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In women, the incidence of age-related diseases, including car-
diovascular disease, metabolic syndrome, certain cancers, and 
osteoporosis, increases substantially across the menopausal tran-
sition, beginning during perimenpause.17,25,26,30,31,35,38-40,44 Although 
the association of perimenopause with disease risks is well docu-
mented, a complete understanding of possible causal links and 
thus appropriate clinical management is not. Experimentally, the 
use of ovariectomized nonhuman primates and rodents has great-
ly advanced our understanding of postmenopausal hormone ef-
fects on the risk of certain age-related diseases.5,47 However, this 
surgical model has certain obvious limitations in that it 1) lacks 
an early transitional phase of perimenopause; 2) results in the 
absence of any residual ovarian tissue rather than a selective loss 
of follicular estrogen as in natural menopause; 3) and does not 
allow for any graded manipulation of an intact hypothalamic–pi-
tuitary–ovarian axis.

Therefore, a novel animal model in which the normal process 
of ovarian follicular atresia can be accelerated via administration 
of an ovotoxic chemical, 4-vinylcyclohexene diepoxide (VCD) 
is of great interest.14,15,27,28 The effects of VCD on ovarian follicles 

have been characterized thoroughly in mice and rats; VCD induc-
es atresia of primordial and primary ovarian follicles by disrupt-
ing follicular c-Kit signaling, thus greatly depleting the follicular 
reserve available for subsequent maturation.2,6,9,15,19,28,43 In mice, 
the reproductive sequelae of VCD-induced follicular atresia is 
an early increase in follicle-stimulating hormone (FSH) and ir-
regular cyclicity, followed within 2 mo by ovarian failure (per-
sistent diestrus) with low or undetectable estradiol, continued 
ovarian production of androstenedione, and persistent elevations 
in FSH.22,23,27,46 Therefore in mice, VCD induces a rapid transition 
to an acyclic estrogen-deplete state analogous to natural human 
menopause.1 In rats, the reproductive sequelae of VCD-induced 
follicular atresia have not been characterized. Unlike mice, rats 
normally experience a prolonged acyclic but estrogen-replete 
phase (persistent estrus) prior to frank ovarian failure.16,33,45 Dur-
ing persistent estrus, FSH levels are elevated, and 17β-estradiol 
levels are normal, a hormonal milieu similar to human perimeno-
pause.3,36 This scenario suggests that differential dosing of VCD 
in rats could be used to manipulate the timing, magnitude, and 
duration of hormonal changes that are analogous to human peri-
menopause. This hypothesis has not been explored previously, 
given that the only study to date of long-term effects of VCD in 
rats focused on changes in ovarian follicles rather than reproduc-
tive function.28
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(n = 18), and 160 mg/kg daily VCD (n = 29). Dosing was admin-
istered intraperitoneally (total volume, 0.1 to 0.3 mL) 5 times each 
week for a total of 25 doses. The VCD dosing regimens used were 
known to deplete follicles without toxicity in 28-d-old Fischer 
rats.15,13

Tissue collection. Rats were anesthetized by intraperitoneal ad-
ministration of 1 μL/g body weight of a mixture of 11 mg/mL 
xylazine, 33 mg/mL ketamine, and 1.3 mg/mL acepromazine 
[‘rabbit mix’]) prior to euthanasia either at the end of VCD dosing 
(PND 120 for adults or PND 68 for juveniles) or the end of the 
experiment. Because of unanticipated toxic effects of VCD when 
administered to 3-mo-old (adult) rats, these studies were termi-
nated after 1 y (12 mo [PND 355]). Because VCD was without evi-
dence of toxicity when administered to 1-mo-old rats (juveniles), 
these studies were continued for almost 2 y (20 mo [PND 604]). 
Kidneys, spleen, liver, and uterus were collected and weighed at 
time of euthanasia. Ovaries were removed, weighed, and fixed 
in Bouin solution (15 mL picric acid solution [1.3%], 5 mL form-
aldehyde [37%], and 1 mL glacial acetic acid) for 4 h before being 
transferred to 70% ethanol.28

Hematopoietic and chemical blood analyses. Blood was col-
lected by using a vacuum phlebotomy tube butterfly catheter 
(BD, San Jose, CA) from the inferior vena cava of a subset of rats 
immediately after VCD dosing and from remaining rats at the 
end of experiment. WBC counts were determined in EDTA-treat-
ed blood by using an automated analyzer (Hemavet 880, CDC 
Technologies, Oxford, CT), and cell differentials were determined 
by manual counting.10 Heparinized whole-blood samples were 
kept at 4 °C for at least 30 min before centrifugation, with aliquots 
of these plasma samples stored at 4 °C for less than 24 h prior 
to assay of creatinine and ALT by using an automated analyzer 
(Endocheck Plus Chemistry Analyzer, Hemagen Diagnostics, Co-
lumbia, MD).10

Histologic assessment of ovaries. Fixed ovaries were embedded 
in paraffin and sectioned serially (5-µm sections). Every 40th sec-
tion was stained with hematoxylin and eosin for follicular clas-
sification and counting.28 Follicles were categorized as primordial 
(oocyte surrounded by a single layer of flattened granulosa cells), 
small primary (oocyte surrounded by a single layer of 8 to 10 
round granulosa cells), large primary (oocyte surrounded by a 
single layer of more than 10 round granulosa cells), secondary 
(oocyte surrounded by 2 or more layers of round granulosa cells) 
or antral (an epithelial cavity surrounding the oocyte), by using 
standard criteria.7 The number of each type of follicle per treat-
ment group are reported as mean ± SEM of the total number of 
follicles identified per ovary, after counting of every 40th 5-µm 
section.

Vaginal cytology. To determine the effects of VCD on onset and 
duration of persistent estrus, reproductive status was monitored 
at approximately monthly intervals by daily assessment of vagi-
nal cytology during 7- to 10-d periods by using standard tech-
niques.11 Vaginal smears were considered to be in 1 of 4 stages: 
proestrus, estrus, metestrus, or diestrus. The onset of persistent 
estrus was assigned when an animal displayed more than 75% 
of days in the epithelial phase (proestrus or estrus).21 Data are 
expressed as incidence of persistent estrus per treatment group.

Immunoassays of reproductive hormones. Whole-blood samples 
were collected in the afternoon from either the tail vein or inferior 
vena cava (at time of euthanasia) immediately after completion 
VCD treatment and at approximately monthly intervals thereafter, 

To fill these knowledge gaps with the goal of determining 
whether VCD-treatment in rats can be used to model hormon-
al changes in human perimenopause, we undertook studies to 
characterize the long-term, dose-dependent effects of VCD on 
reproductive function, including screening for possible nonovar-
ian effects, in female Sprague–Dawley rats (Rattus norvegicus), a 
strain that has been a mainstay of menopausal research probing 
effects of ovariectomy on cardiovascular function, cancer, bone, 
and cognition.4,12,18,42 Here we administered VCD to 28-d-old 
rats, the age at which the follicular effects of VCD have been best 
described,15 and 3-mo-old rats, whose disease ‘target organs’ (for 
example, bone, breast) are more mature, an important consider-
ation when seeking to elucidate the hormonal effects on disease 
risk at these sites (that is, osteoporosis, breast cancer). Two doses 
of VCD were tested with the goal of identifying a treatment that 
would induce persistent estrus within months of treatment in 
Sprague–Dawley rats: 80 mg/kg daily, the only dose previously 
examined longitudinally in rats (Fischer 344), in which changes 
in cyclicity were documented at 1 y but not at 4 mo;28 and 160 
mg/kg daily, which induces follicular atresia without toxicity in 
Fischer 344 rats with unknown long-term sequelae with respect 
to reproductive function.13

Materials and Methods
Animal procedures. Female Sprague–Dawley rats (Harlan, In-

dianapolis, IN) were housed in clear polycarbonate cages with 
Sani-chip bedding (Harlan Teklad) and maintained on 12:12-h 
light:dark cycles at 22 ± 2 °C with ad libitum access to rodent diet 
(Harlan Teklad 8604) and reverse-osmosis–treated water. Rats 
were allowed to acclimate to the animal facility 1 wk prior to the 
start of intraperitoneal administration indicated dosing regimens 
of VCD or vehicle beginning at either 1 mo (peripubertal ‘juve-
niles’) or 3 mo (‘adults’) of age. During VCD treatment, rats were 
monitored daily for assessment of body weight and general ap-
pearance, including but not limited to respiratory rate, ambula-
tion, and grooming, and were euthanized if moribund. Blood was 
collected from all rats at harvest immediately after treatment or at 
the end of experiments to assess effects of VCD on immune, renal, 
and hepatic function. A veterinary pathologist blinded to treat-
ment groups performed necropsies, including histologic assess-
ment of vital organs, on sentinel animals (n = 1 to 2 per treatment 
group) immediately after completion of VCD treatment. All stud-
ies were performed in accordance with institutional guidelines 
and approved by the IACUC of The University of Arizona.

Administration of VCD to Sprague–Dawley rats. For all stud-
ies, VCD (Sigma-Aldrich, St Louis, MO) was dissolved in tissue-
culture–grade DMSO (Sigma-Aldrich) in a sterile fume hood at 
a concentration of 128.5 mg/mL and stored in sterile glass vials 
at −20 °C until use. In one set of experiments, 3-mo-old female 
adult rats (postnatal day [PND] 94) were assigned randomly to 
the following treatment groups: vehicle (DMSO; n = 38), VCD at 
80 mg/kg daily (low-dose VCD; n = 11), and VCD at 160 mg/kg 
daily (high-dose VCD; n = 40). Vehicle or VCD was administered 
intraperitoneally (total volume, 0.25 to 0.35 mL) for a total of 25 
doses, either on consecutive days or 5 times each week. Because 
ovotoxicity immediately after completion of VCD treatment was 
the same for both protocols (data not shown), these data were 
combined. In a second set of experiments, 1-mo-old female ju-
venile rats (PND 34) were assigned randomly to the following 
treatment groups: vehicle (DMSO; n = 24), 80 mg/kg VCD daily 
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Immediate and delayed effects of VCD on hematopoietic, he-
patic, and renal function. No adverse hematopoietic effects were 
noted in VCD-treated juvenile rats acutely or at the end of the ex-
periment (Table 1). In contrast, acute adverse effects on immune 
cells were present in adult rats that survived 25 d of high-dose 
VCD; WBC counts dropped (P < 0.01) due to lymphopenia (P 
< 0.01; Table 1) in association with decreased (P < 0.01) spleen 
weight as compared with that in controls (Table 2). In addition, a 
small but significant (P < 0.05) decrease in lymphocytes occurred 
acutely in adults treated with low-dose VCD (Table 1), with no 
change in spleen weight (Table 2). At end of experiment, however, 
no adverse immune effects were noted in adult rats surviving 
VCD treatment (Tables 1 and 2).

Liver weight was increased in juvenile rats treated with 
high-dose VCD, both acutely and at the end of the experiment 
(Table 2). However, liver function, as assessed by serum lev-
els of ALT, was normal at all times and doses in VCD-treated 
juvenile rats (Table 1). Liver function and weight also were 
normal in adult rats treated with low-dose VCD (Tables 1 and 
2). In contrast, adults surviving treatment with high-dose VCD 
rats had increased (P < 0.001) serum levels of ALT (Table 1) 
and increased (P < 0.001) liver weight (Table 2) immediately 
after completion of VCD treatment, as compared with controls. 
Histologic assessment of livers obtained immediately after 
treatment with high-dose VCD in adult rats revealed normal 
hepatic parenchyma in a rat with normal ALT, but an architec-
turally abnormal liver with vacuolar changes in hepatocytes 
and sinusoidal inflammatory infiltrates consistent with the 
documented increase in ALT in the other rat examined. How-
ever, at end of experiment, ALT levels were normal in adult 
survivors of high-dose VCD (Table 1).

Renal function, as assessed by serum creatinine levels, was nor-
mal at all times in VCD-treated rats of either age (Table 1). Kidney 
weights were also unchanged with VCD treatment, with the ex-
ception of increased (P < 0.05) kidney weight in high-dose VCD 
adult rats immediately after completion of treatment (Table 2).

Immediate and delayed effects of VCD on depletion of ovar-
ian follicles. Immediately after completion of VCD treatment in 
rats of either age, total follicle counts were significantly (P < 0.05) 
decreased in a dose-dependent fashion as compared with those 
in age-matched controls; high-dose VCD decreased the total fol-
licular count by 91% in juveniles (Figure 2 A) and 93% in adults 
(Figure 2 B), whereas low-dose VCD decreased the total follicular 
count by 71% and 82% in juveniles and adults, respectively (Fig-
ure 2 A and B). At this early time point, follicles of each type were 
decreased (P < 0.05) in all VCD-treated rats, with the exception 
of secondary follicles in low-dose VCD juveniles (Figure 2 A). In 
addition, ovarian weights in VCD-treated rats immediately after 
treatment were no different than those of age-matched vehicle-
treated controls (Table 2).

When adult rats surviving VCD treatment were followed for 
an additional 236 d (until 12 mo of age [PND 355]), total follicle 
counts were further decreased as compared with those in age-
matched controls (low-dose VCD: –97%, P < 0.001; high-dose 
VCD: –99%, P < 0.001), with the number of follicles of each type 
lower (P < 0.05) than those in vehicle-treated controls (Figure 2 D). 
Of note, during this period, the total number of follicles in control 
rats decreased (P < 0.001) by 64% with aging. Ovarian weights 
at end of experiment in VCD-treated adults were significantly 
(P < 0.05) decreased relative to those in age-matched controls 

beginning 3 to 4 mo after the start of VCD dosing. Blood was 
allowed to clot for 15 min at room temperature before centrifuga-
tion and storage of serum aliquots at −80 °C prior to assay. Serum 
17β-estradiol, androstenedione, and FSH concentrations were 
determined by radioimmunoassay immediately after completion 
of VCD treatment, at various times throughout the experiments, 
and at final harvest. Androstenedione and 17β-estradiol levels 
were measured by using a direct androstenedione competitive 
radioimmunoassay (sensitivity, 75 pg/mL) or an estradiol dou-
ble-antibody radioimmunoassay (sensitivity, 2.5 pg/mL), respec-
tively, according to manufacturer’s (Siemens Medical Solutions 
Diagnostics, Los Angeles, CA) protocol.22 Serum levels of FSH 
were determined by competitive radioimmunoassay (sensitiv-
ity, 500 pg/mL) using FSH standards and primary antibody ob-
tained from AF Parlow of the National Hormone and Peptide 
Program.28

Statistical analyses. Values are presented as the mean ± SEM ex-
cept where indicated. Statistical significance was determined by 
ANOVA with post hoc testing or unpaired t test by using InStat 
software (GraphPad Software, San Diego, CA) or log–rank testing 
for indicated survival curves and ANOVA with Newman–Keuls 
post testing for weight curves by using Prism software (Graph-
Pad Software).

Results
Immediate and delayed effects of VCD on survival and body 

weight. During the dosing period, acute dose-dependent effects 
of VCD (80 or 160 mg/kg daily) on body weight and mortality 
in juvenile (1 mo; Figure 1 A) and adult (3 mo; Figure 1 B) female 
Sprague–Dawley rats and compared with those of vehicle only. 
All juvenile rats survived VCD dosing (Figure 1 A), and aver-
age body weights for all groups increased overtime without any 
significant difference between groups (Figure 1 A, inset). In con-
trast, adult rats treated with either dose of VCD weighed less (P 
< 0.001) than did vehicle-treated controls throughout the dosing 
period (Figure 1 B, inset), with a final weight loss at end of dosing 
of less than 20% in high-dose VCD rats. Adult animals surviving 
high-dose VCD lost weight relative to baseline weights (P < 0.01), 
as compared with continued weight increases in vehicle-treated 
and low-dose VCD rats during the same period. Moreover, a sig-
nificant (P < 0.001) number of high-dose VCD adult rats (n = 10) 
died or were euthanized (n = 1) during treatment (76% survivor-
ship) as compared with no deaths in the vehicle or low-dose VCD 
groups (Figure 1 B). The cause of death in the 3-mo-old high-dose 
VCD rats was not immediately evident on gross inspection, given 
that these rats were indistinguishable from survivors, displaying 
weight loss without other evidence of moribund behavior prior 
to death.

During the 19-mo follow-up after the VCD dosing period, sur-
vival and body weights in juvenile rats treated with either dose of 
VCD remained the same as those in vehicle-treated rats (Figure 1 
C and inset). When adult rats that survived the VCD dosing pe-
riod were followed for an additional 9 mo, low-dose VCD did not 
significantly alter survival as compared with vehicle only (Fig-
ure 1D). Final survivorship in rats treated with high-dose VCD 
was 51% as compared with 100% in controls (P < 0.001; Figure 
1 D). Average body weights of adult Sprague–Dawley rats that 
survived treatment with low- or high-dose VCD rose quickly to 
match those of vehicle-treated animals (Figure 1 D, inset).
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depleted follicles, it had little effect on the onset or duration of 
persistent estrus. In contrast, high-dose VCD treatment at either 
age accelerated persistent estrus as compared with that in normal 
aging controls, speeding its onset or peak incidence or both 
(Figures 3 A and 4 A).

Dose-dependent effects of VCD on serum FSH. VCD treatment 
of Sprague–Dawley rats of either age caused dose-dependent in-
creases (P < 0.05) in FSH as compared with that in vehicle-treated 
control animals (Figure 3 B, juveniles; Figure 4 B, adults). In re-
sponse to high-dose VCD, the highest documented increase in 
FSH (Figure 3 B and 4 B) coincided with peak incidence of acceler-
ated persistent estrus in both juvenile and adult rats (5.2 and 8.6 
mo of age, respectively; Figures 3 A and 4 A). FSH levels in rats of 
either age treated with low-dose VCD were significantly (P < 0.05) 

(Table 2). Similar long-term effects of VCD on ovarian follicles 
were documented in juvenile rats, which were followed for an 
even longer period of time than adults (534 d after the last VCD 
dose, until 20 mo of age [PND 604]; Figure 2 C). With the excep-
tion of antral follicles in low dose VCD rats, follicles of each type 
were completely depleted in VCD-treated juvenile rats (Figure 2 
C), such that total follicle counts were decreased (P < 0.0001) by 
97% and 100% in low- or high-dose VCD animals, respectively, as 
compared with age-matched controls. At the end of experiments, 
ovarian weights, which had decreased over time in controls, were 
no different in VCD-treated compared with vehicle-treated rats 
(Table 2).

Dose-dependent effects of VCD on cyclicity. Although low-
dose VCD treatment of rats of either age significantly (P < 0.05) 

Figure 1. Mortality and body weights of juvenile and adult Sprague–Dawley rats treated with VCD. (A) Kaplan–Meier survival curve of juvenile rats 
during injection with vehicle (n = 24), low-dose VCD (n = 18), or high-dose VCD (n = 29). There were no significant differences between groups. Inset, 
Average body weights of juvenile rats. No significant differences between groups by ANOVA. (B) Kaplan–Meier survival curve of adult rats during 
injection with vehicle (n = 38), low-dose VCD (n = 11), or high-dose VCD (n = 40). ‡, P < 0.001 compared with control by log-rank testing. Inset, Average 
body weights of adult rats. ‡, P < 0.001 compared with controls over time by ANOVA with Newman–Keuls testing. (C) Kaplan–Meier survival curve 
of juvenile rats after completion of treatment with vehicle (n = 10), low-dose VCD (n = 12), or high-dose VCD (n = 12). There were no significant dif-
ferences between groups. Inset, Average body weights of juvenile rats. There were no significant differences between groups by ANOVA. (D) Kaplan–
Meier survival curve of adult rats after completion of treatment with vehicle (n = 17), low-dose VCD (n = 5), or high-dose VCD (n = 10). ‡, P < 0.001 
compared with controls by log-rank testing. Inset, Average body weights of adult rats in same treatment groups. No significant differences between 
groups by ANOVA.
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Table 1. Effects of VCD treatment on hematopoietic, hepatic, and renal function

Immediately after VCD At end of experiment 

Vehicle
VCD 80  

mg/kg/d
VCD 160  
mg/kg/d Vehicle

VCD 80  
mg/kg/d VCD 160 mg/kg/d

Juvenile rats

WBC (× 103/µL) 9.55 ± 1.06 8.32 ± 0.30 8.54 ± 0.56 3.95 ± 0.06 5.02 ± 0.40 7.24 ± 2.67

Lymphocytes (× 103/mL) 7.15 ± 0.73 6.35 ± 0.29 6.09 ± 0.26 2.93 ± 0.22 3.31 ± 0.23 3.26 ± 0.33

Neutrophils (× 103/mL) 2.07 ± 0.46 1.67 ± 0.18 2.102 ± 0.47 0.93 ± 0.18 1.59 ± 0.22 3.63 ± 2.12
Hematocrit (%) 41.24 ± 1.73 50.1 ± 1.00c 42.76 ± 1.91 37.47 ± 3.27 41.1 ± 0.64 36.74 ± 1.25
ALT (U/L) 38.27 ± 1.92 35.51 ± 1.31 43.47 ± 3.24 37.93 ± 8.27 29.61 ± 4.31 23.52 ± 6.11
Creatinine (mg/dL) 0.20 ± 0.02 0.18 ± 0.03 0.2 ± 0.02 0.23 ± 0.12 0.34 ± 0.02 0.32 ± 0.02

Adult rats

WBC (× 103/µL) 10.79 ± 0.64 9.092 ± 1.35 5.44 ± 0.45b 6.16 ± 0.39 5.82 ± 0.24 7.35 ± 0.89

Lymphocytes (× 103/mL) 7.85 ± 0.19 6.01 ± 0.45a 2.99 ± 0.30b 4.61 ± 0.28 3.87 ± 0.20 4.9 ± 0.49

Neutrophils (× 103/mL) 2.72 ± 0.45 2.73 ± 0.95 2.78 ± 0.67 1.58 ± 0.43 1.59 ± 0.09 2.12 ± 0.48
Hematocrit (%) 44.04 ± 0.76 42.56 ± 0.81 40.49 ± 1.43 45.69 ± 1.25 44.80 ± 2.39 45.09 ± 1.43
ALT (U/L) 26.13 ± 1.56 21.10 ± 4.16 55.63 ± 4.65b 18.78 ± 2.93 21.10 ± 3.91 24.27 ± 6.15
Creatinine (mg/dL) 0.24 ± 0.02 0.28 ± 0.04 0.27 ± 0.02 0.29 ± 0.02 0.36 ± 0.02 0.34 ± 0.02

Data are expressed as mean ± SEM in animals immediately after 25 d of treatment (n = 5 to 17 per group; juvenile rats, PND 68; adult rats, PND 120) 
and at the termination of the experiment (n = 3 to 10 per group; juvenile rats, 20 mo of age; adult rats, 12 mo of age). Statistical significance was 
determined by ANOVA.
aP < 0.05 compared with value for vehicle-only group.
bP < 0.05 compared with values for rats receiving vehicle or 80 mg/kg VCD daily.
cP < 0.05 compared with values for rats receiving vehicle or 160 mg/kg VCD daily.

Table 2. Effects of VCD treatment on organ weights (% of body weight)

Immediately after VCD End of experiment

Vehicle
VCD 80  

mg/kg/d
VCD 160  
mg/kg/d Vehicle

VCD 80  
mg/kg/d

VCD 160  
mg/kg/d

Juvenile rats
Body weight (g) 205.3 ± 2.55 195.8 ± 3.29 185.3 ± 2.82 332 ± 20.78 333.5 ± 3.9 333.6 ± 11.5
Spleen 0.38 ± 0.01 nd 0.37 ± 0.01 0.30 ± 0.05 0.21 ± 0.01 0.30 ± 0.05
Liver 3.54 ± 0.10 nd 4.34 ± 0.10a 2.56 ± 0.15 2.55 ± 0.08 3.00 ± 0.14b

Kidney 0.34 ± 0.04 nd 0.42 ± 0.01 0.33 ± 0.01 0.36 ± 0.01 0.34 ± 0.01
Ovary 0.02 ± 0.001 nd 0.02 ± 0.002 0.01 ± 0.001 0.01 ± 0.002 0.01 ± 0.001
Uterus 0.19 ± 0.02 nd 0.18 ± 0.02 0.28 ± 0.05 0.32 ± 0.03 0.34 ± 0.02

Adult rats
Body weight (g) 248.4 ± 1.84 240.5 ± 2.58 208.3 ± 8.19b 280.8 ± 5.42 271 ± 9.3 285 ± 5.35
Spleen 0.34 ± 0.01 0.36 ± 0.01 0.28 ± 0.02b 0.31 ± 0.03 0.34 ± 0.02 0.30 ± 0.02
Liver 3.29 ± 0.07 3.62 ± 0.15 4.26 ± 0.14b 2.55 ± 0.11 2.55 ± 0.11 2.90 ± 0.10
Kidney 0.36 ± 0.01 0.37 ± 0.02 0.39 ± 0.01a nd nd nd

Ovary 0.02 ± 0.002 0.02 ± 0.012 0.02 ± 0.002 0.02 ± 0.001 0.01 ± 0.001a 0.01 ± 0.001a

Uterus 0.23 ± 0.02 0.17 + 0.02 0.16 ± 0.01a 0.34 ± 0.08 0.37 ± 0.04 0.26 ± 0.02

nd, not done
Tissue weights are expressed as percentages (mean ± SEM) of total body weight in animals immediately after 25 d of treatment (n = 5 to 17 per group; 
juvenile rats, PND 68; adult rats, PND 120) and at the termination of the experiment (n = 3 to 10 per group; juvenile rats, 20 mo of age; adult rats, 12 mo 
of age). Statistical significance was determined by ANOVA or unpaired t test.
aP < 0.05 compared with value for vehicle group.
bP < 0.05 compared with values for rats given vehicle or 80 mg/kg VCD daily.
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in controls throughout the experiment (Figure 3D). In VCD-treat-
ed adults (Figure 4 D), androstenedione levels after high-dose 
VCD were increased (P < 0.001) immediately after treatment, as 
compared with those in control or low-dose VCD rats, but were 
no different than levels in vehicle-treated controls or low-dose 
VCD rats by the end of the experiment.

Discussion
In the fields of osteoporosis, cardiovascular disease, and can-

cer, our ‘estrogen-centric’ view of diseases that increase in inci-
dence at the start of the menopausal transition is increasingly 
being challenged as roles for additional reproductive hormones 
in these disease processes are uncovered.20,32,34,37 This shift is par-
ticularly true for perimenopause, given that human studies over 

increased as compared with those of age-matched controls (Fig-
ures 3 B and 4 B), despite the lack of a marked change in cyclicity 
(Figures 3 A and 4 A).

Effects of VCD on serum levels of ovarian steroid hormones. Se-
rum 17β-estradiol levels in VCD-treated rats of either age were no 
different than those of age-matched controls and were unchanged 
over time within each treatment group, including controls (Fig-
ures 3 C and 4 C). Consistent with this lack of change in estradiol 
levels, uterine weights did not change over time in control rats 
and remained unaltered at 12 or 20 mo of age in adult or juvenile 
VCD-treated rats, respectively, as compared with age-matched 
controls (Table 2). As with estradiol, androstenedione levels in 
vehicle-treated controls were unchanged over time (Figures 3 D 
and 4 D). In VCD-treated juveniles, androstenedione levels, al-
though highly variable, were not statistically different from those 

Figure 2. Dose-dependent depletion of ovarian follicles by VCD in juvenile (1 mo) and adult (3 mo) female Sprague–Dawley rats. Follicle number per 
ovary (mean ± SEM) are reported for end of VCD treatment or end of the experiment. (A) Ovarian follicle counts in juvenile rats immediately posttreat-
ment with vehicle (n = 5), low-dose VCD (n = 6), or high-dose VCD (n = 6). *, P < 0.05 compared with vehicle; $, P < 0.05 compared with vehicle or 80 
mg/kg/d VCD. (B) Ovarian follicle counts in adult rats immediately after treatment with vehicle (n = 17), low-dose VCD (n = 5), or high-dose VCD (n 
= 17). *, P < 0.05 compared with vehicle. (C) Ovarian follicle counts in 20-mo-old juvenile rats, 18 mo after completion of VCD treatment with vehicle 
(n = 3), low-dose VCD (n = 4), or high-dose VCD (n = 4). *, P < 0.05 compared with vehicle. (D) Ovarian follicle counts in 12-mo-old adult rats at 8 mo 
after completion of VCD treatment with vehicle (n = 15), low-dose VCD (n = 5), or high-dose VCD (n = 7). *, P < 0.05 compared with vehicle.
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assessing disease risks during perimenopause are limited by the 
lack of a rodent model.

The studies presented here, which are unique in their detailed 
examination of longitudinal dose-dependent changes in repro-
ductive hormones in response to VCD in rats, provide the first 
evidence that this treatment can be used to model and manipu-
late a hormonal milieu analogous to human perimenopause. The 
current studies demonstrate that this experimental model can 
reproduce important characteristics of the perimenopausal tran-

the last decade have revealed that this period is not characterized 
by declining estradiol levels, as previously thought, but rather is 
an estrogen-replete state.3,36 Therefore, unlike those during meno-
pause, disease risks during perimenopause cannot be attributed 
to a lack of estrogen. This difference raises important questions 
about the hormonal pathogenesis of disease processes specific to 
this transitional period, such as the onset of osteoporotic bone loss 
that begins in perimenopause and accounts for 40% of a woman’s 
lifetime loss of trabecular bone.31,38 However, preclinical studies 

Figure 3. Effects of VCD on reproductive function and hormones when administered to 1-mo-old Sprague–Dawley rats. (A) Cyclicity in juvenile rats 
treated with vehicle (n = 3 to 17), low-dose VCD (n = 10 to 12), or high-dose VCD (n = 4 to 12), expressed as the incidence of persistent estrus (at least 
75% of days in epithelial phase determined by days in proestrus and estrus). (B) Serum FSH levels in rats treated as juveniles with vehicle (n = 3 to 
10), low-dose VCD (n = 5 to 12), or high-dose VCD (n = 4 to 12). Within each treatment group, FSH levels in aging rats were significantly (P < 0.05) 
increased over baseline (2.4 mo), except for high-dose VCD rats at 13 and 20 mo. *, P < 0.05 compared with vehicle; †, P < 0.01 compared with vehicle; 
‡, P < 0.001 compared with vehicle. (C) Serum 17β-estradiol levels in rats treated as juveniles with vehicle (n = 3 to 10), low-dose VCD (n = 5 to 10), or 
high-dose VCD (n = 4 to 6). No significant differences were observed between treatment groups by ANOVA or unpaired t test as appropriate, nor were 
significant differences detected within any treatment group as compared with baseline (2.4 mo cycling animals). (D) Serum androstenedione levels in 
rats treated as juveniles with vehicle (n = 3 to 10), low-dose VCD (n = 5 to 10), or high-dose VCD (n = 4 to 6). No significant difference was observed 
between or within groups.
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and are estrogen-deplete but with continued androstenedione 
production, thus modeling a rapid transition to a state analogous 
to natural (compared with surgical) human menopause.3 The 
prolonged estrogen-replete phase of persistent estrus normally 
occurring in Sprague–Dawley rats, but not mice,45 is undoubt-
edly a critical factor accounting for the contrasting ability of VCD 
to modulate the onset and magnitude of prolonged periods of 
increased FSH in estrogen-replete Sprague–Dawley rats, thus 
modeling perimenopause rather than natural menopause. Fur-

sition; that is, a phase of persistently elevated FSH occurring in 
estrogen- and androgen-replete women who are not yet oocyte-
deplete.1 Therefore, VCD acceleration of follicular depletion in 
Sprague–Dawley rats appears to be a uniquely appropriate ex-
perimental model of human perimenopause, a critical phase in a 
women’s reproductive life for which, to our knowledge, no other 
rodent model exists. VCD effects in Sprague–Dawley rats can be 
contrasted to those previously documented in mice.22,23,27,46 Within 
2 mo of initiating VCD treatment, mice are in persistent diestrus 

Figure 4. Effects of VCD on reproductive function and hormones when administered to 3-mo-old Sprague–Dawley rats. (A) Cyclicity in adult rats 
treated with vehicle (n = 3 to 17), low-dose VCD (n = 5), or high-dose VCD (n = 7 to 10), expressed as incidence of persistent estrus. (B) Serum FSH levels 
in rats treated as adults with vehicle (n = 5 to 11), low-dose VCD (n = 5), or high-dose VCD (n = 5 to 8). In control rats, FSH levels did not change over 
time (compared with 4.1 mo), as assessed by ANOVA. *, P < 0.05 compared with vehicle. (C) Serum 17β-estradiol (E2) levels in rats treated as adults 
with vehicle (n = 5 to 15), low dose VCD (n = 5), or high dose VCD (n = 3 to 10). No significant differences were observed between treatment groups, 
nor were significant differences detected within any treatment group as compared with initial values at 4.1 mo. (D) Serum androstenedione levels in 
rats treated as adults with vehicle (n = 5 to 17), low-dose VCD (n = 5), or high-dose VCD (n = 7 to 10). In control rats, androstenedione levels did not 
change over time (compared with levels at 4.1 mo), as assessed by Student t test. Within each VCD treatment group, androstenedione levels declined 
at the later time point (12 mo, P < 0.01) but were no different than those in age-matched controls. At 4.1 mo, androstenedione levels in high-dose VCD 
rats were increased as compared with age-matched controls. ‡, P < 0.001.
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a high or intermediate VCD dose) may extend the dosing range 
of VCD in adult Sprague–Dawley rats to examine, for example, 
concentration-dependent effects of increased FSH on a disease or 
disease risk in more developmentally mature animals.

Because, as demonstrated here, VCD can be used to manipu-
late the age at onset of hormonal changes analogous to human 
perimenopause, this model could be used to examine the relative 
roles of aging itself compared with hormonal shifts in contribut-
ing to disease risks associated with the menopausal transition. 
Similarly, the perimenopausal hormone profile induced by VCD 
in Sprague–Dawley rats might serve as a useful model for prob-
ing key clinical questions such as the relative risk of cardiovascu-
lar disease associated with hormone replacement therapy in the 
perimenopausal compared with late postmenopausal periods, a 
dilemma raised by results of the Women Health Initiative.39 The 
potential use of this rat model to explore cardiovascular disease 
risk is of particular interest in light of emerging evidence that 
nonsteroidal ovarian hormones (for example, activins) may play 
a role in atherosclerosis.20,32 Similarly, a recent intriguing report of 
specific expression of functional FSH receptors in the neovascula-
ture of human breast carcinomas37 points to the potential experi-
mental importance of an estrogen-replete model of elevated FSH 
(that is, perimenopause) as we continue to explore the role of re-
productive hormones in the pathogenesis of diseases that peak in 
incidence during the menopausal transition. Lastly, because VCD 
dosing can be used to modulate the magnitude of elevations in 
key reproductive hormones, such as FSH, dose-dependent effects 
of these hormones can now be investigated in animals whose 
hypothalamic–pituitary–ovarian axis remains essentially intact. 
Therefore, the VCD model in Sprague–Dawley rats appears to 
provide a unique tool, when used alone or in comparison to the 
well-studied ovariectomized Sprague–Dawley rat model, to ex-
tend our knowledge of the interplay of hormones, aging, and 
disease risk in women across the menopausal transition.
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