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Decreased ovarian reserve and ovarian
morphological alterations in female rat offspring
exposed to a ketogenic maternal diet
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SUMMARY

OBJECTIVE: This study evaluates the effects of a ketogenic diet on morphology and follicle reserve.

METHOD: Sixteen Sprague-Dawley rats were randomized into two groups: standard diet group (n=8) and ketogenic diet group (n=8).

Rats were time mated. Dams were permitted to deliver spontaneously. The animals were monitored for the onset of puberty. All the rats

were weighed and anesthetized, serum anti-Mullerian hormone level was measured, and the oviducts were removed. The morphological

characteristics of follicles were determined and total ovarian volumes were calculated.

RESULTS: The mean ovarian volume was statistically significantly lower in the ketogenic diet group compared to the standard diet group
(14.41£0.99 mm?3 versus 18.89+1.28 mm?) (p=0.000). The mean number of antral follicles was 13.63+1.80 in the standard diet group and
4.462+0.760 in the ketogenic diet group. The mean ovarian weight of the ketogenic diet group was significantly lower than that of the

standard diet group (0.42+0.06 g versus 0.815+107 g). The mean anti-Mdllerian hormone levels were significantly higher in the standard

diet group compared to the ketogenic diet group (1.023%4.75 ng/mL versus 0.69+0.07 ng/mL) (p=0.000). The mean percentage of
staining of Ki-67 was 35.2844.75 in the standard diet group and 16.98+3.33 in the ketogenic diet group (p=0.000).
CONCLUSION: Maternal ketogenic diet reduces ovarian follicular reserve in female offspring and has important implications for maintaining

reproductive potential at a population level.
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INTRODUCTION

Epidemiological and experimental studies show that nutrition and
environmental conditions in early life affect development in later
life. It has been shown that the mother’s nutritional status during
pregnancy affects the reproductive potential of the female offspring'.

Although an inadequate or inappropriate pregnancy
diet causes permanent harmful effects on maternal and fetal
metabolism, this results in the changes in fetal physiology’.
Gestational diets may alter fetal metabolism, and physiology
can affect organ development and function®.

The maternal gestational diet has been shown to affect
numerous parameters of offspring reproductive function,
including follicular reserve, ovarian vascularity, and estrus
cycle in rat models*.

Ketogenic diets (KD) are diets with high-fat, low-carbo-
hydrate content which have effective management of various
diseases such as epilepsy and obesity®. Physiological ketosis
might be beneficial in improving obesity, type 2 diabetes, and
cardiovascular disease risk factors®. It has been reported that
the KD also has effects on polycystic ovary syndrome, which

'Sakarya University, Faculty of Medicine, Department of Histology and Embryology and Artificial Reproductive Techniques — Sakarya, Turkey.
2Sakarya University, Faculty of Medicine, Department of Obstetrics and Gynecology and Artificial Reproductive Techniques — Sakarya, Turkey.
3Erciyes University, Faculty of Medicine, Department of Anatomy — Kayseri, Turkey.

“Private Tatvan Can Hospital, Department of Obstetrics and Gynecology — Bitlis, Turkey.

*Corresponding author: msbostanci@sakarya.edu.tr

Conflicts of interest: the authors declare there are no conflicts of interest. Funding: none.

Received on August 12, 2021. Accepted on August 14, 2021.

1415

Rev Assoc Med Bras 2021;67(10):1415-1420


https://orcid.org/0000-0002-2617-3175
https://orcid.org/0000-0002-4776-6244
https://orcid.org/0000-0002-6997-6728
https://orcid.org/0000-0002-3280-851X
https://doi.org/10.1590/1806-9282.20210518
mailto:msbostanci@sakarya.edu.tr

Effect of the ketogenic diet on ovarian morphology and reserve

is an important endocrine problem in gynecology and the risk
of type 2 diabetes increases in the follow-up’.

However, it has been shown that a high-fat diet (HFD),
which has similar fat content to KD, can adversely affect obe-
sity, follicular growth, and development in mice®.

Previous studies of gestational ketosis have focused on maternal
ketosis caused by malnutrition, prolonged hunger, or diabetes’.
However, these conditions and their consequences are differ-
ent from stable ketosis resulting from the consumption of KD.

We compared the differences in the number of primordial,
primary, secondary, and antral follicles; cycle start days; ovarian
volume; anti-Miillerian hormone (AMH) levels; and Ki67 of
female offspring of rats fed with the SD and KD during pre-
conception and pregnancy period. Evaluation of the main com-
ponents of reproductive system functioning was performed by
examining the ovaries and ovarian follicles, in order to reveal
the influence in the offspring.

METHODS

Ethics and animals
The study was conducted in Sakarya University’s SUDETAM
laboratory under the authority of Sakarya University’s experi-
mental animal ethics committee on November 4, 2020, under
decision n°. 62. According to the “The European Commission
Directive 86/609/ECC guideline” protocol, applications for all
research animals were carried out.

A total of 16 Sprague-Dawley rats (weight 200-250 g; age
65-75 days) were kept under a 12-h light/dark cycle and at a
constant temperature of 22+2°C with food and water available
ad libitum. Rats were randomized into two groups: standard
diet (SD) group (n=8) and KD group (n=8).

Both diets were manufactured by Arden Research &
Experiment, Ankara, Turkey. SD consists of 5% fat, 76.1%
carbohydrate, and 18.9% protein. KD consists of 67.4% fat,
0.6% carbohydrate, and 15.3% protein.

Rats were time mated, then housed individually in stan-
dard rat cages with free access to water at a constant tempera-
ture maintained at 25°C and a 12-h light/dark cycle. Dams
were permitted to deliver spontaneously. On the day of birth,
the number of female rats was 35 in the SD group and 26 in
the KD group.

At the beginning on PND 28, the animals were moni-
tored daily for the vaginal opening, a physical marker of the
onset of puberty.

All the rats were anesthetized by an intramuscular admin-
istration of 50 mg/kg ketamine hydrochloric acid (Ketalar;
Eczacibasi Warner-Lambert, Istanbul, Turkey) and 7 mg/kg

xylazine hydrochloric acid (Rompun; Bayer, Istanbul, Turkey).

They were decapitated immediately. The blood samples were

collected to measure the serum AMH levels. The aseptic tech-

nique was used to make a ventral midline incision expose the

reproductive organs, and the oviducts were removed.
Previously fixed ovaries were embedded in paraffin, cut into

5 \m, and stained with hematoxylin and eosin (HE). Histological

assessments were performed by the same pathologist, who was

blinded to the study conditions (Figures 1A and 1B).
The morphological characteristics of follicles were deter-

mined according to the previous report as follows!!":

¢ Primordial follicle, a single oocyte surrounded by a
monolayer of squamous cells;

*  Primary follicle, an oocyte without antrum surrounded by
a monolayer or more than one cuboid or prismatic cell;

*  Secondary follicle, consisting of a single oocyte and a
single antrum;

* Antral follicle, consisting of a single oocyte and enlarged
antrum;

¢ Corpus luteum, consisting of large volumes of luteal

cells surrounded by capillary blood vessels'®!".

Histological preparation
for volume measurement
Histological sections were stained with HE and then exam-
ined under an inverted microscope (Nikon Eclipse-T1, USA).
Opvarian sections were photographed digitally at 4x magnifi-
cation using a reference ruler.

Volume calculation
Image] software was used (http://www.rsb.info.nih.gov/ij/down-
load) in order to measure the images obtained from histologi-
cally prepared sections. Total ovarian volumes were calculated
using the following formula from pictures obtained from the

consecutive histological sections:
V= X Px IV AQ

Immunohistochemical analysis
Tissue samples to be made immunohistochemical (IHC) anal-
ysis for Ki-67 immunoreactivity evaluation, a light microscope
at 200x magnification (Nikon Eclipse Ni invert microscope)
was examined (Figures 1C and 1D). A scoring system has used
the protocol reported by Panzan et al.”® Immunoexpression
was evaluated at 400x magnification using the semiquantita-
tive method.

Hormonal assays
AMH was quantitatively estimated in rat serum samples
using enzyme-linked immunosorbent assay (ELISA) kits (My
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Figure 1. Fl: follicles; CL: corpora lutea. Standard and ketogenic diet ovarian Hematoxylin and eosin stain (HE) and Ki-67
immunohistochemistry pictures, 40x100 scale bar. The number of follicles was higher in the Standard diet group (A) compared
to the ketogenic diet group (B). Ki-67 immunohistochemistry positivity was observed to be more intense in the Standard diet
group (C) compared to the ketogenic group (D); brown-stained cells are considered positive (black arrowhead).

BioSource, Rat AMH ELISA Kit catalog no: MBS2509909,
San Diego, CA, USA).

Statistical analysis

Statistical analyses were performed using the SPSS 24.0 package
program (SPSS Inc. and Lead Tech. Inc., Chicago, IL, USA).
The variables were investigated using visual and the analytical
methods Kolmogorov—Smirnov test to determine whether they
are normally distributed. Mann-Whitney U test was used for the
non-normally distributed numerical data. While investigating
the associations between non-normally distributed variables, the
correlation coefficients and their significance were calculated
using the Spearman test. Results are given as meantstandard
deviation. For all statistical analyses, a two-tailed p<0.05 was
considered statistically significant.

RESULTS

In our study, we obtained 35 female offspring in the SD group
and 26 in the KD group. We found the mean ovarian volume
of 18.89£1.28 mm? in the SD group and 14.41+0.99 mm? in
the KD group (p=0.000) (Figure 2A).

‘The mean number of primordial follicles was 106.94+4.57 in the
SD group and 59.54%4.13 in the KD group (p=0.000) (Figure 2B).
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The number of primary follicles was 62+4.04 in the SD
group and that in the KD group was decreased to 31.03£3.79
(p=0.000) (Figure 2C).

The mean number of secondary follicles was 33.34+3.39
in the SD group and 11.77£1.84 in the KD group (p=0.000)
(Figure 2D).

The mean number of antral follicles was 13.63+1.80 in
the SD group and 4.46240.760 in the KD group (p=0.000)
(Figure 2E). The mean corpus luteum count was 7.54+0.78 in
the SD group and 2.03820.662 in the KD group (Figure 2F).

The mean ovarian weight of the SD group was signifi-
cantly lower than that of the KD group (0.815+107 g versus
0.42+0.06 g) (p=0.000) (Figure 2G).

The mean AMH levels were significantly higher in the SD
group compared to the KD group (1.023%4.75 ng/mL versus
0.69%0.07 ng/mL) (p=0.000) (Figure 2H).

"The mean percentage of staining of Ki-67 was 35.28+4.75 in the
SD group and 16.98+3.33 in the KD group (p=0.000) (Figure 2I).

The correlation between the ovarian volumes and the num-
ber of primordial follicles, AMH levels, and Ki-67 staining per-
centages shows no statistically significant difference between
the SD and KD groups.

The results were as follows: for KD group, the ovarian vol-

umes and the number of primordial follicles (p=0.676, r=0.086),
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Figure 2. (A) Comparison of ovarian volume; (B) and comparison of number of primordial primary; (C) secondary; (D) antral;
(E) number of corpus luteum; (F) ovarian weight; (G) serum AMH concentrations; (H) and Ki-67 staining percentages; (I) in
standard diet and ketogenic diet groups. Box plot shows the comparison of standard diet and ketogenic diet (standard diet

n=35; ketogenic diet n=26).

Ki-67 concentration (p=0.229, r=0.244), and AMH (p=0.312,
r=-0.206). For SD group, the ovarian volumes and the number
of primordial follicles (p=0.688, r= -0.070), Ki-67 concentra-
tion (p=0.344, r= -0.165), and AMH (p=0.803, r= -0.044).

DISCUSSION

This study shows that maternal gestational KD leads to fol-
licular defects occurring during fetal life in oocyte and follic-
ular development offspring. Pregnancy is the critical window
of fetal ovarian vulnerability of mothers’ offspring and has
shown a loss of oocyte-derived follicular growth factors and
increased oxidative stress levels'®. Exposure to a suboptimal
environment during fetal and early postnatal development
has to impair the programming of offspring ovarian reserve

in animal models®.

Although we know that the KD exhibits anti-inflammatory
properties'®, our experiments demonstrate the adverse effects
of the maternal KD on the follicular count of offspring. These
adverse effects in our study were similar to the findings found
due to studies using HFDs'”. KD, which is similar to HFD in
content, affects ovaries similar to HFD.

It is known that maternal obesity due to HFD seriously
affects offspring phenotype by altering fetal programming in
various systems, including reproduction’®. Our study observed
these results, which developed due to obesity caused by HFD,
without resulting in obesity in KD.

Pubertal timing and ovarian function in female rats are
affected by maternal calorie restriction and maternal high-fat
nutritional status'®. Studies on HFD have shown the adverse
effects of obesity on oocyte count, quality and maturity, fertil-
ization rate, and subsequent embryo quality®. Connor et al.*!
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found that pups from high-fat-fed dams exhibit early puberty
and irregular estrous cycles by having prolonged and persistent
estrus. It has been shown that reproductive function parameters
related to steroid synthesis, including pubertal age, affected rat
offspring that received an HFD?'.

Our study found that puberty occurred eatlier in the KD
group. All these data indicate that poor quality of nutrition
can disrupt ovarian function, especially the development and
quality of oocytes.

Expression of the Ki-67 antigen, indicating the proliferative
potential of cells, is expressed in all active stages of the cell cycle
(G1, S, G2, and mitosis)*. The expression of Ki-67 was more
apparent in SD follicles than in the KD group. Primordial fol-
licle activation requires a signaling system including cytokines
and growth hormones that mediate intercellular communica-
tion®. This suggests that primordial follicle development due
to KD is negatively affected by this pathway.

Minge et al.?* found that mice fed an HFD had delayed
embryonic development®. Similarly, using mice, Aiken et al.*
found no difference in ovarian weight between the two groups.
Our study observed that the ovarian volume and ovarian weight
decreased in the KD group without obesity. This situation sug-
gests that local side effects occur on the ovarian tissue without
systemic effects such as excessive weight gain in the KD group.

The significantly lower serum AMH level in the KD group than

the SD group seems to be compatible with histopathological
examination. The mean number of primordial, primary, sec-
ondary, antral, and the number of corpus luteum in the KD
group displayed a statistical significance difference compared
with the SD group. It is known that rat studies cannot fully
reflect human physiology. In this case, this constitutes the main

limitation of our study.

CONCLUSION

The maternal KD may reduce ovarian follicular reserve in off-
spring. The model may be helpful in future studies providing
further insight into the pathophysiology of human reproduc-
tion in the setting of the use of KD.
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