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Abstract
Introduction: Globally, the prevalence of overweight and obesity is increasing, predisposing females to health hazards including compromised reproductive capacity. Our objective was to investigate the effect of ad libitum,
isocalorically and hypocalorically restricted high-fat diet (HFD) feeding on
reproductive function in diet-induced obese female rats.
Material and methods: Twenty female albino Sprague Dawley rats were
used; 5 rats were kept on a standard pellet animal diet to serve as a control
group (A) and 15 rats were fed a HFD for 9 weeks to induce obesity. The HFD
fed animals were equally divided into three groups: an ad libitum HFD group
(B), an isocalorically restricted HFD group (C), and a hypocalorically restricted HFD group (D). Estrous cyclicity, hormonal levels, ovarian histopathology
and caspase-3 immunoreactivity were evaluated.
Results: The HFD-fed rats in groups B, C and D had significant irregularity in estrous cyclicity Vs group A (p = 0.001, 0.003 and 0.034 respectively). Groups C and D had significant reduction in serum progesterone level
(p = 0.006 and 0.018 Vs A). Isocaloric restriction of HFD feeding significantly
increased serum LH. Groups B and C had a significant increase in caspase-3
expression in the ovary (p < 0.001).
Conclusions: Ad libitum HFD interfered with the normal estrous cycle and
enhanced apoptosis of luteal cells in obese female rats. The HFD restriction
interfered with the normal estrous cycle and caused functional insufficiency
of the corpus luteum in obese female rats. These results suggest that HFD
feeding determinately affects female reproductive function independently
of caloric intake.
Key words: obesity, calorie restriction, female reproduction, fat.

Introduction
The prevalence of overweight and obesity is increasing globally, predisposing females to health hazards including compromised reproductive capacity. Formerly considered a problem of developed countries,
this epidemic is now dramatically on the rise in low- and middle-income
countries [1]. Anovulation, irregular menses, subfertility, miscarriage, and
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adverse pregnancy outcomes, with lasting effects
for children, are reproductive sequelae of obesity
among women of reproductive age. On the other
hand, not all obese women experience poor reproductive health. Because of this, it is important to
recognize factors other than obesity that affect reproductive function in obese women. Nutrition is
one of them [2].
A handful of studies have previously reported
altered reproductive functions in diet-induced
obese animal models [3], and several studies have
addressed the effects of dietary restriction using
standard rodent diets on reproductive function
of female rats [4–6]. Currently, dietary restriction
using a high-fat diet (HFD) is more relevant to dietary status in most world countries [7].
Leptin is an adipocyte hormone that functions
as an afferent signal in a negative feedback loop
regulating body weight. Since its discovery in
1995, several studies have suggested a pivotal
role of leptin in reproductive function [8–10].
Programmed cell death or apoptosis is attributed to the exhaustion of the oocyte reserve through
germ cell death and follicular atresia, so apoptosis
is an essential component of normal reproductive
function and it has been proposed to be the major
mechanism that determines female reproductive
life span [11].
The corpus luteum is primarily responsible for
the synthesis and release of progesterone, a hormone essential for the establishment and maintenance of pregnancy in mammals. In the absence
of pregnancy, the corpus luteum will cease to synthesize progesterone, and the bulk of the luteal tissue will decrease in mass. This process is termed
luteolysis [12]. The luteolytic process is typically
subdivided, whereby the decline in progesterone
is described as functional luteolysis and the structural involution is described as structural luteolysis [13]. Luteolysis, at least in part, is mediated
by apoptosis in essentially all mammalian species.
It has become evident that apoptosis is triggered
by the activation of cysteine aspartate-specific
proteases (caspases). A cascade of proteolysis
beginning with the activation of caspase-8 leads
to activation of caspase-3, which is the principal
downstream effector enzyme of cell death, and
activation of caspase-3 is considered by many as
a final executioner of the apoptotic cell death program [12, 14].
To our knowledge, no studies have been carried out to investigate the effect of HFD feeding
independently from caloric intake on reproductive
function in obese female rats. So our objective
was to investigate the effect of ad libitum, isocalorically restricted and hypocalorically restricted
HFD feeding on reproductive function in diet-induced obese female rats.
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Material and methods
This study was performed at the Physiology
and Clinical Pathology departments, Faculty of
Medicine, Suez Canal University, Ismailia, Egypt.
All experimental protocols were approved by the
Institutional Animal Care and Use Committee at
Suez Canal University. All efforts were made to
minimize animal suffering and to reduce the number of animals used. The “Principles of laboratory
animal care” were followed, as well as specific national laws where applicable.

Animals and nutritional management
Twenty female albino Sprague Dawley rats (7–9
weeks of age, weighing 137–176 g at the beginning
of the experiment) purchased from the center for
experimental animals, Faculty of Veterinarian Medicine, Zagazig University, were used in the study. All
rats were left to acclimatize for one week prior to
the experiment and were housed in plastic cages
maintained at controlled room temperature (22–
24°C), 60% humidity with 12-hour day/night cycle
with free access to a standard pellet animal diet
(purchased from El Gomhorya company, Ismailia,
Egypt) containing 67% carbohydrates, 10% fat, and
23% protein as the energy sources (overall calories:
3.6 kcal/g) and tap water. After weight matching,
5 rats were kept on a standard pellet animal diet to
serve as a control group (group A) and 15 rats were
fed a HFD consisting of 88% of standard pellet animal diet, 10% lard and 2% cholesterol for 9 weeks
to induce obesity. The HFD was composed of the
following energy sources: 52% carbohydrates, 30%
fat, and 18% protein (overall calories: 4.8 kcal/g).
The amount of calories in each gram was calculated in the Nutrition and Food Science Department,
Faculty of Education, Suez Canal University. The
major composition of the diets used in this study
is presented in Table I [15, 16]. Next the HFD fed
animals were equally divided into three weightmatched groups: the ad libitum HFD group (group
B), which was freely maintained on the same composition of HFD for another 4 weeks; the isocaloric
restricted HFD group (group C), which was fed 75%
of their average food intake before restriction (overall calories: 3.6 kcal/g) for another 4 weeks; and the
hypocaloric restricted HFD group (group D), which
was fed 50% of their average food intake before
restriction (overall calories: 2.4 kcal/g) for another
4 weeks. Food intake was measured per cage to
avoid the stress of individual housing [16]. Food
intake was measured daily for 1 week before the
start of food restriction, and the average amount
was calculated [17].

Methods
All animals were weekly weighed from the
first week of study onwards. Estrous cyclicity
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Table I. Major components of experimental diets (g/100 g diet)
Component

Standard pellet animal diet

High-fat diet

Carbohydrates

60

52.8

Cholesterol

0

2

Protein

20

17.6

Fats

4

13.5

16.4% Saturated fatty acids
54.3% Polyunsaturated fatty acids
29.3% Monounsaturated fatty acids

32.2% Saturated fatty acids
22.4% Polyunsaturated fatty acids
43.8% Monounsaturated fatty acids
1.6% Other fatty acids

Fatty acid composition

was daily examined (5 days per week) for all
animals from the start of HFD restriction until
the end of the study. Estrous cyclicity monitoring was done by vaginal smear between 9 and
11 a.m. The vaginal smears were examined by
standard light microscope to observe proportions of cells to determine the phase of rat estrous cycle. The rat estrous cycle takes 4–5 days
and consists of four phases: diestrus, proestrus,
estrus and metestrus. The diestrus phase is
characterized by predominance of leucocytes,
the proestrus phase is characterized by appearance of predominant nucleated epithelial cells,
the estrus phase is characterized by appearance of clustered large cornified epithelial cells,
and the metestrus phase is characterized by
appearance of equal proportions of these cells
[18, 19]. Irregular estrous cycles were characterized by keeping in the same phase during 4–
5 days or when the alternation among the
phases did not follow the sequence of proestrus,
estrus, metestrus and diestrus [18].
At the end of the study the following procedures were done for all animals:
1) Measuring the body weight and length. Body
mass index (BMI) was calculated according to
the formula: BMI = body weight (g)/length2
(cm2). The Lee index was calculated according
to the formula: Lee index = cubic root of body
weight in grams divided by length in centimeters [20]. Corrected ovarian weight was calculated as % of ovarian weight/body weight [19].
2) After 5 h of food withdrawal [21], blood samples were taken from the retro-bulbar venous
plexus from anesthetized rats to measure the
concentrations of serum glucose, cholesterol,
triglycerides, free fatty acids, follicle-stimulating hormone (FSH), luteinizing hormone (LH),
estradiol, progesterone and leptin.
3) Assay of fasting serum concentrations of glucose, cholesterol, triglycerides and free fatty acids: glucose, cholesterol and triglyceride
measurements were performed with commercial kits on the Cobas c311 analyzer (Roche Diagnostics, Germany). The free fatty acid assay
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was performed with BioVision’s Free Fatty Acid
Quantification Colorimetric Kit.
4) Assay of FSH, LH, estradiol, progesterone and
leptin: the serum was obtained by centrifugation (2400 rpm, for 20 min at 4°C) and the concentrations of estradiol, LH, progesterone and
FSH were determined by (Vidas, BioMerieux).
Assays of serum leptin concentrations were
performed using ELISA kits (R&D Systems) according to the manufacturer’s manual. The sensitivity of the assay is 22 pg/ml with an interassay coefficient of variation ∼5%.
5) Anesthetized rats were sacrificed and dissected for collection of both ovaries, which were
weighed then processed for subsequent histopathological studies.
6) Histopathological studies:
a) Hematoxylin and eosin study: ovaries were
stored in 10% neutral buffered formalin,
embedded in paraffin blocks, and sectioned
(5 μm). Ovarian sections were stained with
hematoxylin and eosin. Histological analysis
of the ovarian sections was done by a professional pathologist. The follicles and corpora lutea were counted. Graafian follicles were
characterized by the presence of a confluent
antral space filled with fluid with a diameter
greater than 350 μm [3].
b) 
Caspase-3 immunohistochemistry: the detection of caspase-3 protein expression in
the ovarian sections relied on immunohistochemistry, which was based on a streptavidin biotin peroxidase method (Biogenex,
San Ramon, CA, USA). Ovarian paraffin sections and polyclonal antibody to caspase-3
(Santa Cruz, USA, at dilution 1 : 150) were
incubated for 1 h at room temperature. Diaminobenzidine (Sigma Fast 3,3’-diaminobenzidine tablets, D-4293; Sigma, St. Louis,
MO, USA) was used as the chromogen. Cytoplasmic staining for caspase-3 was considered positive. The integral optical density
(IOD) of immunohistochemical intensity was
then calculated using Image-Pro plus 6.0
software. Each value represents IOD count-
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ed at a high-power view (400×) by a microscope. The mean value represents the average number derived from the 5 high-power
fields of each case [22].

Statistical analysis
All the data were expressed as mean ± standard error of mean (SEM) and analyzed using the
program Statistical Package for the Social Sciences (SPSS) (IBM SPSS Statistics, Version 20).
All the comparisons among groups were carried
out using one-way analysis of variance (ANOVA)
followed by the Bonferroni post hoc test to test
the significance difference among group means.
Data were considered statistically significant at
p ≤ 0.05.

Results
Characteristics of the animals
Ad libitum HFD feeding for 13 weeks significantly increased the body weight and BMI in group
B vs. groups A, C and D and significantly increased
the Lee index in group B vs. groups A and D. Isocalorically restricted HFD for 4 weeks significantly
reduced the ovarian weight in group C vs. groups
A and B and significantly reduced the corrected
ovarian weight in group C vs. group A. Hypocalorically restricted HFD for 4 weeks significantly reduced the body and ovarian weights in group D vs.
group A (Table II).

Serum concentrations of glucose,
cholesterol, triglycerides and free fatty acids
Ad libitum HFD for 13 weeks caused no significant changes in the fasting serum levels of
glucose, triglycerides, cholesterol or free fatty
acids. Isocalorically restricted HFD for 4 weeks
significantly increased the fasting serum cholesterol level in group C vs. groups A and B. Hypocaloric restricted HFD for 4 weeks caused no
significant changes in fasting serum levels of
glucose, triglycerides, cholesterol or free fatty
acids (Table III).

Estrous cyclicity results
In group A, 80% of female rats had regular estrous cycles with mean duration of 4–5 days and
with the sequence of proestrus, estrus, metestrus
and diestrus. The HFD feeding independently of
caloric intake in groups B, C and D significantly
reduced this percentage. Most of the irregular
cycles were characterized by prolonged diestrus.
During the last week before the sacrifice of rats,
20% of rats in groups C and D and 0% of rats in
group B had regular cycles. Most of the irregular
cycles were characterized by persistent diestrus
(Figure 1).

Serum FSH, LH, estradiol, progesterone
and leptin results
Ad libitum HFD for 13 weeks caused no significant changes in serum levels of FSH, LH, estradiol,

Table II. Comparison of the mean body weight, BMI, Lee index, ovarian weight and corrected ovarian weight in
the study groups
Group

Body weight [g]

BMI [g/cm2]

Lee index [g/cm]

Ovarian weight
[mg]

Corrected ovarian
weight

A

166 ±4.7

0.47 ±0.01

0.29 ±0.003

74.1 ±6.4

0.045 ±0.004

B

198.6 ±8.7a

0.61 ±0.02a

0.32 ±0.006c

69 ±8.8

0.034 ±0.003

C

159 ±3.6

0.5 ±0.01

0.3 ±0.002

39.2 ±4.65d

0.026 ±0.002e

D

134.8 ±3b

0.45 ±0.03

0.29 ±0.008

46.4 ±4.5b

0.036 ±0.002

Mean ± SEM. Significant difference between group B vs. groups A, C and D. Significant difference between group D vs. group A. cSignificant
difference between group B vs. groups A and D. dSignificant difference between group C vs. groups A and B. eSignificant difference between
group C vs. group
a

b

Table III. Comparison of mean fasting levels of serum glucose, triglycerides, cholesterol and free fatty acids in the
study groups
Group

Serum glucose [mg/dl]

Serum triglycerides
[mg/dl]

Serum cholesterol
[mg/dl]

Serum free fatty acids
[mmol/l]

A

64.2 ±6.4

68.8 ±9.5

91 ±10.8

0.76 ±0.13

B

57 ±14.4

56 ±1.8

86.4 ±8.8

1 ±0.3

C

88.4 ±8.2

85.8 ±17.3

163.4 ±24a

0.88 ±0.21

52.2 ±1.7

63 ±4.3

117.4 ±7.4

1.1 ±0.24

D

Mean ± SEM. Significant difference between group C vs. groups A and B.
a
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*

1.0

0.8

0.6

0.4

0.2

0
A

B
Groups

C

D

Percent of irregular estrous cycles
Percent of regular estrous cycles

Figure 1. Estrous cyclicity in the study groups
*Significant difference between group A vs. groups B, C
and D.

or progesterone in group B. Isocalorically restricted HFD for 4 weeks significantly increased the serum LH level in group C vs. groups A and B, and
significantly reduced the serum progesterone level in group C vs. groups A and B. Hypocalorically restricted HFD for 4 weeks significantly reduced the
serum progesterone level in group D vs. group A.
There was no significant change in serum leptin
among the study groups (Table IV).

Histopathological results
There was no significant difference between
the study groups in the count of ovarian follicles
or corpora lutea (Figure 2 A). The ovaries of rats in
group B showed a significant increase in immunoreactivity for caspase-3 versus groups A, C and D.
The ovaries of rats in group C showed a significant
increase in immunoreactivity for caspase-3 versus
groups A and D (Figures 2 B, 3).

Discussion
“The reproductive function in women is impaired by a negative and positive nutritional status” [6]. In the current study, ad libitum HFD for 13
weeks significantly increased the body weight, BMI
and Lee index. Isocaloric HFD restriction caused the

body weight of obese rats to decrease to a mean
value that did not significantly differ from that of
the control group. Hypocaloric HFD restriction significantly reduced the body weight of obese rats.
These results are in agreement with the results of
Park et al.; they found that rats gradually developed
obesity when placed on a HFD, and when rats were
subjected to 40% restricted HFD treatment, they
had a significant reduction in body weights [23].
In the current study, ovarian weight of restricted HFD fed rats was significantly decreased.
A similar result was obtained by other studies that
subjected rats to different protocols of dietary restriction using standard rodents’ diets [5, 9, 19].
Concerning corrected ovarian weight, we found
a significant decrease in corrected ovarian weight
of the rats that were subjected to isocaloric HFD
restriction only. This finding may be due to the
fact that the body weights of these rats were not
significantly different from control rats, and at the
same time they had a significant decrease in ovarian weight. Hypocaloric HFD restriction caused
a proportional significant decrease in both rats’
body weights and ovarian weights, and this resulted in no significant change in corrected ovarian weight in rats treated with hypocaloric HFD
restriction. This result is in agreement with Dos
Santos et al., as they found that ovarian weight
when corrected to the body weight did not differ
in dietary restricted rats [19].
In the current study we found that ad libitum HFD caused no significant change in fasting concentrations of blood glucose, cholesterol,
triglycerides, or free fatty acids when compared
to standard diet fed rats. This result was also
found in lean mice under a HFD [24]. Restricted
HFD had no effect on blood glucose triglycerides
and free fatty acids. Similar results were obtained
by Meidenbauer et al., as they found that mice,
when treated with a lard-based HFD in restricted
amounts, exhibited decreased glucose levels and
a normolipidemic profile [25]. On the other hand,
we found that serum cholesterol level was significantly increased with isocaloric HFD restriction.
This effect may be explained by the fact that we
used lard- based diets which are rich in saturated
fatty acids and poor in polyunsaturated fatty acids

Table IV. Comparison of mean levels of serum FSH, LH, estradiol, progesterone and leptin in the study groups
Group

Serum FSH
[mIU/ml]

Serum LH
[mIU/ml]

Serum estradiol
[pg/ml]

Serum
progesterone [pg/ml]

Serum leptin
[ng/ml]

A

3.4 ±0.28

2.3 ±0.16

10.1 ±0.25

4.6 ±0.5

4.3 ±1.2

B

3.3 ±0.25

2.6 ±0.21

12.1 ±1.37

3.9 ±0.46

7.6 ±1.7

C

8.7 ±1.8

6.5 ±1.7a

13.3 ±1.8

1.8 ±0.6a

3.4 ±0.7

D

8.2 ±2.4

2.9 ±0.27

10.2 ±0.8

2.2 ±0.33

4.9 ±1.1

b

Mean ± SEM. Significant difference between group C vs. groups A and B. Significant difference between group D vs. group A.
a
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8
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Mean number/group

A

6
4

*a

0.25
0.20

*b

0.15
0.10
0.05

2

0

0
A

B
C
The study groups

Ovarian follicles

D

Corpora lutea

A
SEM

B
C
The study groups

D

The mean of % of optical density

Figure 2. A – The mean of number of ovarian follicles and corpora lutea in the study groups; B – the percent of
optical density of immunoreactive cells
*aSignificant increase in the percent of optical density of ovarian caspase-3 immunoreactivity in group B vs. groups A, C and D
*bSignificant increase in the percent of optical density of ovarian caspase-3 immunoreactivity in group C vs. groups A and D

Group A

Group B

Group C

Group D

Figure 3. Caspase-3 immunostaining of luteal cells, showing strong cytoplasmic staining for caspase-3 in groups B
and C and weak cytoplasmic staining in groups A and D. Photographed at magnification, 400×

[26]. Saturated fatty acids have a strong cholesterol-raising effect when isocalorically replacing
carbohydrates in the diet [27].
In the current study, there was no significant
difference in the ovarian follicles count among the
studied groups. A similar result was obtained by
Akamine et al., who found that HFD for 120 days
did not promote a significant change in ovarian
morphology [21]. In the present study, ad libitum
HFD feeding interfered with the normal estrous
cycle, significantly increased luteal cell apoptosis,
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and caused no significant effect on the serum levels of FSH, LH, estradiol or progesterone. Akamine
et al. found that HFD extended the estrous cycle in
rats, caused no significant effect on serum FSH or
estradiol, significantly changed serum progesterone after HFD for 120 and 180 days, and changed
serum LH after HFD for 120 days only. The difference between our results and those results may
be due to the difference in duration of HFD treatment: 90 days in the present study versus 120 and
180 days in the Akamine et al. study [21].
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The seeming discrepancy between enhanced
apoptosis in luteal cells which signifies ageing
of the corpus luteum in female rats [11] and absence of any significant effect on progesterone
concentrations in ad libitum HFD treatment may
be explained by the fact that steroidogenic cells
of the corpus luteum which produce progesterone
lose their capacity via mechanisms independent
of those responsible for executing apoptosis and
that structural and functional luteolysis might be
separately regulated [12, 28].
In the current study, we observed that isocaloric HFD restriction partially but significantly
ameliorated the enhanced ovarian apoptosis,
and hypocaloric HFD restriction completely ameliorated this effect. On the other hand, isocaloric
HFD restriction interfered with the normal estrous
cycle and caused a significant decrease in serum
progesterone and a significant increase in serum
LH. The significant increase in LH concentrations
in isocaloric HFD restriction may be explained by
withdrawal of progesterone’s negative feedback
effect on LH secretion [29]. Also hypocaloric HFD
restriction interfered with the normal estrous cycle and caused a significant decrease in serum
progesterone only. This finding may be attributed
to the presence of two antagonizing factors that
controlled LH secretion in hypocalorically restricted HFD fed rats. The first one is withdrawal of
progesterone’s negative feedback effect, and this
factor tends to increase LH secretion. The second
factor is energy restriction, which tends to reduce
LH secretion [30–32], so our hypothesis is that
both effects blunted each other and resulted in no
significant change in LH concentrations in hypocalorically restricted HFD fed rats.
In the present study we found a tendency of
serum leptin to increase with ad libitum HFD, but
this increase failed to reach a significant level.
The results of leptin concentration changes with
a HFD are conflicting. Some studies have found
that leptin concentrations significantly increased
with a HFD due to increased adiposity [3, 23].
In contrast, Ainslie et al. found that leptin level
significantly decreased after a HFD protocol for
4 weeks, and they found no change in leptin concentrations after a HFD protocol for 14 weeks. The
authors suggested that the decrease in leptin concentrations is the cause of weight gain occurring
with the HFD [33]. The duration of the HFD protocol may be responsible for this different result, as
Soulis et al. found that with longer HFD protocols
in female rats, leptin levels were decreased [34].
In the current study we found no significant effect on leptin levels in HFD restriction. Shi et al.
also found the same result in female mice with
moderate food restriction [35]. On the other hand,
some studies have found a significant decrease in
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serum leptin concentrations [7, 36]. In the present
study, animal feeding and sampling were done in
the morning. Schlitt and Schulz suggested that detection of the effects of feeding restriction on leptin
concentrations is strongly dependent on the timing
of both feeding and sampling and their interaction
and that the circadian rhythms of leptin release
result in a decline in leptin concentrations in the
morning, leading to an inability to detect differences between the ad libitum and restricted groups
during the morning [36]. According to the present
results concerning leptin concentrations, it is difficult to relate serum leptin concentrations to reproductive effects of ad libitum and restricted HFD,
and more work is needed to elucidate this relation.
In the current study, the HFD contained an increased ratio of saturated fatty acids and a decreased ratio of polyunsaturated fatty acids. This
change in the composition of the dietary fats may
be responsible for the observed reproductive effects,
as many previous studies have reported [37–39].
Obesity has a constantly growing prevalence
worldwide, and it represents one of the most important health risks of our time [40–42], so it is
recommended that studies that deal with obesity effects on different aspects of health must be
continued.
Our results suggest that HFD feeding determinately affects female rats’ reproductive function
independently of caloric intake. Further studies
are required to address the role of leptin, increased
saturated fatty acid and decreased polyunsaturated fatty acid concentrations to clarify the mechanism of the caloric-independent effect of HFD on
reproductive function.
In conclusion, the ad libitum HFD interfered
with the normal estrous cycle and caused enhanced apoptosis of luteal cells in obese female
rats. The HFD restriction interfered with the normal estrous cycle and caused functional insufficiency of the corpus luteum in obese female rats.
These results suggest that HFD feeding determinately affects female reproductive function independently of caloric intake.
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