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Abstract: The number of primordial follicles in the ovary is fixed at birth. As women age, the reserve of primordial 
follicles is depleted. This study aimed to explore the short-term effects of 4-vinylcyclohexene diepoxide (VCD) on 
ovarian follicular depletion and fertility in SD rats that were 4 weeks of age. Twenty-six 4-week-old female Sprague-
Dawley (SD) rats were divided into two groups, the model and control groups. Five rats, aged 7 weeks, in each group 
were sacrificed to evaluate the ovarian reserve after 24 h of the final dose. The ovary weight index, histomorphologi-
cal change and follicle count were determined. The serum level of AMH was assessed by ELISA, and the relative 
mRNA expression of AMH, ERα, ERβ, FSHR and PCNA of the ovary was detected by real-time PCR. The remaining 8 
rats in each group were mated with adult male SD rats and the pregnancy time, litter size and pregnancy rate were 
recorded. At the age of 14 weeks, the remaining rats were sacrificed to count the follicles. The volume of the ovaries, 
ovary weight index and number of primordial follicles and primary follicles were reduced in rats that were 7 weeks of 
age in the model group compared with control group (P < 0.05). There was no significant difference in the numbers 
of secondary, antral follicles and corpus luteum; and there was no significant differrence in the serum AMH level 
and relative mRNA expression of AMH, ERα, ERβ, FSHR and PCNA in the ovary between the two groups (P > 0.05). 
The fertility of rats in the model group was similar to that of the control group (P > 0.05). The number of follicles at 
all stages in rats that were 14 weeks of age in the model group was lower than that of the control group (P < 0.05). 
Therefore, the short-term effects of VCD on SD rats induced the initial stage of DOR.
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Introduction

The number of primordial follicles in the ovary is 
fixed at birth. The ovarian reserve (OR) repre-
sents the stock of primordial follicles in the 
ovary, which is gradually depleted during a wo- 
man’s reproductive lifespan, resulting in meno-
pause. As women age, the reserve of primordial 
follicles is depleted, and the quality of oocytes, 
fertilization, and pregnancy rate are reduced 
[1]. Diminished ovarian reserve (DOR) is a mani-
festation of ovarian aging. As increasing num-
bers of women delay childbearing, DOR is 
becoming a greater challenge for providers of 
assisted reproductive technology (ART) [2]. In 
addition to reproductive concerns, DOR may 
also have adverse implications for women’s 
wellbeing [3]. DOR is a complex clinical phe-
nomenon that is influenced by age, genetics 
and environmental variables [4], and it is de- 
fined as the transitional period between normal 
OR and menopause. 

According to increasing reports, the industrial 
chemical 4-vinylcyclohexene diepoxide (VCD) 
produces follicular depletion in rodents [5, 6]. 
VCD selectively destroys primordial and primary 
follicles by accelerating the natural process of 
follicular atresia, resulting in follicular deple-
tion, which mimics the natural process of DOR 
[7, 8]. There have been reports on the long-term 
effects of VCD on ovarian follicular depletion in 
rats [9, 10]. In this study, we evaluated the 
short-term effects of VCD on ovarian follicular 
depletion and fertility in Sprague-Dawley rats.

Materials and methods

Animals and treatment

In total, twenty-six 3-week-old female Sprague-
Dawley (SD) rats (35 ± 3 g weight) were provid-
ed by the Jiesijie Laboratory Animal Technology 
Co., Ltd. (Shanghai, China). Rats were housed in 
groups of 2 per cage at constant temperature 
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(22 ± 1°C), humidity (50 ± 5%), and light (12 
h/d) conditions with a standard pellet diet and 
water provided ad libitum. The animal protocol 
was approved by the Animal Experimental 
Ethical Committee of Fudan University. The rats 
were divided into two groups, the sesame oil 
treated (control, C) group (n = 13) and the VCD 
treated (model, M) group (n = 13). The body-
weight of rats was measured every three days. 
After 7 days of acclimation in the animal facility, 
control animals were injected intraperitoneally 
daily with sesame oil (Sigma-Aldrich) vehicle, 
and model rats were injected with VCD (Sigma-
Aldrich, dissolved in sesame oil) at a concentra-
tion of 80 mg/kg for 20 consecutive days. Rats 
were observed daily for activities, diet, fur, tox-
icity and mortality. At 24 h following the final 
dose, five rats in diestrus in each group were 
anesthetized by intraperitoneal injection with 
7% chloral hydrate solution (0.5 ml•100 g-1).

To evaluate the fertility of two groups, after 24 
h of the final dose, the remaining 8 rats in each 
group were mated with adult male SD rats with 
proven fertility at a proportion of 2:1. Successful 
conception was defined by the presence of a 
vaginal plug and/or subsequent visibly growing 
abdomen, and pregnant female rats were sepa-
rated and monitored. The number of offspring 
rats from each litter was counted, and the phys-
ical status was examined. The duration from 
the day of mating to the day of delivery was 
defined as the pregnancy time. Female rats 
that did not conceive within 1 month of mating 
were defined as infertile. Two months later, rats 
in diestrus in the two groups were anesthetized 

by intraperitoneal injection with 7% chloral 
hydrate solution (0.5 ml•100 g-1).

Serum AMH measurement

After anesthesia, mid-line dermatotomy of the 
chest was performed, and blood was drawn  
via cardiocentesis. Serum was collected and 
stored at -80°C until use. The serum AMH level 
was measured using ELISA (Wuxi Donglin 
Science and Technology Development co., LTD, 
Jiangsu, China).

Histology and follicle counting

Rats were euthanized and their ovaries, hearts, 
livers, spleens, lungs, kidneys and thymuses 
were collected. The ovaries were excised, trim 
med of remaining fat tissue and immediately 
weighed. The ovary weight index was calculated 
by the following formula: ovary weight index = 
ovarian weight/body weight. The right ovaries 
were rapidly frozen in liquid nitrogen and stored 
at -80°C for use. The left ovaries, hearts, livers, 
spleens, lungs, kidneys and thymuses were 
immediately fixed with 4% paraformaldehyde 
for 24 h, embedded in paraffin wax, serially 
sectioned at a thickness of 4 μm and stained 
with hematoxylin and eosin (H&E). Three sec-
tions in the 10th, 20th and 30th sections of the 
largest sections of each ovary were chosen for 
follicle counting. Follicle classification, such as 
primordial, primary, secondary, and antral folli-
cles and luteum, were counted as previously 
described [11].

RNA extraction and real-time PCR

Following the manufacturer’s instructions, to- 
tal RNA was extracted from whole ovaries by 
TaKaRa MiniBEST Universal RNA Extraction Kit 
(9767, TaKaRa, Japan). For real-time PCR exper-
iments, total isolated RNA was reverse-tran-
scribed into cDNA with PrimeScript™ RT Master 
Mix (RR036A, TaKaRa, Japan) according to the 
manufacturer’s instructions. The experiment 
was performed in triplicate using SYBR®Premix 
Ex Taq™ II (Tli RNaseH Plus, RR820A, TaKaRa, 
Japan) according to the manufacturer’s instruc- 
tions.

Table 1 shows the primer sequences (Takara, 
Japan) used to amplify fragments. The data 
were normalized to the expression levels of the 
housekeeping genes GAPDH, and 2-ΔΔCt was 

Table 1. Real time-PCR primers for mRNA
mRNA Primer sequence (5’→3’)
ERα-F GCTTATTGACCAACCTGGCAGAC
ERα-R AGGATCTCCAACCAGGCACAC
ERβ-F GTACCATAGACAAGAACCGGCGTAA
ERβ-R TCCGCACTATACGGTACCCACA
PCNA-F GAGCTTGGCAATGGGAACA
PCNA-R AGCTGAACTGGCTCATTCATCTCTA
FSHR-F GCTGGATTTGGAGACCTGGAGA
FSHR-R CATGCAACTTGGGTAGGTTGGAG
AMH-F TGTTACAGGCTGACACAGTTGAAGA
AMH-R ACCAGGCACAAAGGCTCAGG
Gapdh-F GGCACAGTCAAGGCTGAGAATG
Gapdh-R ATGGTGGTGAAGACGCCAGTA
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used to calculate the relative expression le- 
vels. 

Statistical analysis

The data are presented as the mean ± stan-
dard deviation and the means between two 
groups were compared by the independent 
sample t-test with SPSS 18.0 software (SPSS 
Inc., Chicago, IL, USA). The pregnancy rate was 
compared using the chi-square test. P < 0.05 
was considered statistically significant. 

Results

The effect of VCD on the physical status of rats

The growth condition of rats in the M group did 
not show any difference, and body weight gains 

paralleled the control group, as presented in 
Figure 1A. No apparent toxicity was observed 
in the two groups. There was no difference in 
the histology of the heart, liver, spleen, lungs, 
kidneys and thymus between the two groups 
(Figure 1B).

Depletion of ovarian primary and primordial 
follicles by VCD in rats that were 7 weeks of 
age

The SD rats that were 4 weeks of age were con-
tinuously treated with VCD at 80 mg/kg of 
bodyweight daily for 20 days. Contracted ova-
ries were observed in the VCD-treated group, 
which was in accordance with the reduced 
ovary weight index compared to the control 
group (Figure 1C, 1D). Morphologically, the fol-
licles and corpus luteum were similar in struc-

Figure 1. The physical status of rats and depletion of small follicles by VCD in SD rats (*P < 0.05). Female SD rats 
(28 days old) were treated with sesame oil or VCD for 20 days, as described in the Materials and Methods. The body 
weight of rats was measured every three days. Ovarian sections were stained with H&E. The follicle morphology and 
numbers were examined under a microscope. A. The weight gains of rats in the two groups. B. The histology of the 
heart, liver, spleen, lungs, kidneys and thymus (200*). C. The ovaries were smaller in group M compared to group 
C. D. The ovary weight index was reduced in group M. E. H&E stained sections showing the morphology of follicles 
between two groups with significantly reduced numbers of small follicles in group M (200*). F. Quantification of the 
follicle and corpus luteum numbers.
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ture between oil- and VCD-treated rats (Figure 
1E). VCD, at this dose, reduced the primordial 
follicle number by 70% (4.2 ± 0.7 vs 14.2 ± 4.1) 
and the primary follicle number by 59% (1.8 ± 
0.6 vs 4.4 ± 0.7) that of control rats, respec-
tively. There was no significant difference in the 

numbers of secondary, antral follicles and cor-
pus luteum between two groups. The data sug-
gest that VCD selectively destroys small folli-
cles (primordial and primary) compared with 
large follicles (secondary and antral) (Figure 
1F).

Figure 2. Short-term effects of VCD on the serum AMH level and relative mRNA expression in the ovary. There were 
no effects of short-term (20 days) VCD treatment on the serum AMH level and relative mRNA expression of AMH, 
ERα, ERβ, FSHR and PCNA in the ovary.

Figure 3. The fertility of the rats in both groups and depletion of ovarian follicles by VCD in SD rats that were 14 
weeks of age (*P < 0.05). A. The pregnancy time was similar in both groups. B. The litter size was similar in both 
groups. C, D. H&E stained sections showing the morphology of follicles between two groups with significantly re-
duced numbers of small and large follicles in rats that were 14 weeks of age from group M’ (400*).
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Short term effects of VCD on the serum AMH 
level and relative mRNA expression of AMH, 
ERα, ERβ, FSHR and PCNA of the ovary

Serum AMH levels were examined at 7 weeks 
of age after treatment with VCD or sesame oil. 
Compared with oil controls, a small but non-
significant reduction in the AMH level in the 
VCD-treated group was observed (Figure2A, P 
> 0.05). There was no difference in the relative 
mRNA expression of AMH, ERα, ERβ, FSHR and 
PCNA in the ovary between the two groups 
(Figure 2B, P > 0.05). Combined with the deple-
tion of the ovarian primary and primordial folli-
cles, the above data indicated that the situa-
tion of the rats resembled the initial stage of 
DOR.

The fertility of the rats in both groups and the 
depletion of ovarian follicles by VCD in rats 
that were 14 weeks of age

To evaluate the fertility of VCD-treated rats 
after 24 h of the final dose, the remaining 8 
rats in each group (groups C’ and M’, respec-
tively) were paired with healthy adult male SD 
rats for breeding, starting at 7 weeks of age. 
The pregnancy time and litter size were record-
ed within 1 month. Figure 3A and 3B showed 
that there was no significant difference in the 
pregnancy time (23.9 ± 2.3 vs 24.6 ± 2.0, days) 
and litter size (9.1 ± 3.5 vs 10.1 ± 3.5) between 
the two groups (P > 0.05). The pregnancy rate 
was 100% in group M’. The litter size of one rat 
in the VCD-treated group was only one, which 
died when we observed it. One of the rats in 
group C’ was infertile. In addition to a stillbirth, 
the size, skin color, and sucking were similar in 
pups in the two groups. After the offspring rats 
were weaned, the rats in the two groups were 
sacrificed following anesthesia and follicles in 
ovaries were observed. The numbers of primor-
dial, primary, secondary and antral follicles in 
the ovaries of group M’ were significantly lower 
than those in group C’ (P < 0.05). There was no 
significant difference in the corpus luteum 
numbers between the two groups (Figure 3C 
and 3D, P > 0.05).

Discussion

The follicle is the primary structure of the ovary 
and consists of oocytes located in the middle 
that are surrounded by different layers of gran-
ulosa and follicular cells. In the fetal stage of 

humans or early postpartum stage of rodents, 
primordial follicles consist of the oocytes form- 
ed by the division of the oogonial surrounded  
by a layer of flattened granulocytes. Since the 
oocytes in the pool of primordial follicles remain 
in the first meiosis, these undifferentiated pri-
mordial follicles contain all germ cells through 
the female life. The ovarian follicular pool under- 
goes a progressive decline from before birth to 
menopause [12]. In modern society, many fac-
tors lead to DOR in many women who are faced 
with reproductive health problems and other 
systemic problems. They would also have prob-
lems in pregnancy. The infertility caused by 
DOR remains a thorny problem in reproductive 
health. Substantial work is needed to identify 
the etiology of and an effective treatment for 
DOR. It has been reported in many studies that 
VCD-induced rat or mouse POF models were 
similar to the process of natural decline in the 
ovarian reserve of humans [5, 13, 14], which 
can replicate the entire progression from child-
bearing age to premenopausal age and to 
menopause.

In this study, the ovaries were contracted, and 
the ovary weight index was reduced in rats with 
VCD-treated for 20 days compared with the 
control group. The numbers of primordial folli-
cles and primary follicles were lower in group M 
than in group C, which was consistent with pre-
vious reports [6, 15]. In addition to observing 
the ovarian reserve, the general situation of 
rats was observed in both groups. The results 
showed that there was no effect on the diet, 
activity, fur and weight gain in rats treated with 
short-term VCD. As an ovarian toxicity reagent, 
VCD was used to induce the decline of ovarian 
reserve. Kappeler et al reported that there were 
no obvious adverse effects on other organs in 
the experiment in addition to the ovarian toxic-
ity [5]. The histological features of the heart, 
liver, spleen, lungs, kidneys and thymus were 
similar in the two groups, and no pathological 
changes, such as degeneration, inflammation 
or fibrosis, were observed. The results showed 
that the rats treated with short-term VCD were 
in the early stage of DOR. Even as other organs 
have not begun “aging”, the ovaries age.

There was no significant difference in the serum 
AMH levels between the two groups in this 
study, which was not consistent with previous 
reports [16, 17], and it may be related to the 
shorter term effect of VCD [18]. The ovary toxic-
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ity of the VCD was the depletion of ovarian pri-
mordial and primary follicles, and the second-
ary follicles and antral follicles had not yet been 
affected in short time. Therefore, the serum 
AMH level was not significantly changed [18]. 
There was no significant difference in the rela-
tive mRNA expression levels of ERα, ERβ, AMH, 
FSHR and PCNA in the ovary between the two 
groups, which indicated that the gene expres-
sion level had not been changed in the ovary  
of short-term VCD-treated mice in this experi- 
ment.

One of the main purposes of evaluating the 
ovarian reserve was to solve the problem of fer-
tility. In this study, the remaining rats in the two 
groups were mated with adult male SD rats. We 
found that the pregnancy time, litter size and 
pregnancy rate were not affected by the VCD in 
the short term. Fertility had not been inhibited 
because the secondary and antral follicles had 
not been affected [19], which was also consis-
tent with the situation encountered in clinical 
practice. The primordial follicles, primary folli-
cles, secondary follicles and antral follicles in 
the ovaries of the 14-week-old group were sig-
nificantly less than those in the control group, 
indicating that the primordial follicle reduction 
caused by the VCD gradually affected the devel-
opment of late stage follicles. Oocyte depletion 
causes an irreversible change to ovarian func-
tion [20]. The depletion of follicles with VCD 
was not temporary.

In conclusion, the main ovary toxicity of VCD 
involved depletion of primordial and primary fol-
licles. Short-term VCD treatment did not affect 
the serum AMH level and mRNA expression lev-
els of AMH, ERα, ERβ, FSHR and PCNA of the 
ovary and fertility of rats. As time passes, the 
depletion of primordial follicles and primary fol-
licles affects the late stage follicles, reducing 
the number of secondary and antral follicles. 
The short-term effects of VCD on SD rats 
induced the initial stage of DOR.

Acknowledgements

We acknowledge the work of technician at the 
Laboratory Animal Center of Fudan University. 
This study was supported by the Shanghai 
Municipal Committee of Science and Techno- 
logy Project (15401931800).

Disclosure of conflict of interest

None.

Address correspondence to: Dr. Wenjun Wang, Obs- 
tetrics and Gynecology Hospital, Fudan University, 
419 Fangxie Road, Shanghai 200011, People’s 
Republic of China. Tel: +86-21-33189900; Fax: +86-
21-63455090; E-mail: wjwwang@aliyun.com

References

[1]	 McGee EA and Hsueh AJ. Initial and cyclic re-
cruitment of ovarian follicles. Endocr Rev 
2000; 21: 200-214.

[2]	 Levi AJ, Raynault MF, Bergh PA, Drews MR, 
Miller BT and Scott RT Jr. Reproductive out-
come in patients with diminished ovarian re-
serve. Fertil Steril 2001; 76: 666-669.

[3]	 Pal L, Bevilacqua K, Zeitlian G, Shu J and San-
toro N. Implications of diminished ovarian re-
serve (DOR) extend well beyond reproductive 
concerns. Menopause 2008; 15: 1086-1094.

[4]	 Tal R and Seifer DB. Ovarian reserve testing: a 
user’s guide. Am J Obstet Gynecol 2017; 217: 
129-140. 

[5]	 Kappeler CJ and Hoyer PB. 4-vinylcyclohexene 
diepoxide: a model chemical for ovotoxicity. 
Syst Biol Reprod Med 2012; 58: 57-62.

[6]	 Van Kempen TA, Milner TA and Waters EM. Ac-
celerated ovarian failure: a novel, chemically 
induced animal model of menopause. Brain 
Res 2011; 1379: 176-187.

[7]	 Hoyer PB, Devine PJ, Hu X, Thompson KE and 
Sipes IG. Ovarian toxicity of 4-vinylcyclohexene 
diepoxide: a mechanistic model. Toxicol Pathol 
2001; 29: 91-99.

[8]	 Hoyer PB, Cannady EA, Kroeger NA and Sipes 
IG. Mechanisms of ovotoxicity induced by  
environmental chemicals: 4-vinylcyclohexene 
diepoxide as a model chemical. Adv Exp Med 
Biol 2001; 500: 73-81.

[9]	 Mayer LP, Pearsall NA, Christian PJ, Devine PJ, 
Payne CM, McCuskey MK, Marion SL, Sipes IG 
and Hoyer PB. Long-term effects of ovarian fol-
licular depletion in rats by 4-vinylcyclohexene 
diepoxide. Reprod Toxicol 2002; 16: 775-781.

[10]	 Romero-Aleshire MJ, Diamond-Stanic MK, 
Hasty AH, Hoyer PB and Brooks HL. Loss of 
ovarian function in the VCD mouse-model of 
menopause leads to insulin resistance and a 
rapid progression into the metabolic syn-
drome. Am J Physiol Regul Integr Comp Physiol 
2009; 297: R587-592.

[11]	 Hassa H, Aydin Y, Ozatik O and Erol K. Effects 
of dehydroepiandrosterone (DHEA) on follicu-
lar dynamics in a diminished ovarian reserve 
in vivo model. Syst Biol Reprod Med 2015; 1-5.

[12]	 Hansen KR, Knowlton NS, Thyer AC, Charles-
ton JS, Soules MR and Klein NA. A new model 
of reproductive aging: the decline in ovarian 
non-growing follicle number from birth to 
menopause. Hum Reprod 2008; 23: 699-708.



Short-term effects of VCD on ovarian reserve in SD rats

15781	 Int J Clin Exp Med 2017;10(11):15775-15781

[13]	 Roosa KA, Zysling DA and Place NJ. An assess-
ment of anti-Mullerian hormone in predicting 
mating outcomes in female hamsters that 
have undergone natural and chemically-accel-
erated reproductive aging. Gen Comp Endocri-
nol 2015; 214: 56-61.

[14]	 Kuang H, Han D, Xie J, Yan Y, Li J and Ge P. 
Profiling of differentially expressed microRNAs 
in premature ovarian failure in an animal mod-
el. Gynecol Endocrinol 2014; 30: 57-61.

[15]	 Frye JB, Lukefahr AL, Wright LE, Marion SL, 
Hoyer PB and Funk JL. Modeling perimeno-
pause in Sprague-Dawley rats by chemical ma-
nipulation of the transition to ovarian failure. 
Comp Med 2012; 62: 193-202.

[16]	 Mark-Kappeler CJ, Sen N, Keating AF, Sipes IG 
and Hoyer PB. Distribution and responsive-
ness of rat anti-Mullerian hormone during 
ovarian development and VCD-induced ovotox-
icity. Toxicol Appl Pharmacol 2010; 249: 1-7.

[17]	 Lee JH, Lee M, Ahn C, Kang HY, Tran DN and 
Jeung EB. Parabens accelerate ovarian dys-
function in a 4-vinylcyclohexene diepoxide-in-
duced ovarian failure model. Int J Environ Res 
Public Health 2017; 14. 

[18]	 Sahambi SK, Visser JA, Themmen AP, Mayer LP 
and Devine PJ. Correlation of serum anti-Mulle-
rian hormone with accelerated follicle loss fol-
lowing 4-vinylcyclohexene diepoxide-induced 
follicle loss in mice. Reprod Toxicol 2008; 26: 
116-122.

[19]	 Roosa KA and Place NJ. Mate preference for 
dominant vs. subordinate males in young fe-
male Syrian hamsters (Mesocricetus auratus) 
following chemically-accelerated ovarian folli-
cle depletion. Physiol Behav 2015; 152: 41-
46.

[20]	 Regan SL, Knight PG, Yovich JL, Stanger JD, 
Leung Y, Arfuso F, Dharmarajan A and Almah-
bobi G. Infertility and ovarian follicle reserve 
depletion are associated with dysregulation of 
the FSH and LH receptor density in human an-
tral follicles. Mol Cell Endocrinol 2017; 446: 
40-51.


