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ABSTRACT

Objectives: Exposure to 4-vinylcyclohexene diepoxide (VCD) was reported to induce testicular
germ cell toxicity in rodents. However, there is paucity of information on the precise
biochemical and molecular mechanisms of VCD-induced male reproductive toxicity.
Methodology: This study investigated the influence of VCD on testicular and epidydimal
functions following oral exposure of Wistar rats to VCD at 0, 100, 250 and 500 mg/kg for
28 consecutive days.

Results: Administration of VCD significantly decreased the body weight gain and organo-
somatic indices of the testes and epididymis. When compared with the control, VCD
significantly decreased superoxide dismutase and catalase activities in the testes whereas it
significantly decreased superoxide dismutase activity but increased catalase activity in the
epididymis. Moreover, while glutathione peroxidase activity and glutathione level remain
unaffected, exposure of rats to VCD significantly increased glutathione S-transferase activity
as well as hydrogen peroxide and malondialdehyde levels in testes and epididymis of the
treated rats. The spermiogram of VCD-treated rats showed significant decrease in epididymal
sperm count, sperm progressive motility, testicular sperm number and daily sperm
production when compared with the control. Administration of VCD significantly decreased
circulatory concentrations of follicle-stimulating hormone, luteinizing hormone and
testosterone along with testicular and epididymal degeneration in the treated rats.
Immunohistochemical analysis showed significantly increased cyclooxygenase-2, inducible
nitric oxide synthase, caspase-9 and caspase-3 protein expressions in the testes of VCD-
treated rats.

Conclusion: Exposure to VCD induces testicular and epidydimal dysfunctions via endocrine
suppression, disruption of antioxidant enzymes activities, increase in biomarkers of oxidative
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stress, inflammation and apoptosis in rats.

Introduction

Exposure of humans to environmental contaminants
have been related to several reproductive health pro-
blems including decreased fertility, impaired spermato-
genesis, cryptorchidism and hypospadias, menstrual
disorders, pregnancy loss and postnatal developmental
disorders [1,2]. The incidence of infertility is on the
increase because a considerable amount of the global
economy depends on these important but toxic chemi-
cals which are widely used in modern day life [3].
4-Vinylcyclohexene diepoxide (VCD) is one of the
metabolites of 4-vinylcyclohexene which is usually pro-
duced during tire curing and manufacture of flame-
retardants, plastics and pesticides [4]. Industrially,
VCD is used as a diluent in the production of epoxides,
epoxy resins and rubber products [5]. VCD is an indus-
trial occupational health hazard chemical because of its
widely reported noxious effects on the ovary [6-8] and
the few reports on its liver, kidney and testicular toxici-
ties in rodents [9,10]. Previous investigations on male

reproductive toxicity of VCD showed that it induced
testicular germ cell toxicity in mice. Specifically, VCD
treatment (320 mg/kg/d, i.p.) for 30 days caused signifi-
cant decreases in testis weight and loss of maturing
sperm cells due to the destruction of spermatogonia
and spermatocytes [11].

The two main functions of mammalian testes
namely the spermatogenesis and steroidogenesis are
very crucial for reproductive success. The fine balance
between reactive oxygen species (ROS) production
and scavenging by endogenous antioxidants are of
utmost importance for testicular function. Interestingly,
elevated levels of reactive oxygen and nitrogen species
production with concomitant disruption of the antiox-
idant system in Drosophila melanogaster exposed to
VCH and VCD have been reported by our research
group [12,13]. In addition, we recently reported that,
exposure to VCD-induced oxidative stress, resulting in
hepatic and renal oxidative damage in male and
female rats [10]. Excessive production of ROS above
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normal levels due to exposure to environmental con-
taminants is well-known to impair the normal testicular
function [1]. Apoptosis plays an essential role in sper-
matogenesis because it regulates the fine balance
between the number of germ cells and the somatic
Sertoli cells. Apoptosis is a programmed cell death
which can be initiated by a variety of signals and patho-
physiological conditions, including oxidative stress
[14]. Elevated ROS generation and oxidative changes
have been associated with apoptosis in spermatogenic
cells [15,16] and various pathological states including
infertility [17,18].

Although the testicular germ cell toxicity of VCD has
been reported, the precise biochemical and molecular
mechanisms by which VCD elicits its toxic effects on
the testes remains poorly understood. We hypoth-
esized that the exposure to VCD would induce oxi-
dative stress and inflammation in the testes and
epididymis resulting in reproductive dysfunction of
rats. We report herein some functional alterations in
the spermatogenic parameters, hormonal level, antiox-
idant defense systems, apoptotic biomarkers and his-
tology of the testes and epididymis of rats orally
exposed to VCD.

Materials and methods
Chemicals

4-Vinylcyclohexene diepoxide (CAS: 106-86-6: 96%),
epinephrine, reduced glutathione, thiobarbituric acid,
5/, 5'-dithiobis(2-nitro-benzoic acid) and 1-chloro-2,4-
dinitrobenzene were purchased from Sigma Chemical
Co. (St Louis, MO, USA). All other reagents were of
analytical grade and purchased from British Drug
Houses (Poole, Dorset, UK).

Experimental animals and protocol

Forty sexually matured male Wistar rats (8 weeks old,
146 £5 g) were obtained from the Central Animal
House Facility of the College of Medicine, University
of lbadan, Nigeria. The rats were housed in plastic
cages placed in a well-ventilated animal house and
allowed to acclimatize for a week before starting the
experiment. The rats were fed with rat pellets and
water ad libitum, and subjected to natural photoperiod
of 12-hour light: 12-hour dark cycle. The experimental
protocols were carried out after approval and in
accordance with the guidelines set by the University
of Ibadan Ethical Committee. The ethical regulations
have been followed according to the ‘Guide for the
Care and Use of Laboratory Animals’ published by the
National Institute of Health.

The rats were randomly assigned into four groups of
10 rats each. Group | animals orally received corn oil
alone and served as control. Animals in groups II, Il

REDOX REPORT (&) 389

and IV were orally exposed to VCD at 100, 250 and
500 mg/kg body weight respectively for 28 consecutive
days. The doses of VCD used in the present study were
chosen based on previous studies in which VCD doses
ranging from 40 to 1000 mg/kg were administered to
rats and mice for different durations [9,19]. Besides,
these doses (100, 250 and 500 mg/kg) caused hepatic
and renal oxidative damage in male and female rats
within 28 days of exposure in our previous study [10].

Animal sacrifice

Twenty-four hours after the last exposure, the final
weights of the rats were taken and the blood collected
from retro-orbital venous plexus using heparin contain-
ing tubes before the rats were sacrificed by cervical dis-
location. Plasma samples obtained by centrifugation of
the blood at 3000g for 10 minutes were subsequently
stored frozen at —20°C prior to the determination of
reproductive hormones concentrations using ELISA
strip reader (Robonik India Private Limited, Mumbai,
India). The testes and epididymis were removed
immediately, weighed and subsequently processed
for biochemical estimations and histology. The
organo-somatic index (OSI) of the testes or epididymis
was calculated as follows: OSI = 100 x organ weight (g)/
body weight (g).

Estimation of pituitary and testicular hormones

The commercially available enzyme immunoassay kits
specific for rats were used to assay for FSH (RPN
2560, Amersham, UK), LH (RPN 2562, Amersham, UK)
and testosterone (EIA-5179, DRG Diagnostics GmbH,
Marburg, Germany) according to the manufacturer’s
protocols. The sensitivity of LH was 0.08 ng at 80%,
FSH sensitivity was 0.06 ng at 97% whereas testoster-
one sensitivity was 0.05ng/ml with negligible
cross-reactivity with other androgen derivatives like
androstenedione, methyl testosterone and 5a-dihydro-
testosterone. The intra-assay coefficients of variations
were 3.3% for LH, 3.5% for FSH and 3.8% for testoster-
one. All the samples were assayed on the same day to
avoid the inter-assay variation.

Sperm progressive motility assay

The assessment of sperm progressive motility of the
rats was performed according to the method described
by Zemjanis [20]. Briefly, the cauda epididymis was
incised with surgical blades and the sperm released
onto a sterile clean glass slide. Subsequently, 2.9%
(w/v) sodium citrate dehydrate solution which had
been pre-warmed to 37°C was added to the sperm,
mixed carefully and covered with a 24 x 24 mm cover-
slip. The sperm motility was assessed by visualizing a
minimum of 10 microscopic fields under a phase
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contrast microscope at 200x magnification. Sperm
motility was obtained by counting the number of all
progressive sperm, followed by the non-progressive
and then the immotile sperm in the same field. The
data were expressed as percentage of sperm progress-
ive motility.

Evaluation of epididymal sperm count

The epididymal sperm count of the rats was obtained
according to the method described in the WHO
manual [21]. Briefly, the sperm was obtained by
mincing the caudal epididymis in normal saline and fil-
tering with a nylon mesh. An aliquot of 5 pL of the
sperm was subsequently mixed with 95 ul of the
diluent (0.35% (w/v) formalin containing 5% (w/v)
NaHCO; and 0.25% (w/v) trypan blue). Ten microliters
of the diluted sperm was placed on the hemocyt-
ometer, allowed to sediment by standing for 5
minutes in a humid chamber before they were
counted using the improved Neubauer chamber
(Deep 1/10 m; LABART, Munich, Germany) with a light
microscope at 400x.

Sperm viability and morphological
abnormalities assay

Sperm viability was determined according to estab-
lished method [22]. Briefly, a portion of the sperm sus-
pension placed on a glass slide was smeared out with
another slide and stained with 1% (w/v) eosin and
5% (w/v) nigrosine in 3% (w/v) sodium citrate dehy-
drate solution. Sperm morphological abnormalities
assay was performed by staining the sperm cells with
a reagent containing 0.2 g eosin and 0.6 g fast green
dissolved in distilled water and ethanol in a ratio of
two to one (2:1). A total of 400 sperm cells from each
rat were counted during morphological examination.

Determination of testicular sperm number and
daily sperm production

Testicular sperm number and daily sperm production
were determined using frozen left testes from rats in
each group according to Blazak et al. [23]. Briefly, the
testis was decapsulated and homogenized in ice-cold
physiological saline containing 0.01% (v/v) Triton X-
100. An aliquot of the resulting homogenate was trans-
ferred to a glass vial and kept in ice. Sample aliquots
were then placed on the Neubauer hemocytometer
and counted twice at 100x magnification under a
light microscope and the average number of elongated
spermatid nuclei with spermatid characteristic of steps
17-19 of spermatogenesis was calculated [24,25].
These values were then used to obtain the total
number of spermatids per gram of testes. Moreover,
since developing spermatids spend 6.1 days in rats,

the values for the number of spermatids per testis
were divided by 6.1 to obtain daily sperm production.

Biochemical assays

The testes or epididymis samples were homogenized in
phosphate buffer (pH 7.4) and the resulting homogen-
ate was centrifuged at 10,000g for 15 minutes at 4°C.
The supernatant obtained was subsequently used for
the biochemical estimations. Protein concentration
was determined using the method of Lowry et al.
[26]. Activity of superoxide dismutase (SOD) was deter-
mined according the method of Misra and Fridovich
[27]. Catalase (CAT) activity was determined using
hydrogen peroxide as substrate according to the
method of Clairborne [28]. Glutathione peroxidase
(GPx) activity was determined according to the
method of Rotruck et al. [29]. Glutathione-S-transferase
(GST) activity was determined according to the method
of Habig et al. [30]. The level of reduced glutathione
(GSH) was determined according to the method
described by Jollow et al. [31]. Hydrogen peroxide gen-
eration was determined using the method of Wolff [32].
Lipid peroxidation was determined as malondialde-
hyde (MDA) according to the method described by
Farombi et al. [33].

Light microscopic examination

Testes and epididymis samples were fixed with Bouin’s
solution and processed for histology according to the
method described by Bancroft and Gamble [34].
Briefly, the fixed tissues were dehydrated using increas-
ing concentrations of alcohol, cleared by xylene and
embedded in paraffin wax. The tissues were sub-
sequently cut with a microtome to produce 4-5 um
sections which were fixed on the slides and sub-
sequently stained with hematoxylin and eosin. The
slides were examined under a light microscope
(Olympus CH; Olympus, Tokyo, Japan) and photomicro-
graphs taken using a Sony DSC-W 30 Cyber-shot (Sony,
Tokyo, Japan) by pathologists who were blinded to
control and treatment groups.

Immunohistochemical evaluations of testicular
iNOS, COX-2, caspase-9 and caspase-3
expressions

Bouin-fixed testes were embedded in paraffin, sec-
tioned to a thickness of 5 um and were mounted on
silane-coated slides. Subsequently, the sections were
deparaffinized in xylene and rehydrated with graded
alcohol and were treated with 10 mM citrate buffer
(pH 6.0) in a water bath for 30 minutes at 95°C for
antigen retrieval. The endogenous peroxidase activity
was quenched by treating the sections with 1.5%
(v/v) H,O, for 10 minutes. Moreover, the tissues were



washed in 10 mM PBS-0.05% Tween 20 (pH 7.5) and
probed at a dilution of 1/200 with rabbit polyclonal
antibodies (ABCAM Scientific Corporation) for iNOS,
COX-2, caspase-9 and caspase-3, or without primary
antibody (negative control) overnight at 4°C in a
humidified chamber. The sections were thereafter
washed extensively in PBS-Tween 20, incubated with
biotinylated goat anti-rabbit for 30 minutes, and with
avidin-biotinylated peroxidase complex for 30
minutes. The bound antibodies were visualized with
diaminobenzidine (DAB) in PBS (pH 7.5). Immune com-
plexes were detected using 0.05% of 3, 3-diaminoben-
zidene (DAB), countered stained with hematoxylin and
the slides were visualized under light microscope and
images were captured with a Sony Digital Camera.
The percentage of tissue stained positive cells was
scored by investigators blinded to the study. The
protein expressions of COX-2, iNOS, caspase-9 and
caspase-3 were quantitatively assessed by the counting
of 10 non-continuous sections per eye with a total of 20
eyes per group and the data expressed as the percen-
tage of the total cells counted.

Statistical analyses

The statistical analyses were carried out with Graph Pad
Prism (Version 6.0), and the data were expressed as
mean + standard deviation. Statistical significant differ-
ences were determined using a one-way analysis of
variance (ANOVA) followed by Bonferroni's test for
post hoc comparisons. P < 0.05 was considered statisti-
cally significant.

Results

Body weight gain and organo-somatic index of
the testes or epididymis

The body weight gain and the organo-somatic index of
the testes or epididymis of the rats are presented in
Table 1. Exposure of rats to VCD at 100, 250 and
500 mg/kg resulted in significant decrease in the
body weight gain compared with control. Similarly,
VCD-treated rats showed marked decreased in the
absolute testes and epididymis weights as well as in
the organo-somatic indices of the testes and epididy-
mis compared with control.
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Testicular and epididymal antioxidant status in
rats after exposure to VCD

The effects of VCD treatment on antioxidant defense
system and oxidative stress indices in testes and epidi-
dymis of rats are presented in Figures 1-3. Adminis-
tration of VCD at all investigated doses significantly
(P < 0.05) decreased SOD activity whereas it markedly
increased GST activity in both testes and epididymis
when compared with the control group. CAT activity
decreased significantly in the testis but increased sig-
nificantly in epididymis of rats exposed to 100, 250
and 500 mg/kg, respectively, when compared with
control rats. Moreover, at all the doses of VCD investi-
gated, the GPx activity and GSH level in both testes
and epididymis were unaffected when compared
with control. Conversely, exposure to VCD caused a sig-
nificant elevation in the levels of H,O, and malondial-
dehyde, an index of lipid peroxidation, in testes and
epididymis of treated rats when compared with
control.

Sperm functional parameters, testicular sperm
number and daily sperm production in rats
following exposure to VCD

The sperm characteristics, TSN and DSP of rats after 28
consecutive days of exposure to VCD are presented in
Figures 4 and 5. The results showed a significant
decrease in sperm count and sperm motility whereas
sperm viability was not affected following exposure
to VCD when compared with the control. The sperm
abnormalities significantly increased in rats treated
with VCD at 500 mg/kg whereas the morphology was
not affected by VCD at 100 and 250 mg/kg doses
when compared with the control.

Circulatory levels of LH, FSH and testosterone in
rats after exposure to VCD

The levels of circulatory concentrations of reproductive
hormones namely LH, FSH and testosterone were
measured in plasma of the rats in order to further delin-
eate the mechanisms of VCD-induced testicular tox-
icity. The effects of VCD treatment on circulatory
concentrations of LH, FSH and testosterone in the
treated rats are presented in Figure 6. Administration
of VCD adversely affected the hormonal homeostasis

Table 1. Body weight gain and organo-somatic indices (OSI) of the testes and epididymis in rats exposed to VCD for 28 consecutive

days.

Control 100 mg/kg VCD 250 mg/kg VCD 500 mg/kg VCD
Body weight gain (g) 53.76 £2.95 4241 +3,08° 40.6 +2.24° 33.5+2.08°
Testes weight (g) 2.13+£0.02 2.02+0.03 1.85+0.04° 1.79 +£0.03%
Epididymis weight (g) 0.29 £ 0.04 0.25 +0.07° 0.19+0.03° 0.16 + 0.05°
OSI of testes 1.11+0.05 1.09 +0.04° 1.05 +0.03° 1.01£0.04°
0SI of epididymis 0.15+0.01 0.12 +0.02° 0.11+0.03° 0.11+0.01°

Data are expressed as mean = SD for 10 rats per group. °P < 0.05 versus Control.



392 (&) I.A ADEDARAETAL.

. A SODActvity 3
£ E w- E
Eﬁ 28 L oM a E £
o = []
£ 5200 | |/ S 3
o E 4 o a
n € 151 a Tro
= E s S E
EE 1.0 g :
E—ﬁ 0.5+ =1 E
o= ot
@0 % ' =

@‘;\@ "‘ﬁ 3

A @.’9

&

B caTActivity
70~ a
&0 a a 3 Control
| T T 3 100 mg/kg VCD
80+ 3 250 mglkg VCD
a0- & 3 500 mg/kg VCD
a a
30
m-
10+
0 , .
o] =]
& &
<& ,9'9
&

Figure 1. Superoxide dismutase (SOD) and catalase (CAT) activities in testes and epididymis following 28 consecutive days of VCD
treatment in rats. Each bar represents mean + SD of 10 rats. °P < 0.05 versus Control.
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Figure 2. Glutathione peroxidase (GPx) and glutathione S-transferase (GST) activities in testes and epididymis following 28 con-
secutive days of VCD treatment in rats. Each bar represents mean + SD of 10 rats. °P < 0.05 versus Control.

in the treated rats. The levels of LH and FSH were not
affected in rats treated with VCD at 100 mg/kg dose
whereas their levels were significantly decreased in
rats treated with 250 and 500 mg/kg VCD when com-
pared with the control. Administration of VCD at all
investigated doses significantly decreased the circula-
tory concentrations of testosterone in the treated rats
when compared with the control.

Histopathology of testes and epididymis of VCD-
treated rats

Histopathological alterations observed in the testes
and epididymis sections of the rats are presented in
Figure 7. The light microscopic examination revealed
normal seminiferous tubules with many sperm and
adequate numbers of the testicular epidermal cells.
Testes of rats treated with 100 mg/kg VCD showed
mild congestion and edema at the interstitium with
reduced sperm numbers in the seminiferous tubules.
The treatment-related lesions observed in 250 and

500 mg/kg VCD-treated rats includes marked degener-
ation of the seminiferous tubules. Light microscopy
revealed normal epididymal architecture of control
rats. However, epididymis of rats treated with 100
and 250 mg/kg VCD showed few viable sperm cells in
the lumen whereas reduced epithelia layer integrity
with some empty lumen were observed in 500 mg/
kg-treated rats.

Immunohistochemical expressions of iNOS,
COX-2, caspase-9 and caspase-3

The influence of VCD exposure on markers of inflam-
mation (iNOS and COX-2) and apoptosis (caspase-9
and caspase-3) in testes of the treated rats were ana-
lyzed using immunohistochemical technique. The
immuno reactivity of these proteins is presented in
Figures 8 and 9. The intensity of iNOS, COX-2,
caspase-9 and caspase-3 expression was significantly
higher on the peritubular regions (spermatogonia
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Figure 3. Glutathione (GSH), hydrogen peroxide production (H,0,) and lipid peroxidation levels in testes and epididymis following
28 consecutive days of VCD treatment in rats. Each bar represents mean = SD of 10rats. °P < 0.05 versus Control.
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and spermatocytes) of the testes of VCD-treated rats
when compared to control.

Discussion

4-Vinylcyclohexene diepoxide is a widely used indus-
trial solvent that adversely impacts a variety of
organs. Despite the usefulness of VCD, its exposure
has been associated with oxidative stress resulting in
oxidative damage in kidney and liver tissues of rats
[10]. However, no study has been reported on the
involvement of oxidative stress in male reproductive
toxicity due to VCD exposure. The testes and epididy-
mis are very sensitive to oxidative stress due to high
concentration of unsaturated lipids. The testes and

epididymis are endowed with ROS detoxifying system
consisting of the antioxidant enzymes SOD, CAT, GPx
and GST and non-enzymatic antioxidant GSH [3]. The
decrease in testicular and epididymal SOD activity in
VCD-treated rats in the present study indicates
enzyme inhibition which may enhance superoxide
radical accumulation and a state of oxidative stress in
the tissues. Moreover, the reduction in the testicular
CAT activity suggests the inability of the testes to elim-
inate hydrogen peroxide possibly generated due to
VCD exposure or inactivation of the enzyme due to
increased generation of ROS in the testes. However,
increase in epididymal CAT activity in the present
investigation may indicate its induction so as to dimin-
ish the effects of H,0,, a potent oxidant at high cellular
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Figure 7. Representative photomicrographs of testes and epididymis from control and VCD-treated rats. Control testes (A1) and
epididymis (A2) showed normal morphology. Treatment-related lesions such as mild congestion, edema and reduced sperm
numbers in the testes of 100 mg/kg VCD-treated rats (B1) whereas 250 and 500 mg/kg VCD-treated rats showed marked degener-
ation of the seminiferous tubules (C1 and D1). Epididymis of 100 and 250 mg/kg VCD-treated rats showed lumen with few viable
sperm cells (B2 and C2) whereas 500 mg/kg VCD-treated rats showed reduced epithelia layer integrity with some empty lumen

(D2).
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Figure 8. Testes histopathology guide showing the influence of VCD on COX-2 and iNOS expression in control and treated rats.
Percentage of positive cells is presented in the graphs (e and f). Each bar represents mean + SD of 10 rats per group. *Values

differ significantly from control (P < 0.05).

concentration. Although the reason for this differential
response of testicular and epididymal SOD activity to
VCD exposure is not understood at present, a possible
explanation may be related to the organ differences.
Administration of VCD increased GST activity
without affecting GSH level and GPx activity in the
testes and epididymis of rats in this study. These

findings indicate an adaptive response to oxidative
stress which is targeted to detoxify peroxide-contain-
ing metabolites with concomitant compensatory GSH
synthesis via GSH cycle [35,36]. Lipid peroxidation is a
process which involves oxidation of polyunsaturated
fatty acids by ROS to produce lipid peroxyl radicals
and lipid hydroperoxides which are subsequently
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converted to reactive aldehydes, such as 4-hydroxy-2
nonenal and MDA [37,38]. Thus, the elevated level of
MDA in the testes and epididymis of VCD-treated rats
clearly demonstrated the induction of oxidative
damage in testes and epididymis following exposure
to VCD in the present study.

The mechanisms by which environmental contami-
nants elicit anti-gonadal actions vary. Some environ-
mental contaminants act directly to exhibit inhibitory
effect on the testis whereas some act indirectly by alter-
ing gonadotrophin homeostasis and consequently
impairs spermatogenesis [39]. Excessive production of
ROS has been implicated in the suppression of gonado-
tropins (LH and FSH) release by the pituitary [2]. The
normal production of FSH and LH by the pituitary is a
key factor required for spermatogenesis by seminifer-
ous tubules [40,41]. LH induces Leydig cell to secrete
testosterone which regulates spermatogenesis via
androgen receptors in the seminiferous epithelium.
FSH on the other hand regulates spermatogenesis by
stimulating the production of several Sertoli cell
factors. Thus, the reduction in the FSH and LH in
VCD-treated rats possibly indicates the adverse effect
of VCD exposure on the anterior pituitary gland
which could impair the endocrine regulation of sper-
matogenesis and consequently affects the reproduc-
tive function. The significant reduction in the level of
circulatory FSH and LH may be related to the marked

decrease in spermatogenesis as evidenced by
reduction in the TSN and DSP in VCD-treated rats.
The biosynthesis and secretion of testosterone, the
male primary steroid hormone, is exclusively executed
by the Leydig cells. The decrease in testicular steroido-
genesis which, is evidenced by the reduced testoster-
one level in VCD-treated rats in the present
investigation, demonstrates the anti-androgenic
nature of VCD. Further, testosterone plays an important
role in the regulation of spermatogenesis and weights
of testes and epididymis [42,43]. In agreement with
previous study [11], VCD treatment significantly
decreased the testes weight in this study. The signifi-
cant decrease in the sperm progressive motility,
sperm count, absolute weights and organo-somatic
indices of testes and epididymis in VCD-treated rats is
attributable to inadequate hormonal levels. One of
the interesting findings of the present investigation
was the histopathological lesions in the testes and epi-
didymis of the rats treated with VCD. The observed his-
topathological lesions in testes of VCD-treated rats in
this study are in agreement with previous studies
[9,11]. The reduced sperm density and the marked
degeneration seen in the histology of the testes and
epididymis of the VCD-treated rats are indicators of
reduced spermatogenesis owing to the VCD-induced
oxidative damage of the biological membranes in the
testes and epididymis. Moreover, the lack of effects of



VCD on sperm viability and abnormality in the present
investigation showed that VCD specifically affected
sperm motility and count while sparing the normal
morphological structure of the sperm in the treated
rats. The reduction in epididymal sperm count and
motility observed following VCD treatment may result
in infertility owing to insufficient sperm quantity and
inability of the sperm to reach the site of fertilization
and to penetrate zonal pellucida [44].

The increase in the testicular expression of COX-2
and iNOS in the VCD-treated rats is indicative of inflam-
matory response. Moreover, excessive production of
NO by iNOS exerts detrimental effects due to its
ability to react with superoxide anion to generate per-
oxynitrite radical and thus indicates another mechan-
ism of VCD-induced testicular toxicity. Apoptotic cell
death plays a pivotal function in the regulation of tes-
ticular germ cell population both in physiological con-
ditions and under stress induced by external factors.
Mitochondrial damage by extracellular stress is well-
known to cause cytochrome c release from mitochon-
dria into the cytoplasm. Cytochrome c subsequently
recruits procaspase-9 and activates ‘apoptosome’ and
the downstream effectors including caspase-3 which
eventually executes apoptotic cell death [45]. Immuno-
histochemical analysis revealed an increased
expression of caspase-9 and caspase-3 in the testes
of rats treated with VCD, thus suggesting activation
of caspase-9 and the downstream signaling events
which triggered the final executioner caspase-3 and
subsequently apoptosis [45,46].

In conclusion, the findings from the present study
demonstrated for the first time that VCD treatment
induces testicular and epidydimal dysfunctions via
endocrine suppression, disruption of antioxidant
enzymes activities, increase in biomarkers of oxidative
stress, inflammation and apoptosis in rats.
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