

5.1 Experimental Design

The literature was collected through searching various Web sites such as PubMed,
Google, and TOXNET, and also consulted relevant books and journals pertaining
to reproductive, environmental and occupational health with respect to arsenic. The
data is summarized in Table 5.1 with respect to male and Table 5.2 with regard to
female reproductions and arsenic exposure. The data pertaining to compounds tested
against the toxicity of arsenic is presented in Table 5.3.

5.1.1 Arsenic and Male Reproduction

There are some reports of adverse effect of arsenic on human male reproduction,
and a reasonable experimental data also existed. Hseish et al. (2008) revealed that
chronic arsenic exposure has a negative impact on erectile dysfunction (ED). They
reported that subjects with arsenic exposure (>50 ppb) had a higher risk of developing
ED. Later, Mathur et al. [8] reported that the management of infertility problems has
become an increasingly essential part of health services. The large number of couples
seeks fertility treatment due to poor semen quality, and there is evidence that male
reproductive function seems to have deteriorated considerably due to the presence
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Table 5.1 Arsenic exposure and male reproduction

S. no. Exposure Effects Reference

Epidemiological studies

1 Chronic As exposure Erectile dysfunction in men Hseish et al. (2008)

2 Inorganic arsenic via staple
diet rice

Deterioration of semen quality Xu et al. [10]

3 Groundwater contamination
with the heavy metals like
arsenic and cadmium

Altered semenological
parameters, lower expression
of accessory sex gland
markers (fructose, acid
phosphatase, neutral
α-glucosidase) and alteration
in sperm functional
parameters (hypo-osmotic
swelling, acrosome reaction,
nuclear chromatin
de-condensation)

Sengupta et al. [9]

4 Environmental As exposure Infertility, oxidative stress and
sexual hormone disruption in
males
Increased risk of lower sperm
motility. Lower semen volume
and LH levels

Shen et al. [12]
Meeker et al. [14, 15]

5 Environmental As exposure
and UMI

Significantly higher
concentration of a different
moiety of arsenic in the cases
which indicated that low-level
environmental arsenic
exposure positively associated
with UMI risk

Wang et al. [16]

Experimental studies

1 As exposure through
drinking water

Decrease in sperm count,
motility and the elevation in
percentage of abnormal sperm
in mice

Pant et al. [18]

2 As2O3 exposure orally Changes androgenic activity
with reduced accumulation of
spermatozoa, imbalance
hormonal level and changes in
sperm count and motility in
mice

Ali et al. [17]

(continued)
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Table 5.1 (continued)

S. no. Exposure Effects Reference

3 High As exposure Suppresses the
gonadotropin-releasing
hormone as well as
gonadotropin secretion.
Reduction in sperm number,
viability and motility. Massive
degeneration of germ cells
and alterations in the level of
LH, FSH and testosterone

Zubair et al. [21]

4 As exposure through
drinking water

Decline in relative testicular
weight and in seminiferous
tubular diameter in mice

Sanghamitra et al. [22]

5 As (4, 5 or 6 mg/kgbwt) (ip) Suppresses spermatogenesis,
gonadotropin and testosterone
release

Sarkar et al. [19]

6 As (5 mg/kgbwt) through
drinking water

Germ cell degeneration,
inhibits androgen production,
affects the pituitary
gonadotropins

Jana et al. [20]

7 As exposure through
water(20 or 40 mg/l)

Decreased epididymal sperm
counts, glutathione and
elevation in protein carbonyl
levels in mice

Chang et al. [26]

of considerable amount of arsenic in drinking water in some parts of the world.
Sengupta et al. [9] found that a correlation existed between altered semenological
parameters, lower expression of accessory sex gland markers (fructose, acid phos-
phatase, neutral α-glucosidase) in the seminal plasma and significant differences of
the sperm functional parameters (hypo-osmotic swelling, acrosome reaction, nuclear
chromatin de-condensation) in subjects exposed with groundwater contamination
with the heavy metals like arsenic and cadmium in Southern Assam, India. Xu et al.
[10] also reported deterioration of semenqualitywith exposure to arsenic in reproduc-
tive age group. They mentioned that in China and throughout Asia, huge populations
depend on rice as a staple food, which can concentrate higher levels of inorganic
arsenic than wheat and hence rice may be the leading source of arsenic intake. They
reported that the arsenic exposure may be associated with reduced human semen
quality. Very recently, Bakhat et al. [11] also mentioned that among food crops, rice
contains the highest concentration of arsenic. Thus, the general population may be
exposed to inorganic arsenic via rice.

Shen et al. [12] showed that elevated urinary concentrations of inorganic arsenic
are significantly related to infertility in male, and arsenic species may exert toxi-
city via disrupting mechanisms of sexual hormone and oxidative stress, as indicated
by related biomarkers. Wirth and Minjal [13] also reported the effects of low-level
arsenic exposure on human male reproductive outcomes. A cross-sectional study
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Table 5.2 Arsenic exposure and female reproduction and outcome

S. no. Exposure Effects Reference

Epidemiological studies

1 As exposure Delayed menarche Sengupta [39]
Sen and Chaudhuri [40]

2 As through drinking water
in reproductive-age
women

Higher stillbirths and
miscarriages
Spontaneous abortion,
stillbirth and neonatal death
High prenatal and neonatal
mortality
Pregnancy may be associated
with increased risk of
neonatal death
Risks of fetal loss and infant
death
Impaired fetal, infant health.
Increases oxidative stress,
inflammation in the placenta
Both maternal DNA damage
and adverse newborn health

Sen and Chaudhuri [41]
Milton et al. [45]
Ahmad et al. [42]
Rudnai and Gulyas [44]
Hopenhayn et al. [52]
Myers et al. [60]
Rahman et al. [59]
Ahmed et al. [68]
Chou et al. [71]

3 As exposure through
drinking water and its side
effects on pregnancy
outcome

Reduction in birth weight
Reduction in birth weight
appears to be mediated
through decreasing
gestational age and by lower
maternal gain

Hopenhayn et al. [48],
Yang et al. [49], Huyck
et al. [51]
Kile et al. [50]

4 Environmental As
exposures

Increases the risk of stillbirth Ihrig et al. [43]

5 High concentrations of
arsenic through drinking
water

Sixfold increased risk of
stillbirth

Ehrenstein et al. [46]

6 Chronic As exposure
through drinking water in
pregnant women

Birth defects, other outcomes
(stillbirth, low birth weight,
childhood stunting)

Kwok et al. [47]

7 Women exposed to arsenic
during smelter

Infants of lower birth weight,
spontaneous abortions and
congenital malformations

Nordstrom et al. [53–55]

8 Pregnant women exposed
to copper smelter

As concentration is higher in
placenta higher risk of
oxidative damage

Tabacova et al. [56]

9 Acute high doses of
arsenic in food during
prenatal exposure

Intrauterine fetal death
Miscarriage and early
neonatal death

Bolliger et al. [57], Lugo
et al. [58]

(continued)
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Table 5.2 (continued)

S. no. Exposure Effects Reference

10 Low-dose As exposure Spontaneous abortion,
stillbirth, developmental
impairment and congenital
malformation

Beckman and Nordstrom
[61], Zierler et al. [62],
Aaschengrau et al. [63],
Börzsönyi et al. [64]

Experimental studies

1 As exposure (4 mg/kg) to
goats for 7 weeks, then
5 mg/kgbwt for next
8 weeks orally

Thickened myometrial layer
and shortened mucosal folds
in uterine tube. Reduction in
the number and size of
endometrial glands

Islam et al. [77]

2 As exposure drinking
water

Suppresses ovarian
steroidogenesis, prolongs
diestrus and degenerates
ovarian follicular and uterine
cells in rats
Increases meiotic aberrations
in oocytes
Decreases cleavage and
preimplantation development

Chattopadhyay et al. [78],
Zhang et al. [80]
Navarro et al. [79]

3 Inorganic arsenic exposure
in (hamsters, mice, rats,
rabbits)

Induces developmental
toxicity, including
malformation, death and
growth retardation

Golub et al. [81]

4 As (10 or 12 mg/kg) (ip) Embryo lethal; maternal
deaths in pregnant mice

Hood [82]

5 As2O3 orally prior 14 days
(10 mg/kg/day) to mating
and until gestational day
19

Decreased food
consumption, body gain,
increased liver, kidney wt.
and stomach aberrations

Holson et al. [83]

6 As (50, 100 and 200 ppm)
through drinking water to
immature rats

Adverse effect of uterine
function and structure.
Decrease in uterine wt. and
length

Akram et al. [84]

7 As exposure for 10 weeks Alteration in levels of
estradiol, FSH, LH and
prolactin

Zhang and Tang (2005)

8 As exposure orally
(4 μg/ml) through water

Disrupted the levels of
gonadotropins and estradiol,
degeneration of luminal
epithelial, stromal and
myometrial cells of the uterus

Chatterjee and Chatterji
[85]

(continued)
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Table 5.2 (continued)

S. no. Exposure Effects Reference

9 As-contaminated water to
rats for seven estrous
cycles

Diminished ovarian key
steroidogenic enzyme
activities, gonadotropins and
estradiol signaling, disrupted
ovarian and uterine growth

Chattopadhyay and Ghosh
[86]

10 As drinking water
(0.4 ppm) to rats for 16
and 28 days

Reduction in LH, FSH,
estrogen, activities of ovarian
delta 5-3 β-HSD and 17
β-HSD, diminution in the wt.
of ovary, uterus and vagina

Chattopadhyay et al. [78]

11 As (10 ppb) through
drinking water to dam

Growth deficits in the
offspring and cross-fostering
reversed the deficit.
Arsenic-exposed dams
displayed altered liver and
breast milk triglyceride levels

Kozul-Horvath et al. [90]

12 As through drinking water Spontaneous abortion by
virtue of aberrant placental
vasculogenesis in mice

He et al. [92]

13 As to offspring during
postnatally

Suppresses insulin-like
growth factor 1 (IGF-1)
resulting in delayed sexual
maturation

Reilly et al. [95]

of Meeker et al. [14] on men attending infertility clinics in Michigan, USA, also
found a significantly increased risk of lower sperm motility with exposure to envi-
ronmental levels of arsenic. In another report by the same authors, increasing arsenic
level was associated with increasing odds for low luteinizing hormone (LH) levels,
after adjusting for age, BMI and current smoking [15]. Very recently,Wang et al. [16]
explored the relationship between non-geogenic environmental arsenic exposure and
risk of unexplained male infertility (UMI). Infertile men with normal semen as cases
and fertile men as controls were recruited. Five urinary arsenic species, i.e., pentava-
lent arsenate (AsVi ), trivalent arsenite (As

III
i ), methylated to monomethylarsonic acid

(MMAV), dimethylarsinic acid (DMAV) and arsenobetaine (AsB), were determined
in fertile and infertile men. They found that concentrations of AsVi , AsB, MMAV,
DMAV, total inorganic arsenic and total arsenic were significantly higher in the cases
which indicate that exposure to low-level environmental arsenic is associated with
UMI risk.

Several experimental studies on effect of arsenic on various aspects of male repro-
ductive system are also available. Ali et al. [17] observed alterations in androgenic
activity with reduced accumulation of spermatozoa and imbalance hormonal level
in male mice with arsenic exposure and a significant change in sperm count and
motility. Pant et al. [18] recorded the decrease in sperm count and motility, and
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Table 5.3 Remedial compounds against arsenic toxicity

S. no. Exposure Protective compound Remedial effect Reference

Male reproduction

1 As (5 mg/kg)
intragastrically

Melatonin (25 mg/kg) Rats’ testicular
injury ameliorated
by melatonin

Uygur et al. [27]

2 As (100 ppm)
drinking water

Vitamin E (400 mg/kg) Reversed
oxidative stress in
testis of rats

Sudha and
Matanghi [25]

3 As (10 mg/kg) orally
in mice

Arjunolic acid
(20 mg/kgbwt)

Prevents testicular
oxidative stress
and injury

Manna et al.
[24]

4 As (10 mg/kg) orally Coenzyme Q10
(10 mg/kg)

Elevates serum
testosterone level,
suppressed LPO,
antioxidant system
defenses, mitigate
the elevation of
TNF-α and nitric
oxide

Fouad et al. [28]

Thymoquinone
(10 mg/kg)

Ameliorates the
declines of serum
testosterone,
reduced
glutathione level
in testis

Fouad et al. [29]

5 As (6.3 mg/kg)
orally

Spirulina platensis
(300 mg/Kg)

Prevent
arsenic-induced
testicular
oxidative damage
in rats

Bashandy et al.
[30]

6 As (100 mg/l)
drinking water

Polydatin (50, 100 and
200 mg/kg)

Reduced LPO,
enhances
antioxidant
defense
mechanism and
regenerates tissue
damage in testis

Ince et al. [31]

7 As (8 mg/kg/day)
orally

Vitamin E
(100 mg/kg/day)

Ameliorates the
adverse effects on
sperm number and
diameters of
tubule in rats

Momeni and
Eskandari [33]

8 As (5 mg/kg) (ip) Curcumin (100 mg/kg) Ameliorates
sperm quality
parameters in rats

Momeni and
Eskandari [34]

(continued)
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Table 5.3 (continued)

S. no. Exposure Protective compound Remedial effect Reference

9 As
(10 mg/kgbwt/day)

Ginger extract
(500 mg/kgbwt/day)

Attenuate the
decrease in sperm
functions, enhance
reproductive
hormones level
and reverse the
oxidative stress

Morakinyo et al.
[35]

10 As
(3 mg/kgbwt/day)
orally

High-protein diet Effective against
toxic effect of
arsenic on male
gonad of rat

Mukherjee and
Mukhopadhyay
[32]

11 As (50 ppm) Quercetin (50 mg/kg) Reversal of
oxidative stress in
testis

Jahan et al. [37]

Female reproduction

12 As (4 ppm) drinking
water

Catechin Catechin increases
sexual hormones
in rats

Hedayati et al.
[98]

13 As (3 ppm) HPD HPD may have
role in the
protection of
reproductive
damage caused by
arsenic

Mondal et al.
[99]

14 As (35 mg/kg) (ip)
on 8th gestation day

Vitamins C and E Vitamins C and E
upturn the
reduction in
maternal wt

Qureshi and
Tahir (2013)

15 As (0.4 ppm/100 g)
drinking water

Sodium selenite Increases ovarian
steroidogenic
enzymes, plasma
levels of LH, FSH,
estradiol as well as
ovarian and
uterine peroxidase

Chattopadhyay
et al. [87]

the percentage of morphological abnormal sperm was elevated in arsenic intox-
icated mice. Additionally, the activities of marker testicular enzymes also were
altered. Earlier, Sarkar et al. [19] also reported that arsenite has a suppressive influ-
ence on spermatogenesis and gonadotropin and testosterone release in rats. Later,
Jana et al. [20] found that arsenic causes testicular toxicity by germ cell degener-
ation and impedes androgen production in adult rats maybe by affecting pituitary
gonadotropins. In recent year, Zubair et al. [21] reviewed that high arsenic expo-
sure may suppress the sensitivity of gonadotroph cells to gonadotropin-releasing
hormone (GnRH) as well as gonadotropin secretion by elevating plasma levels of
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glucocorticoids. These alterations lead to the gonadal toxicity in animals and cause
reduction in sperm number, viability and motility. Massive degeneration of germ
cells and alterations in the level of LH, follicular stimulating hormone (FSH) and
testosterone were also observed. Sanghamitra et al. [22] studied the effect of arsenic
on the testicular tissue ofmice and found a significant decline in the relative testicular
weight, decline in seminiferous tubular diameter, various gametogenic cell popula-
tion, i.e., resting spermatocyte, pachytene spermatocyte and step-7-spermatid except
spermatogonia and leydig cell atrophy was also observed. Later, Chiou et al. [23]
concluded that arsenic trioxide (As2O3) treatment deteriorated sperm mobility and
viability and disturbed spermatogenesis via decreasing gene expression of the key
enzymes which involved in testosterone synthesis.

A number of natural and synthetic compounds were tested against the reproduc-
tive toxicity of arsenic in different animal species by various investigators. Manna
et al. [24] suggested that an impaired antioxidant defense mechanism followed by
oxidative stress is the major cause of arsenic-induced toxicity. In addition, arsenic
intoxication enhanced testicular arsenic content, lipid peroxidation (LPO), protein
carbonylation and the level of glutathione disulfide. They found that pretreatment
with arjunolic acid reverses testicular oxidative stress and injury to the histological
structures of the testes and this may be due to its intrinsic antioxidant property. Later,
Sudha and Matanghi [25] also reported a significant increase in the level of LPO and
decrease in the levels of antioxidants and enzyme activities were observed in arsenic
exposed rats. Co-administration of α-tocopherol reversed the hostile effect of arsenic.
Earlier, Chang et al. [26] also reported that oxidative stress to be a major cause of
male reproductive failure. They observed that ascorbic acid ameliorates the arsenic-
induced decline in epididymal sperm counts and testicular weights and decreased
glutathione levels and elevated levels of protein carbonyl content. Later, Uygur et al.
[27] studied the protective effects of melatonin against arsenic-induced apoptosis
and oxidative stress in rat testes. They found that testicular injury induced by arsenic
was ameliorated by the administration of melatonin. The number of apoptotic germ
cell was increased, and the number of proliferating cell nuclear antigen-positive germ
cell was decreased in testis after arsenic administration. The decreased SOD, catalase
and glutathione peroxidase activities as well as increased malondialdehyde (MDA)
levels in testis were counteracted by melatonin.

In addition to prevention of arsenic-induced toxicity by ascorbic acid, vitamin E
and melatonin, Fouad et al. [28] reported that coenzyme Q10 significantly increased
serum testosterone level, suppressed LPO, restored the depleted antioxidant defenses
and attenuated the increases of tumor necrosis factor-α and nitric oxide resulted from
arsenic administration. Later, they also tested the protective effect of thymoquinone
(TQ) against sodium arsenite-induced testicular injury. TQ significantly attenuated
the arsenic-induced decreases of serum testosterone, reduced glutathione level and
decrease in elevations of MDA in testicular tissue and nitric oxide levels. Further,
TQ decreases the expression of caspase-3 and inducible nitric oxide synthase in
testicular tissue [29]. Very recently, Bashandy et al. [30] examined the remedial
role of Spirulina platensis (S. platensis) against arsenic toxicity. Arsenic caused a
significant arsenic accumulation in testicular tissues and diminution in the levels of
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SOD, catalase, reduced glutathione in testicular tissue, zinc and plasma testosterone,
LH, triiodothyronine (T3) and thyroxine (T4) levels, sperm motility and count and
arsenic led to a significant increase in testicular MDA, tumor necrosis factor alpha,
nitric oxide and sperm abnormalities. They found that S. platensis prevent these
alterations. Recently, Ince et al. [31] studied protective effects of polydatin (PD)
against reproductive effects of chronic arsenic exposure in rats. The results reveal that
PD decreases arsenic-induced LPO, enhances the antioxidant defense mechanism
and regenerates tissue damage in testis. Mukherjee and Mukhopadhyay [32] found
that As2O3 caused an increase in seminiferous tubular luminal size together with
declined accumulation of spermatozoa, signs of necrotic changes with disarray in
cellular organization and decline in sperm count, viability and motility. They also
reported that arsenic toxicity on male gonad may be counteracting by high-protein
diet supplementation.

Momeni and Eskandari [33] investigated the hostile effects of sodium arsenite
on the male reproductive system in rats and its modification by vitamin E. Vitamin
E ameliorated toxic effects of sodium arsenite on sperm number as well as the
diameters of tubule and lumen. Later, the same authors mentioned that curcumin also
ameliorated the toxic effect of sodium arsenite on a number of sperm parameters in
adult mice [34]. Earlier, Morakinyo et al. [35] studied the effect of sodium arsenite
with or without aqueous ginger extract (500 mg/kgbwt/day) in rats. Aqueous ginger
extract was found to be beneficial against adverse change induced by arsenite in the
reproductive organ weight, mitigate the decrease in sperm functions and increase
plasma reproductive hormone level along with enhanced antioxidant activities and
reduced peroxidation.

Recently, Eskandari and Momeni [36] investigated the curative effects of sily-
marin against the adverse effect of arsenic on ram sperm quality. Decreased viability,
non-progressive motility and intact mitochondrial membrane potential of the sper-
matozoa were found in sodium arsenite treated group, and these could be reversed by
silymarin. Jahan et al. [37] studied the remedial effect of quercetin against arsenic-
induced reproductive ailments in rats. Arsenic treatment resulted in hostile morpho-
logical and histopathological changes in testis including reduced epithelial height
and tubular diameter, and increased luminal diameter, and these adverse effects were
reduced by quercetin. LPO was significantly suppressed, and depleted antioxidant
defense mechanism was restored by the co-treatment of quercetin. Additionally,
quercetin treatment resulted in a marked rise in plasma and testicular testosterone
concentrations also. Baltaci et al. [38] also reported that quercetin prevents testicular
damage induced by arsenic and this may be due to its antioxidant and anti-apoptotic
property.

Based on data available, it can be inferred that arsenic affects the male repro-
ductive system by declining the sperm count, motility, normal sperm morphology,
and alteration in hormone level, testicular injury, induction of reactive oxygen and
nitrogen species and caspase-3 in testicular tissue. A number of compounds (mela-
tonin, vitamin E, ascorbic acid, coenzyme Q 10, arjunolic acid, thymoquinone, poly-
datin, ginger extract, high-protein diet, silymarin, quercetin, etc.) were tested by
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different investigators to find out suitable compound. Some of these compounds
may have promising potential for clinical use after detailed investigations.

5.1.2 Arsenic and Female Reproduction

Females, even pregnant women, are exposed to arsenic generally through contam-
inated drinking water and ingestion of contaminated food grown in the area where
groundwater is contaminated with arsenic. A number of epidemiological reports are
available on the exposure to arsenic and female reproduction. Sengupta [39] deter-
mines the effect of arsenic exposure on menarcheal age. They found that arsenic-
affected female attained menarche at a later age significantly than the other female
though both are enjoying similar conditions (economy, education, family size, food
habits, geography, etc.) except the consumption of arsenic for long time. Later, Sen
and Chaudhuri [40] also found higher mean menarcheal age of 12.5 yrs in women
residing in arsenic-affected area as compared to 11.7 yrs in control. These studies
point out that arsenic exposure can have a negative impact on menarcheal age. Later,
Sen and Chaudhuri [41] studied the effects of arsenic exposure on the pregnancy
outcome and found a higher rate of stillbirths andmiscarriages than those in the unex-
posed population. Earlier, Ahmad et al. [42] studied women who were chronically
exposed to arsenic through drinking water and found adverse pregnancy outcomes in
terms of spontaneous abortion and rates of stillbirth and preterm birth. Earlier, Ihrig
et al. [43] assessed environmental arsenic exposures and risk of stillbirth and found
statistically significant increase in the risk of stillbirth in the group with the highest
exposure to arsenic. Rudnai and Gulyas [44] also reported an increase in sponta-
neous abortions, stillbirths and prenatal mortality in Karcag, Hungary, due to arsenic
exposure through drinking water. However, Milton et al. [45] reported that chronic
arsenic exposure through drinkingwater has the potential to cause adverse pregnancy
outcomes, although the association has not been demonstrated conclusively.

Ehrenstein et al. [46] reported that exposure to arsenic at high concentrations
(≥200 μg/l) was connected with a sixfold elevated risk of stillbirth. Arsenic-related
skin lesions were observed in 12 women who had a significantly augmented risk
of stillbirth. No relationship was found between arsenic exposure and spontaneous
abortion or overall infant mortality. Kwok et al. [47] examined 2006 pregnant women
chronically exposed to arsenic through drinking water and found significant relation-
ship between arsenic exposure and birth defects; other outcomes, such as low birth
weight, stillbirth, childhood stunting and underweight, were not linked, and relation-
ship may be a statistical anomaly due to the smaller number of high birth defects in
the study. However, most of the data suggests that arsenic chronic exposure increases
the risk of spontaneous abortion and stillbirth.

Further, Hopenhayn et al. [48] observed that moderate arsenic exposures from
drinking water (50 μg/l) during pregnancy are associated with reduction in birth
weight. Yang et al. [49] conducted a study to compare the risk of adverse pregnancy
outcomes (pretermdelivery and birthweight) between an areawith highwater arsenic
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levels and area with no arsenic water contamination. They mentioned that arsenic
exposure was associated with the risk of preterm delivery (nonsignificantly). The
estimated reduction in birth weight was 29.05 g. Recently, Kile et al. [50] also
concluded that arsenic exposure during pregnancy was related to lower birth weight
and this seems to be facilitated mainly through reducing gestational age and to a
lesser extent by reducing maternal weight gain during pregnancy. Earlier, Huyck
et al. [51] found that higher maternal hair arsenic measurement in early pregnancy
was positively correlated with drinking water arsenic level and reduction in birth
weight. The available data provides ample evidence for a possible effect of arsenic
exposure through drinking water with the risk of low birth weight and other adverse
pregnancy outcome.

Hopenhayn et al. [52] reported high prenatal and neonatal mortality in the mining
area of northern Chile in association with arsenic-contaminated water. Earlier, Nord-
strom et al. [53–55] also showed that women working in the smelter or living nearby
to copper smelter area gave birth to infants of lower birth weight and had a higher
incidence of spontaneous abortions and congenital malformations. Later, Tabacova
et al. [56] also examined oxidative damage during pregnancy and arsenic exposure
from a copper smelter area in Bulgaria. Placental levels of arsenic were highest
in areas with the highest environmental contamination and were at higher risk of
oxidative damage. Earlier studies also suggested that in humans, prenatal exposure
to acute high doses of arsenic has resulted in miscarriage and early neonatal death
[57, 58]. Later, Rahman et al. [59] investigated the toxic effect of arsenic on fetal and
infant survival. Drinking tube-well water with more than 50 μg/l arsenic concentra-
tion during pregnancy significantly increased the risks of fetal loss and infant death.
Myers et al. [60] also found that drinking water arsenic exposure during pregnancy
may be associated with increased risk of neonatal death. Additionally, earlier studies
also reported that prolonged low-dose human arsenic exposure has been associated
withmultiple adverse reproductive outcomes such as spontaneous abortion, stillbirth,
developmental impairment and congenital malformation [61–64].

Previously reported that arsenic is related with hostile pregnancy outcomes and
infant mortality. However, the explanation of the causal link is hampered by method-
ological challenges and limited number of studies on dose–response. Earlier, Bloom
et al. [65] reviewed epidemiologic studies and concluded that epidemiologic evidence
for an increased risk of low birth weight is inadequate although limited evidence
for decreases in birth weight and birth size is available. Earlier, they reviewed that
maternal exposure to high concentrations of inorganic arsenic in naturally contami-
nated drinking groundwater has been associated with an increased risk of the sponta-
neous loss in several epidemiologic studies [66]. Raqib et al. [67] also suggested that
in utero arsenic exposure reduced child thymic development and increasedmorbidity,
possibly via immunosuppression. The findings of Ahmed et al. [68] also suggested
that the arsenic affected the immune function that may contribute to diminished fetal
and infant health. They reported that maternal exposure increases oxidative stress
and inflammation in the placenta. Thus, immunosuppression induced by arsenic may
also be one of the causative factors behind adverse reproductive outcome.



72 5 Effect of Arsenic Exposure in Reproductive Health

Earlier, Vahter [69] reviewed arsenic’s modes of action which include enzyme
inhibition and oxidative stress as well as immune, endocrine and epigenetic effects.
He reported that susceptibility to arsenic is dependent on the biomethylation. Methy-
larsonic acid and dimethylarsinic acid are main metabolites found in urine, and
elevated methylarsonic acid is considered as a general risk factor. Arsenic easily
passes the placenta, and its effect indicates a moderately increased risk of impaired
fetal growth and fetal and infant mortality. Tseng [70] reported that methyla-
tion capacity might reduce with increasing dosage of arsenic exposure. Further-
more, women, especially at pregnancy, have better methylation capacity than men,
probably due to the effect of estrogen. Chou et al. [71] studied the association
between arsenic exposure and oxidative/methylated DNA damage. They reported
that maternal urinary inorganic arsenic had positive relation with the methylated N7-
methylguanosine (N7-MeG) and oxidative 8-oxo-7,8 dihydro 2′deoxyguanosine (8-
oxodG) DNA damage biomarkers, and a declined one-minute Apgar score. Maternal
inorganic arsenic exposure was related to both maternal DNA damage and adverse
newborn health. Earlier, Pilsner et al. [72] also suggested that prenatal exposure of
arsenic is related to global DNA methylation in cord blood DNA. Arsenic-induced
epigenetic modifications in utero may possibly influence disease outcomes later in
life. Further, Chen et al. [73] showed that chronic (>18wk), low-level (125± 500 nM)
arsenite exposure induces malignant transformation in normal rat liver cell line. In
these arsenic-transformed cells, the cellular S-adenosylmethionine poolwas depleted
from arsenic metabolism, resulting in global DNA hypomethylation. DNA methyla-
tion status in turn may affect the expression of a variety of genes. Later, Reichard and
Puga [74] reported that changes in genemethylation status, mediated by arsenic, have
been proposed to activate oncogene expression or silence tumor suppressor genes,
leading to long-term changes in the activity of genes controlling cell transformation.
Intarasunanont et al. [75] also suggested that arsenic carcinogenesis causes epigenetic
changes, particularly in DNA methylation. They also reported that in utero arsenic
exposure affects DNA methylation, particularly at the p53 promoter region. Later,
Koestler et al. [76] found that in utero exposure to low concentration of arsenic may
affect the epigenome.

Based on available epidemiological studies, one can infer that arsenic exposure
induces adverse effects on pregnancy and its outcome such as premature delivery,
spontaneous abortion, developmental impairment, stillbirth, morbidity and prenatal
mortality. In addition, arsenic exposure may also affect the female reproductive
system by altering hormonal homeostasis.

Experimental studies of Islam et al. [77] suggested that a chronic arsenic exposure
might have adverse effects on the female reproductive system of black goat. Earlier
studies in female mice and rats showed that inorganic arsenic suppresses ovarian
steroidogenesis, prolongs diestrus and degenerates ovarian follicular and uterine
cells [78–80]. It also increases meiotic aberrations in oocytes and decreases cleavage
and preimplantation development [79]. Arsenic can also induce ovarian and uterine
toxicity, and influence neuroendocrine regulation of female sexhormones [78].Golub
et al. [81] also reported that inorganic arsenic can cause developmental toxicity,
including malformation, death and growth retardation in four species (hamsters,
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mice, rats and rabbits) and the developmental toxicity effects are dependent on dose,
route and the day of gestation when exposure occurs. When females were dosed
chronically for periods that included pregnancy, the primary effect of arsenic on
reproduction was a dose-dependent increase in conceptus mortality and postnatal
growth retardation. Earlier, Hood [82] reported that sodium arsenite administered
ip to pregnant mice at dose levels that were toxic to the dams was embryo lethal;
some maternal deaths were also occurred. Later, Holson et al. [83] also reported
that administration of arsenic trioxide prior 14 days to mating and continuing until
gestational day 19, maternal toxicity was indicated by decreased food consumption
and increase in bodyweight during gestation, increased kidney and liver weights, and
stomach abnormalities. No observed adverse effect level dose (NOAEL) was found
to be 5 mg/kg/day. Further, they reported that oral As2O3 cannot be considered to
be a developmental toxicant, nor cause neural tube defects, at maternally toxic dose
levels.

Akram et al. [84] examined the toxic effects of arsenic exposure on uterine struc-
ture and function, and dose-dependent decrease was observed in uterine weight and
length. They concluded that arsenic is a major threat to female reproductive health
acting as a reproductive toxicant and as an endocrine disruptor, restricted the struc-
ture and function of uterus, by altering the steroid and gonadotropin levels, not
only at high dose concentration but at low (50 ppm) levels also. Chatterjee and
Chatterji [85] reported that arsenic interrupted the circulating levels of estradiol
and gonadotropins, which led to degeneration of luminal epithelial, myometrial and
stromal cells of the rat uterus and down-regulate the downstream components of the
estrogen signaling pathway. Further, functional and developmental maintenance of
the uterus is under the influence of estradiol; thus, structural degeneration induced
by arsenic may be attributed to the fall in circulating estradiol levels. Chattopad-
hyay and Ghosh [86] reported that ingestion of arsenic-contaminated water to rats
for seven estrous cycles significantly diminished ovarian key steroidogenic enzyme
activities and gonadotropin and estradiol signaling along with ovarian and uterine
growth disruption. Earlier, Chattopadhyay et al. [78] mentioned that arsenic affects
ovarian steroidogenesis at the dose present in drinking water at wide areas of West
Bengal, India. Weights of ovary, uterus and vagina along with biochemical activ-
ities of ovarian delta 5-3 β-hydroxysteroid dehydrogenase (delta 5-3 β-HSD) and
17 β-hydroxysteroid dehydrogenase (17 β-HSD) and plasma levels of LH, FSH
and estrogen were measured following treatment with sodium arsenite at a dose of
0.4 ppm/rat/day for 16 days (4 estrous cycles) and 28 days (7 estrous cycles) caused
reduction in plasma levels of LH, FSH and estrogen alongwith significant diminution
in the activities of ovarian delta 5-3 β-HSD and 17 β-HSD. Later, they reported that
dietary supplementation of sodium selenite minimized the gonadal weight loss and
increased the activities of the ovarian steroidogenic enzymes as well as the ovarian
and uterine peroxidize at the control level and are also able to increase the plasma
levels of LH, FSH and estradiol [87].

Recently, Treas et al. [88] evaluated the effect of exposure to arsenic, estrogen and
their combination and foundvariation in the expressionof epigenetic regulatory genes
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and changes in global DNAmethylation and histone modification patterns in RWPE-
1 cells. These changes were significantly greater in arsenic and estrogen combina-
tion treated group than individually. Earlier, Montalbano and Jacobson-Kram [89]
reported that arsenic seems to cross the placenta and cord blood levels at parturi-
tion being similar to maternal levels. The weight of evidence supports that arsenic
is either inactive or extremely weak for the induction of gene mutations in vitro;
it is clastogenic and induces sister chromatid exchange (SCE); it does not appear
to induce chromosome aberrations in vivo in animals; human beings exposed to
arsenic demonstrate higher frequencies of SCE and chromosomal aberrations, and
it may affect DNA by the inhibition of DNA repair processes or by its occasional
substitution for phosphorous in the DNA backbone.

Kozul-Horvath et al. [90] examined the pups exposed to 10 ppb arsenic, via the
dam drinking water. They reported the exposure during the in utero and postnatal
period caused in growth deficits in the offspring, which was predominantly a result
of diminished nutrients in the dam’s breast milk. However, cross-fostering of the
pups reversed the growth deficit. Earlier, Waalkes et al. [91] reported that arsenate
exposure, though not outright tumorigenic, was associatedwith proliferative, preneo-
plastic lesions of the uterus, testes and liver. Estrogen treatment has been related to
proliferative lesions and tumors of the female liver, uterus and testes inmale. He et al.
[92] reported that the placenta is known to utilize vasculogenesis to develop its circu-
lation. They reported that the arsenic exposure causes placental dysmorphogenesis
and defective vasculogenesis resulting in placental insufficiency and subsequently
leads to spontaneous abortion. The study suggests that arsenic toxicity is causative
for mammalian spontaneous abortion by virtue of aberrant placental vasculogenesis.
Recently, Patel et al. [93] reported that higher arsenic exposure inhibited the angio-
genesis which was dose-dependent in both chorioallantoic membrane assay (CAM
assay) and Matrigel assay and altered structural morphology of placenta. Placenta is
known to utilize vasculogenesis to develop its vasculature circulation.

Additionally,Ettinger et al. [94] found that arsenic exposurewas related to elevated
risk of impaired glucose tolerance test at 24–28weeks gestation and thus arsenicmay
be linked with increased risk of gestational diabetes. Further, Reilly et al. [95] inves-
tigated the effects of prepubertal arsenic exposure on mammary gland development
and pubertal onset. They found that prepubertal exposure to arsenite delayed vaginal
opening and prepubertal mammary gland maturation. They determined that arsenic
accumulates in the liver, disrupts hepatocyte function and suppresses serum levels of
the puberty-related hormone insulin-like growth factor 1 (IGF-1). Further, recently
Ser et al. [96] reported that maternal arsenic exposure was positively associated with
maternal IgG but not IgG cord. Elevated maternal IgG may have implications with
regard to maternal morbidity and the placental transfer of specific IgG, and further
studies are required to understand how arsenic may affect maternal and child health
by modifying the humoral immune system.

Wares et al. [97] have determined effects of arsenic on uterus of female goats.
Gross parameters show slight variations in the morphology, size and weight of uterus
of arsenic-affected goats. In microscopic level, there were significant variations in
arsenic-affected goats. Recently, Hedayati et al. [98] studied the protective role of
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catechin on sexual hormones of arsenic-intoxicated rats. Rats protected by catechin
had higher plasma concentrations of steroidal and gonadotropin hormone. Mondal
et al. [99] investigated the protective effect of casein- and pea-supplemented high-
protein diet (HPD) in utero ovarian toxicity from arsenic. HPD, byway of antioxidant
properties, found to have prospective role in the protection of reproductive damage
caused by arsenic. Further, Qureshi and Tahir (2013) reported that women are more
susceptible than men to the adverse effects of arsenic, as it interacts with estrogen
hormones. The maternal weight gain in mice was reduced in arsenic treated group,
and the difference was statistically significant as compared to control and vitamins C
and E protected group. They concluded that vitamins C and E are useful in protecting
sodium arsenate-induced reduction of weight.

There is adequate data available which indicates that arsenic exposure through
drinking water is a major global health problem; it affects both male and female
reproduction that might be mediated through the induction of oxidative stress as
well as affecting endocrine system directly affecting the reproductive organs, and
these effect might be depended upon the arsenic concentration in drinking water or
in diet or through environment, and duration of exposure. Female might be more
sensitive toward arsenic exposure as it impaired estradiol circulation which might
be responsible for development and functional maintenance of the uterus. As earlier,
Chattopadhyay et al. [78] reported that arsenic disrupts the ovarian and uterine growth
as well as degenerates luminal epithelial, stromal and myometrial cells of uterus as
well as arsenic acts as endocrine disruptor also.
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Chapter 6
Fish, Genetic and Cellular Toxicity

Fluorescence in situ hybridization (FISH) is a cytogenetic technique used to detect
and localize the presence or absence of specific DNA sequences on chromosomes.
FISHuses fluorescent probes bind to those targets that showahigh degree of sequence
complementarity, and it can help define the spatial-temporal patterns of gene expres-
sion within cells and tissues. Comet assay and micronucleus (MN) test are used in
genotoxicity studies and testing. This technique permits to measure direct DNA-
strand breaking capacity of a tested agent, and MN test allows estimating the details
of genome mutations. FISH and comet assay help in identification of DNA damage
and repairing. This paper lists relevant material on advantages and limitations of
Comet-FISH and MN-FISH assays application in genetic toxicology and cellular
toxicity studies. This is useful in study ofwholeDNAdamage repair and genotoxicity
exposure and effect studies too [1].
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Example of SYBR-green-stained comet image fromBLM-treated human leuko-
cytes with telomeric PNA probes indicating the location of telomeric repeat
sequences [1].

Example of DAPI-stained binucleated cell image from MMC-treated human
leukocytes with centromeric (A) and whole chromosome painting (B) probes
for chromosomes 7, 18 and X [1].

Cellular toxicity or cytotoxicity is the phenomenon of cell destruction or lysis in
response to either the metabolic changes or the external agents. In this case, the cell
gets damaged or lysed following either of the two major phenomena cell necrosis
and apoptosis.

Cell necrosis refers to the killing of the cells accidentally bymicrobes or chemical
agents. This is unplanned and sudden cell loss. In case of necrosis, the cells are killed
by other immune cells or medicated by a chemical agent. Necrosis is a responsive
action to a particular stimulus.

Apoptosis refers to the programmed cell death which leads to the renewal of the
fresh and new cells after every cycle. The older and damaged cells are subjected to
self-destruction to give chance for the new cells to rejuvenate.

6.1 Cytotoxic Agents

According to the NCI dictionary a cytotoxic agent is a substance that kills the cells
including the cancer cells by causing the cells to shrink and die [2].

Two major agents causing cytotoxicity are immune cells and chemicals
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1. Immune cells in inducing cytotoxicity

Each organism is gifted with specialized defense cells that can cause the cell cycle
disruption or cell lysis of the target cellswhich are either toxic to the bodyor foreign in
nature. These immune cells cause lysis of such cells as ameans to protect the body and
provide immunity. Some of the cytotoxic immune cells include T cells, natural killer
cells, lymphokine-activated killer cells, macrophages, lysosomal granules, MHC
complex, etc.

All the different cytotoxic cells differ in their morphology, origin, phenotype and
target cell specificity. However the mechanism by which these cells causes lysis of
foreign cells is by contact-dependent non-phagocytic process.

2. Chemicals and drugs involved in cytotoxicity

All the chemicals, derivatives and drugs that can induce cell destruction or lysis can
be termed as cytotoxic chemicals. Most of the drugs used in the treatment of cancer
come under cytotoxic chemicals/drugs. They cause cell lysis by blocking the cell
cycle or stopping the cell division. These chemicals may also be cytostatic, causing
an obstruction for cell division. Most of the known cytotoxic agents are known to
possess the properties of carcinogenic, teratogenic, toxic and reproductive effects,
acute effects and chronic effects [3].

Carcinogenic Use of cytotoxic agents in therapeutic doses may in times lead to the
formation of malignant tumors. Cyclosporine and cyclophosphamide fall in the list
and are declared to be carcinogens by NTP and IARC.

Teratogenic All the chemicals and agents which cause a developmental abnormal-
ities leading to physical impairment of the effected fetus come in this category.
Cyclophosphamide is a medication used to suppress the immune system. It often
exhibits teratogenic effect.

Toxic and reproductive effects Some of these effects include reduced sperm count,
lack of sperm production, damage to the bone marrow, amenorrhea, affects the heart,
kidneys, nervous system, etc. Anti-epileptic medicine like carbamazepine is shown
to be detrimental for sperm morphology and functioning.

Acute effects Some of the cytotoxic chemicals are very strong and can induce
cellular damage upon mere contact. The may act as vesicants causing local tissue
necrosis. Dactinomycin, daunorubicin, doxorubicin are all cytotoxic agents having
the vesicant properties and causing tissue necrosis.

Chronic effects A study conducted by Selevan et al. reveled that those nurses who
are constantly exposed to cytotoxic agents later developed genetic problem leading to
fetal death. Several other chronic effects include liver damage, skin damage, nausea,
giddiness, etc. For example, busulfan and bleomycin may cause lung infection upon
long term use.
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6.2 Factors and Mechanism of Cell Toxicity

Cell toxicity is a major phenomenon that may lead to cellular stress, damage and
death. Some of the major factors leading to the cell toxicity are:

1. Excess nitric oxide production (NO)
2. Oxidative stress by reactive oxygen species (ROS)
3. Mitochondrial dysfunction due to oxidative stress
4. DNA damage.

1. High concentration of NO production in the cell

The presence of NO in the cell is both beneficial and detrimental. This is an essential
element in the proper functioning of endothelial cells. The regular vascular flow is
maintained by the proper concentration of NO in the cells. However the elevated
levels of NO in the cell causes oxidative stress and cellular burst [4]. This high
concentration of NO is toxic to the cell and may lead to cell damage. One of the
examples is doxorubicin which induces disfunctioning of skeletal muscles due to the
intermediate release ofNO. This is also known to disrupt the functions of phagocytes.
Several cellular pathways may involve in the overproduction of NO leading to cell
toxicity.

In some conditions like immune responses by the cells, the body responds
by releasing excess NO. Accumulation of this NO in times causes cell death or
cytotoxicity.

Additionally, excess concentration of NO in the cell may lead to the following.
Suppression of NF-κB pathway induces neurotoxicity mediated by TNF alpha

cells and activates p38 MAPK and p53 pathway. It also causes the fragmentation
of DNA helix in the microglia. Thus, increased NO in the cell may lead to several
abnormalities finally causing cytotoxicity.

2. Oxidative stress by reactive oxygen species

Reactive oxygen species are the elements with highly reactive oxygen with them and
possess very low stability. The presence of active oxygen imparts a high degree of
oxidative stress.Metabolic processes like increasedmetabolic activity,mitochondrial
dysfunction, peroxisome activity, increased cellular receptor signaling, etc., are the
major reasons behind the elevated levels of ROS. These elevated levels of ROS
further result in an extensive damage to the DNA, proteins and lipids, finally causing
cytotoxicity. Some of the ROS species are superoxide anion (O−

2 ), hydrogen peroxide
(H2O2), and hydroxyl radicals (OH·).

ROS is a very sensitive aspect in imparting immunity to the organisms. Main-
tenance of homeostasis in ROS is essential for the regular functioning of the cell.
Various chemicals and drugs administered may lead to the increased production in
the cellular ROS leading to cytotoxic effects. One of the examples for ROS induced
cell toxicity is the use of acetaminophen on liver cells. The treated liver cells exhib-
ited increased concentrations of ROS with a simultaneous depletion of glutathione
resulting in liver cell death. Another example is the chemical pentachlorophenol
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Fig. 6.1 Factors and mechanism of cytotoxicity. Pic courtesy PMID: 30374795

which is a pesticide upon I reaction with the body causes an increased production of
ROS and death of hepatocytes.

3. Mitochondrial dysfunction due to oxidative stress

Mitochondria being the power houses of the cell are very sensitive and undergo
damage due to the oxidative stress caused by ROS leading to cellular dysfunction
and contributing to the cytotoxicity.

4. DNA damage due to ROS

The increased concentration of reactive oxygen species especially the mitochondrial
ROS causes an intense pressure on the mitochondria leading to a variety of DNA
damages like oxidization of bases and breakage in the double helical strands. This
causes an ultimate damage to mitochondria. Under normal cellular conditions, the
ROS generated are always regulated in concentration by maintaining the scavenging
system. However under the oxidative stress, the cells ability to maintain the balance
is lost causing damage to the cells. The damage of the genomic DNA due to the
oxidative stress generated by ROS leads to the damage of the cell (Fig. 6.1).

6.3 Biomarkers in Cell Toxicity Study

In view of the cellular toxicity caused by several drugs and chemicals used in therapy,
it becomes an important aspect to have preliminary information regarding the degree
of risk or toxicity involved while using a selected chemical/drug [5]. Thus, risk
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assessment in the use of drugs is a subject of importance. Use of biomarkers for the
assessment of risk is proved to be beneficial.

Biomarker may be a natural substance or a metabolite present in the cell whose
tracing candetail the effect of a chemical in the body.Thesemarkers yield information
about the state of health of an individual.

Some of the natural phenomenon occurring in the cell may be selected as
biomarkers as described below:

1. Autophagy: define autophagy with diagram

Autophagy is the natural phenomenon of the body to eliminate old and damaged
cells. Here, the cells are engulfed by the immune cells [6]. Thus, the term autophagy
whichmeans self-killing is used. It is further classified into micro-autophagy, macro-
autophagy and chaperon-mediated autophagy based on the type of immune cells
involved in the process and the size of the cells being destroyed.

Autophagy is also a natural response of body toward cancer therapy; thus, the
degree of autophagy can be used as an efficient biomarker for the prediction of
anticancer efficiency of drugs.

2. ROS as a marker for predicting cell toxicity

Increase in the production of cellular ROS is an indication of cell toxicity. The
presence of toxic agents causes an increase in the oxidative stress leading to an
overproduction of ROS. This in turn causes cell toxicity [7]. An increase in the ROS
acts as direct marker for the increased cell toxicity.

3. Cytokines in cell toxicity

Cytokines are small protein molecules present on the cells and involved in cell
signaling. Being cell signaling molecules they lack the capability to enter into the
cell and are only localized to the cell surface [8]. They play a major role in autocrine,
paracrine and endocrine signaling. They act as immune modulators. In some cases
of influenza-associated diseases, elevated levels of cytokines can be used as markers.
Several groups of cytokinesmay act asmarkers for inflammation induced acute respi-
ratory disease syndrome (ARDS). These biomarkers include bone morphogenetic
protein-15, CXCL16, CXCR3, IL-6, protein NOV homolog, glypican 3, IGFBP-4,
IL-5, IL-5R alpha, IL-22 BP, leptin, MIP-1d and orexin B. The intensity and degree
of disease is indicated by the elevated levels of IL-6, CXCL16 or IGFBP-4.

6.4 Measuring the Cell Toxicity

There are several ways to measure the cell toxicity, one of them being measurement
of cell viability [9]. This can be done using certain dyes like formalin. Protease
biomarkers, ATP content measurement are some of the methods. Some of the chro-
mogenic dyes like formazan would indicate the cell toxicity by the development of a
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typical color. SRB andWST-1 assays are considered to be ideal for the measurement
of cytotoxicity.

Viability count of the cells is the number of cells in live and healthy condition.
This testing is performed using some special dyes. The cell viability testing is based
on several factors like: enzyme activity, cell membrane permeability, cell adherence,
ATP production, co-enzyme production and nucleotide uptake activity. There are
several protocols for the cell viability measurement like

1. DNA Synthesis and Cell Proliferation Assay: This protocol uses 3H thymidine
having radioactivity to interact with the cells overnight [10]. All the actively
proliferating cells incorporate the radioactive dye in their DNA. This can later
be washed and tested for the active cells using scintillation counter (Fig. 6.2).

2. Metabolic Cell Proliferation Assay: The metabolic activity of the cells is one
of the direct analyses of the population of cells [11]. Tetrazolium salts or Alamar
Blue are the compounds that indicate the metabolic state of the cell by getting
reduced. Upon reduction, the native color of the media changes due to the forma-
tion of formazandye indicating the proliferation of the cell. The complete reaction
depends on the production of lactate dehydrogenase enzyme produced during cell
division. The color developed is read using a spectrophotometer or micro-plate
reader.
MTT, XTT, MTS andWST1 are the commonly used salts for analysis of the cell
proliferation [12] (Fig. 6.3).

3. Measuring the ATP Content in the Cell: As the concentration of ATP is an
indication of cell viability and function, ATP content of the cell is read using
luciferase: luciferin bioluminescent enzyme couple. Here in the reaction enzyme

Fig. 6.2 Measurement of ATP content in the cell. Pic courtesy PerkinElmer
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Fig. 6.3 Pic courtesy Wolfgang E. Trommer

Luciferase produces light upon reacting with luciferin in the presence of ATP
[13]. The intensity of the light released is proportional to the amount of ATP
generated which is read using a luminometer or any other micro plate reader
which can detect the luminescent signals (Fig. 6.4).

Fig. 6.4 Reaction. Pic courtesy Creative bioarray
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