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 Background: Obesity causes several health complications along with disruption of the reproductive system. The aim of the 

current study was to determine how long-term intake of very high fat diet (VHFD) changes the hormonal mi-

lieu, affecting the cellular morphology and reproductive cycle in female mice.

 Material/Methods: Mice were fed on normal diet (ND) and VHFD for 2 weeks, 12 weeks, and 25–27 weeks. We assessed changes 

in body weight, food consumption, energy intake, cellular and tissue morphology, hormonal levels (leptin, in-

sulin, and estradiol), and vaginal smears were performed at various time points to determine the length and 

cellularity at each stage of the estrous cycle.

 Results: Mice fed on VHFD showed a significant increase in weight gain, reduction in food intake, and increase in ener-

gy intake compared to animals fed on ND, indicating that the caloric density of the diet is responsible for the 

differences in weight gain. Hormonal analysis showed hyperleptinemia, hyperinsulinemia, and increases in es-

trogen levels, along with increases in size of the islet of Langerhans and adipocytes. After 25–27 weeks, all an-

imals fed on VHFD showed complete acyclicity; elongation of phases (e.g., diestrous), skipping of phases (e.g., 

metestrous), or a combination of both, indicating disruption in the reproductive cycle. Quantitative analysis 

showed that in the diestrous phase there was a 70% increase in cell count in VHFD compared to animals fed 

on ND.

 Conclusions: The above results show that morphological and hormonal changes caused by VHFD probably act via negative 

feedback to the hypothalamic-pituitary axis to shut down reproduction, which has a direct effect on the es-

trous cycle, causing acyclicity in mice.
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Background

Obesity has become a worldwide epidemic [1,2]. The World 

Health Organization (WHO) estimated that approximately 1.1 

billion people globally are overweight and 320 million are 

obese [3]. Obesity is not limited to adults; childhood obesity 

has been increasing exponentially and has become a major 

concern in most developed countries [4,5]. Obesity is associ-

ated with many health complications and diseases, including 

type 2 diabetes, stroke, heart disease, hypertension, and can-

cer [6]. The primary cause of obesity is energy intake great-

er than energy expenditure [7,8]. Energy intake can be in-

creased by consuming larger portion sizes, and energy-dense 

foods (foods high in sodium, fat, and sugar) [9]. There are 

also several studies that have shown that diet composition, 

particularity high dietary fat intake, promotes obesity in hu-

mans [10,11] and mice [7].

Recent studies have shown that obesity can cause disruptions 

in the reproductive system [12–14]. Childhood obesity causes in-

creased risk of menstrual disorders at adolescence [15]. Women 

with obesity are more likely to have menstrual irregularities 

and higher risk of miscarriages [12,16]. Distinct changes in cir-

culating hormones like leptin and insulin appear to underlie 

these abnormalities and are associated with disorders related 

to feeding and reproduction. Leptin, a hormone secreted from 

adipose tissue, inhibits food intake, regulates reproduction, and 

controls homeostasis [17–19]. In the absence of an active form 

of leptin, rodents are usually hyperphagic, obese, have overac-

tive neuropeptide Y (NPY) neurons, and are infertile [20–22]. 

Similar maladies are seen in women with chronically low circu-

lating leptin levels, including menstrual abnormalities and re-

productive failure [23]. Lower leptin levels are also seen in an-

ovulatory and normal-weight amenorrheic females [24]. Similar 

to leptin, insulin, a hormone secreted by the pancreas, is also 

associated with obesity and reproduction [25–27]. Insulin re-

sistance causes reproductive infertility [28,29].

The role of the hypothalamic-pituitary-gonadal (hpg) axis in the 

development and regulation of the reproductive system is tre-

mendous. Gonadotropin-releasing hormone (GnRH), a hormone 

released from the hypothalamus, travels down to the anterior 

pituitary to regulate the production of 2 hormones: luteinizing 

hormone (LH) and follicle-stimulating hormone (FSH). LH and 

FSH then act on the ovaries to produce estrogen and proges-

terone, which are used to regulate the menstrual and ovari-

an cycles [30,31]. Increases in body weight lead to changes in 

the release of gonadotropins and gonadal hormones [13,32].

Females go through a menstrual cycle that lasts 28±2 days but 

for mice an estrous cycle is typically 4–5 days in length. The es-

trous cycle is distinguished by 4 different phases: proestrous, 

estrous, metestrous, and diestrous. Each phase is characterized 

by the presence of different types of cells (nucleated, corni-

fied, leukocytes, or a combination of all 3 cells). Vaginal smears 

can be used to monitor the stages of the estrous cycle [33].

The current study aimed to determine whether prolonged use 

of VHFD, which affects the body weight, energy consumption, 

cellular, and tissue morphology and hormonal profile, also re-

sults in changes in the reproductive cycle in female mice. This 

would help to understand whether prolonged intake of a HF 

diet can lead to reproductive disorders in women.

Material and Methods

Animals and diet

Fourteen wild-type (C57BL/6J) female mice, age 14-16 weeks, 

were randomly divided to receive either normal diet (ND, n=6) 

or VHFD (n=8). The ND consisted of 62% kcal carbohydrate, 

25% kcal protein, 13% kcal fat, and 3.07 kcal/g energy den-

sity (Rodent Diet 20 5053, Pico Lab). The VHFD consisted of 

20% kcal carbohydrate, 20% kcal protein, 60% kcal fat, and 

5.24 kcal/gm energy density (D12492, Research Diets). Animals 

were housed individually in a colony room, with a partially re-

versed light cycle of 14:10 (lights on at 2300 h and lights off 

at 1300 h), room temperature 21–22°C (70–72oF), humidity 

40–50%, and ad libitum access to food and water. Animals 

were fed for 25–27 weeks. Body weights were recorded daily 

with a digital electronic balance for 24 weeks. Food consump-

tion was estimated at the end of 2 weeks, 12 weeks, and 24 

weeks by providing pre-weighed food on a specific day and 

subtracting the weight of the left-over food on that day. Body 

weights and food consumption were not measured after 24 

weeks because animals were decapitated on different days 

depending on the completion of the estrous cycle. All animal 

protocols were approved by the Institutional Animal Care and 

Use Committee at Adelphi University and studies were con-

ducted in accordance with the Guide for the Care and Use of 

Experimental Animals.

Assessment of estrous cycle

The progression of the estrous cycle was assessed by vagi-

nal smears after female mice were fed on ND or VHFD for 2 

weeks, 12 weeks, and 25–27 weeks. Since animals on VHFD 

showed elongation of estrous cycle, vaginal smears were per-

formed until all animals completed the estrous cycle (starting 

and ending at the same phase). The entire cycle was repeat-

ed to verify the length of the cycle. Since VHFD animals were 

cycling differently, a 2-week period was required to complete 

the whole process. Smears were performed at between 11:00 

am and 12:00 noon. By inserting the tip into the mouse va-

gina, vaginal secretions were collected with a plastic pipette 
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filled with 10 µl of normal saline (0.9% NaCl). The process was 

done carefully so that the pipette is not inserted too deep in 

the vagina, which could cause cervical stimulation and result 

in pseudopregnancy [34,35]. Saline was quickly released and 

immediately drawn back into the syringe.

The vaginal smear containing cells was placed on an untreat-

ed glass microscopic slide and viewed at 200× and 400× mag-

nification. The stage within the estrous cycle was determined, 

number of cells quantified, and images were taken using a 

Spot Insight camera mounted on a Zeiss microscope (Axioskop, 

Germany). The Papanicolaou (PAP) staining kit (Thermo Electron 

Corp., Pittsburg, PA) was used to stain the vaginal smear us-

ing the methodology suggested by the manufacturer. An aver-

age of the cycles was used to quantify the different cell pop-

ulations at each stage of the estrous cycle. Ten random fields 

per slide were viewed and counted for nucleated, leukocytic, 

and cornified cells.

Leptin, insulin, and estradiol assay

Female mice on ND and VHFD were sacrificed by decapita-

tion at 15:00 h at around 25–27 weeks to assess the levels of 

leptin, insulin, and estradiol in serum. All animals were sacri-

ficed at the proestrous stage, which is the stage at which the 

levels of estradiol are lowest [31]. Trunk blood was collected, 

allowed to clot, and centrifuged, and the resulting serum was 

stored at –20°C to assay for leptin, insulin, and estrogen. Serum 

leptin and insulin were assayed using the Radioimmuno Assay 

kit (Millipore, LIPCO) by New York Obesity Research Center, 

Hormone & Metabolite Core Laboratory, University Hospital 

of Columbia University College of Physicians & Surgeons. The 

b-estradiol concentration in serum was measured using an 

Enzyme Immuno Assay kit (Enzo Life Sciences). The Inter-assay 

precision percentage for leptin, insulin, and estradiol was 3–5.7, 

8.5–9.4, and 8.3–14.2, respectively, and the intra-assay preci-

sion percentage was 2–4.6, 1.4–4.6, and 2.1–5.7, respectively.

Biopsy of different organs

Tissue of appropriate size was dissected out and wrapped in 

lens paper, marked with a pencil, and placed in formalin over-

night. The next day, tissues were placed in cassettes and dipped 

again in formalin and then sent to Cross Island Laboratories 

for biopsy. Representative sections were taken from the pan-

creas (5×3×2 mm) and adipose tissue (1×1×0.5 cm) and pho-

tographed at 200×.

Statistical analysis

Statistical analysis was done to compare variables among ND 

and VHFD animals using ANOVA (JMP software, version 7, SAS 

Institute Inc., Cary, NC). Results are presented as average ±SEM. 

Effects were considered significant at p<0.05.

Results

Changes in the body weight

There was an increase in the body weight for both ND and 

VHFD mice during the time period studied (Figure 1). The weight 

gain was much greater in VHFD than in ND mice (p<0.0001, 

24 weeks). Animals fed on a ND showed an average 8% in-

crease and VHFD mice showed an increase of about 105% of 

body weight over a period of 24 weeks.

Food consumption and energy intake

VHFD animals showed lower food intake when compared to 

ND animals (Table 1). However, total energy intake by animals 

on VHFD was significantly higher than in ND mice at both 12 

and 24 weeks. The total protein energy intakes in VHFD at 

all time points were similar. However, the intake of energy 

from fat was significantly higher in VHFD animals. The energy 

Figure 1.  Changes in the body weight when 

mice were fed on Normal diet (ND) 

and Very high-fat diet (VHFD) for 24 

weeks. Values are average ±SEM.
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intake from carbohydrates was significantly higher in ND than 

in VHFD mice (Table 1).

Leptin, insulin, and estradiol levels in different mouse 

models

Serum leptin, insulin, and estradiol levels were measured at 

25–27 weeks of age. As shown in Table 2, leptin, insulin, and 

estrogen levels were significantly higher in VHFD mice com-

pared to ND mice. The increases were about 8-, 10-, and 2-fold 

for leptin, insulin and, estradiol levels, respectively, in VHFD 

fed animals compared to ND.

Pathomorphological changes

a)  Pancreas: Light microscopic analysis of pancreatic islets from 

animals on ND showed circular, oval, or elongated shapes 

with a thin connective sheath surrounding each islets. No 

inflammation was observed in animals fed on ND for 25–27 

weeks. The islets of VHFD showed marked morphological 

changes with significant increase in the size (hypertrophy) 

compared to ND within 25-27 weeks (Figure 2).

b)  Adipose: There was increase in the size of adipocytes in 

VHFD over a period of 25-27 weeks. Microscopic analysis 

showed adipocytes with nucleus on the side. In VHFD the 

size of the cell increased significantly with the change in the 

shape of the cell (Figure 2).

Changes in the cellular morphology in estrous cycle: 

qualitative and quantitative assessment

Mouse fed on ND for 2 weeks, 12 weeks and 25–27 weeks 

showed 4–5 day cycles (proestrous, estrous, metestrous, dies-

trous) with proestrous phase showing nucleated cells stained 

dark purple, granulated nuclei with pink or blue cytoplasm sur-

rounded with a blue rim, estrous phase; pale orange and pink 

stained cornified cells and leukocytic cells stained blue were 

visible, metestrous phase; dark blue stained leukocytic cells 

were usually seen in clusters, diestrous phase; similar profile 

as that of metestrous but with fewer leukocytic cells (Figure 3).

VHFD fed animals showed all 3 stages in sequence similar to 

ND fed animals during the first 2 weeks indicating no change. 

Gradually animals started showing abnormalities in the phas-

es. By 25–27 weeks, ND fed animals still showed the 3 phases 

but VHFD fed mice showed abnormalities in phases; elongation 

of phases (e.g. diestrous for 4 consecutive days), skipping of 

phases (e.g. metestrous), or a combination of both indicating 

Time Diet
Food consumed 

(g)

Total energy 

intake (kcal)

Total 

fat (kcal)

Total 

protein (kcal)

Total 

carbohydrates 

(kcal)

2 Weeks
ND  35±3.1  103±5.1  14±0.6  26±1.1  67±2.9*

VHFD  21±1.9**  123±10.0  66±5.5**  22±1.8  22±1.8

12 Weeks
ND  31±1.8  97±6.8  12±0.5  23±0.8  60±2.2*

VHFD  21±1.3**  112±19*  66±2.2**  22±0.8  22±0.8

24 Weeks
ND  29±1.2  96±0.0  12±0.5  24±0.6  56±1.3*

VHFD  23±1.2**  120±7.3**  71±2.4**  22±0.8  24±0.8

Table 1. Food intake by mice on Normal diet (ND) and Very high fat diet (VHFD) at various time points.

Values are average ±SEM. Statistical analysis using ANOVA showed the following level of significance between animals fed on ND and 

corresponding VHFD. Level of significance ** p<0.0001 and * p<0.001.

Hormones Leptin (ng/ml) Insulin (pg/ml) Estradiol (ng/ml)

ND  2.2±0.2  0.25±0.0  0.3±0.0

VHFD  16.7±0.7**  2.5±0.4**  0.5±0.0**

p value showing significance 

between ND and VHFD
p<0.0001 p< 0.0003 p<0.0007

Table 2. Hormonal levels of mice fed on Normal diet (ND) and Very high fat diet (VHFD) for 25–27 weeks.

Values are average ±SEM. Statistical analysis using ANOVA showed the following level of significance between animals fed on ND and 

corresponding VHFD. Level of significance ** p<0.0001 and * p<0.001.

1604
Indexed in: [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]  
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]  
[Chemical Abstracts/CAS] [Index Copernicus]

Chakraborty T.R. et al: 
Changes in estrous cycle with high fat

© Med Sci Monit, 2016; 22: 1601-1608
ANIMAL STUDY

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



disruption in the reproductive cycle (Figure 3). Quantitative cel-

lular counts showed significant elongation of diestrous phase 

(70% increase in cell count between animals fed on ND and 

VHFD for 25–27 weeks). By 25–27 weeks the cycles were 7–8 

days in VHFD animals compared to the 4-5 days seen in nor-

mal cycling animals (Figures 3, 4).

Discussion

This study was undertaken to observe the effects of long term 

(2 weeks, 12 weeks and 25–27 weeks) use of VHFD on repro-

ductive cycle in a rodent model which was equivalent to human 

age; 1.25 years (childhood), 7 years (pre-teen) and 17.5 years 

(teen). The result addresses 3 major points: 1. In female mice, 

diet-induced obesity (DIO) results in an increase in body weight 

related to the energy content and not the quantity of food con-

sumed. Reduced amount of food intake in VHFD animals was 

not able to completely compensate for the increased ener-

gy density, so little change in energy intake was observed; 2. 

Significant increases in the leptin and insulin release was re-

lated to the cellular morphology and size (islets of Langerhans 

and adipose tissue) in VHFD animals; 3. Prolonged feeding of 

VHFD to female mice results in disruption of the estrous cycle.

The regulation of body weight involves diet and genetic make-

up [36]. High Fat Diet (HFD) induces an energy surplus that causes 

obesity [6]. Results indicate that the increase in body weight 

was not due to the quantity of food intake but due to the high 

energy content of the food. Mice on HFD showed a broad range 

of body fat with increases in the leptin levels. The decrease in 

food consumption in VHFD animals compared to animals on 

ND could be due to increased leptin and insulin levels [37,38]. 

However, the energy intake was not affected by the increas-

es in the hormonal level. It appears that leptin suppresses the 

amount of food intake but has little effect on the caloric intake.

Figure 2.  Pancreatic islets and adipocytes stained with hematoxylin-eosin stain: Representative pancreatic islets and adipocytes show 

increase in size in animals fed on VHFD at 25-27 weeks. Microphotographs taken at 200×.
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The reproductive cycles in humans or the estrous cycle in mice 

are both under the influence of the hpg axis [39,40]. The ef-

fects are most drastic during puberty. The increase in estro-

gen in VHFD mice could be due to an increase in the adipose 

tissue, which produces aromatase and thereby increases the 

conversion of testosterone to estradiol [41]. Long-term obesity 

leads to decreased hepatic inactivation by estrogen 2-hydrox-

ylation, which also causes increases in estradiol levels in blood. 

2 weeks
ND

Day 1 of
PAP smear

Day 2 of
PAP smear

Day 3 of
PAP smear

Day 4 of
PAP smear

Day 5 of
PAP smear

Day 6 of
PAP smear

2 weeks
VHFD

25–27 weeks
ND

25–27 weeks
VHFD

Figure 3.  Representative animals showing cellular changes across the estrous cycle on ND and VHFD for 2 weeks (1st and 2nd column), 

and 25–27 weeks (3rd and 4th column). Stages of estrous Cycle, metestrous – M, diestrous – D, proestrous – P, and estrous 

– E. Cells in the different phases of the estrous cycle are denoted by nucleated cells – N, cornified cells – C, and leukocytic 

cells – L at 400× magnification. Elongation of phases in VHFD animals and repeated diestrous phase are indicative of the 

disruption of estrous cycle.
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Moreover, the adipoinsular axis may be affected by the increas-

es in size of adipose and islet size, which leads to increases in 

the release of insulin and leptin, causing lowering of sex hor-

mone-binding protein levels, resulting in increased bio-avail-

ability of estrogen in blood [42,43]. In rats, DIO results in lack 

of LH surge [44] along with reduced LH levels after treatment 

with HF for 180 days. It has also been reported that the lev-

els of progesterone are increased when rats are treated with 

HFD for 180 days [45]. Thus, it appears that decreases in the 

LH levels with reduced LH surge in conjunction with increased 

progesterone and estradiol levels results in the elongation of 

estrous cycle and acyclicity, leading to reduced reproductive 

function. Once these changes have occurred, even reversing 

the diet from HF to ND does not change the reproductive ca-

pacity, although several metabolic parameters may return to 

normal levels [46]. This shows that the adverse effects of HF 

are more severe and irreparable in reproductive tissues than 

any other affected tissues.

Leptin acts as a metabolic factor linking fat with reproduc-

tion. Leptin has been linked with multiple factors that lead 

to pulsatile release of GnRH [47]. When the levels of leptin 

are chronically high, the actions of leptin on reproduction are 

probably disrupted. This may be due to impaired flow of leptin 

through the blood-brain barrier [48] or perhaps the lower ex-

pression of leptin receptor or leptin itself causes ‘leptin-induced 

leptin resistance’. All of the above factors reduce the availability 

of leptin in the CNS, affecting the hypothalamus, which in turn 

affects the release of GnRH, damping the cyclicity. Our previ-

ous research [39,49] has shown that ob/ob mice lacking leptin 

and Agouti mice with chronically high leptin levels are acyclic, 

and our current study shows that animals fed with VHFD de-

velop chronically high leptin levels and are also acyclic. These 

results suggest that leptin is required in optimal concentra-

tions but is not the sole determining factor for reproduction.

Leptin and insulin together have been implicated in GnRH se-

cretion [50,51]. We therefore speculate that when insulin is pro-

duced in chronically high amounts (hyperinsulinemia), it prob-

ably causes GnRH to release tonically or causes an increase in 

pulsatility, both of which can disrupt the reproductive cycle. 

Further, chronic hyperstimulation causes a decreased biosyn-

thetic capacity, which also can result in acyclicity and disrup-

tion of the estrous cycle.

Conclusions

Taken together, it seems that mice on an HF diet undergo chang-

es in the adipose and islet morphology and size, which results 

in release of chronically high levels of insulin and leptin. This 

results in changes in the hpg and adipoinsular axis, causing 

disruption in the LH surge and resulting in changes in the se-

cretion of gonadal hormones. These changes in the hormonal 

milieu have a direct effect on the estrous cycle, causing dis-

ruption of the cycle. Thus, we can conclude that prolonged 

intake of VHFD changes several biochemical parameters and 

has a drastic effect on the reproductive cycle, affecting fertil-

ity. The effects of a high-fat diet on reproductive tissues are 

irreparable and irreversible.
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Figure 4.  Quantification of cells at various phases of the estrous 

cycle at 25–27 weeks. Statistical analysis using ANOVA 

showed level of significance, as indicated. Phases with 

different cell counts were proestrous, predominantly 

nucleated cells; estrous, cornified cells; metestrous, 

leukocytic cells; diestrous, fewer leukocytic cells than 

metestrous. Data were an average of 10 random fields 

under 20× magnification. Values are average ±SEM. 

Significant increase in cellular count in diestrous phase 

was about 70% that of ND animals.
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