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Abstract

Obesity impairs reproductive capacity, and the link between imprinting disorders and obesity has been discussed in many
studies. Recent studies indicate that a high-fat diet may cause epigenetic changes in maternal and paternal genes, which may
be transmitted to offspring and negatively affect their development. On this basis, our study aims to reveal the changes in
DNA methylation and DNA methyltransferase enzymes in the ovaries and testes of C57BL/6 mice fed a high-fat diet and
created a model of obesity, by comparing them with the control group. For this purpose, we demonstrated the presence and
quantitative differences of DNA methyltransferase 1 and DNA methyltransferase 3a enzymes as well as global DNA meth-
ylation in ovaries and testis of C57BL/6 mice fed a high-fat diet by using immunohistochemistry and western blot methods.
We found that a high-fat diet induces the levels of Dnmtl and Dnmt3a proteins (p <0.05). We observed increased global
DNA methylation in testes but, interestingly, decreased global DNA methylation in ovaries. We think that our outcomes
have significant value to demonstrate the effects of obesity on ovarian follicle development and testicular spermatogenesis
and may bring a new perspective to obesity-induced infertility treatments. Additionally, to the best of our knowledge, this
is the first study to document dynamic alteration of Dnmtl and Dnmt3a as well as global DNA methylation patterns during

follicle development in healthy mouse ovaries.
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Introduction

Obesity is a metabolic syndrome that leads to an imbalance
in energy expenditure and accumulation of excess fat in the
body (Rao et al. 2014; Wang et al. 2019). In the past three
decades, the dominance of obesity has steadily increased
worldwide (Lainez and Coss 2019). According to the World
Health Organization (WHO) 2016 report, 1.9 billion adults
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are overweight and 650 million people are obese (Maugeri
2020). These figures make overweight and obesity a public
health priority (Kroes et al. 2016) and lead to obesity being
considered an epidemic in the twenty-first century (Collabo-
ration 2016). With the increase in the prevalence of obesity,
the proportion of women and men of childbearing age who
are overweight and obese has also increased (Catalano and
Shankar 2017).

Recent studies revealed the negative effects of obesity
on reproduction (Shah et al. 2011; Atzmon et al. 2017;
Kasum et al. 2018). Obesity in men can cause hormonal
imbalances related to the hypothalamic—pituitary—gonadal
(HPG) axis, leading to chronic inflammation and increas-
ing oxidative stress at the systemic and tissue levels. Testis
and epididymis, important organs for normal spermatogen-
esis and sperm maturation, can be negatively affected by
the hormone deficiency, inflammation and oxidative attack
caused by obesity. Therefore, these perturbations lead to a
decline in sperm quality, including decreased sperm concen-
tration and vitality, insufficient lipid composition, increased
DNA damage and abnormal epigenetic changes, which will
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eventually lead to male infertility and epigenetic health prob-
lems (Davidson et al. 2015; Fullston et al. 2015; Liu and
Ding 2017). In addition, associated enhanced predisposition
for hypoglycaemic agent resistance and metabolic disorders
have been identified in youngsters with overweight fathers
(Fullston et al. 2015; Potabattula et al. 2019). Similarly,
female obesity is considered one of the factors for infertility
by negatively affecting the endometrium (Rhee et al. 2016),
ovaries (Cheong et al. 2014) and oocyte quality (Snider and
Wood 2019). Obesity can alter the levels of follicle-stimulat-
ing hormone (FSH) and luteinizing hormone (LH) and leads
to irregular menstruation (Mitchell et al. 2005). Moreover,
children of obese mothers may also have developmental dis-
orders, insulin resistance and metabolic disorders (Dag and
Dilbaz 2015).

The aetiology of obesity is multifactorial and can be
caused by a combination of various factors, including
genetic predisposition, family history, socio-economic and
socio-cultural conditions, sedentary lifestyle and exces-
sive consumption of high-calorie foods that exceed calorie
requirements. The current blueprint for the obesity process
is that not everyone develops the disease under the same
environmental factors, suggesting that genetics may play a
role (Sultan et al. 2020). However, the genetic risk locus
determined as a result of a genome-wide association study
explains only a part of the genetic variability of disease risk,
which indicates that more factors need to be considered to
elucidate the multifactorial pathology of obesity (Campion
et al. 2009). Recently, epigenetics has provided a new expla-
nation for the mechanism by which environmental factors
change the expression of genes related to obesity and related
diseases (Huang et al. 2018). In addition, the link between
epigenetic changes and human metabolic health has been
discovered in recent years (van Dijk et al. 2015; Tzika et al.
2018).

Epigenetics describes changes in gene expression that
can be inherited without any change in DNA sequence. One
of the epigenetic mechanisms is DNA methylation, which
plays important roles in the inhibition or activation of tran-
scription, X-chromosome inactivation, cell differentiation
and tumourigenesis (Uysal et al. 2015). DNA methylation,
which is specifically catalysed by different types of DNA
methyltransferases (DNMTs), consists of two different
mechanisms as the maintenance process and the de novo
process. Maintaining methylation sustains the DNA methyl-
ation pattern previously established at the end of each DNA
cycle. Conversely, the de novo methylation process generates
new DNA methylation signatures in genomic DNA. DNMT,
which adds a methyl group to the fifth carbon of the cytosine
residue, usually on cytosine-phosphate-guanine (CpG), in
rare cases, to non-CpG islands such as cytosine-phosphate-
thymine (CpT), cytosine-phosphate-adenine (CpA), and
cytosine-phosphate-cytosine (CpC) by using S-adenosyl
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methionine (AdoMet) as a methyl donor. So far, six differ-
ent DNMTs have been characterized in structure and func-
tion in mammals: DNMT1, DNMT2, DNMT3A, DNMT3B,
DNMT3C and DNMT3L (Okano et al. 1999; Uysal et al.
2016; You et al. 2017). The function of DNMT1 is to meth-
ylate the hemi-methylated strand of DNA during replication.
Additionally, DNMTT1 participates in de novo methylation.
It was demonstrated that deletion of the Dnmtl (Dnmtl
—/—) gene can lead to embryonic death, loss of imprint-
ing and overall demethylation of the genome (Okano et al.
1998; Yoder et al. 1997; Kurihara et al. 2008). DNMT3A
plays a key role in the de novo methylation of unmethyl-
ated DNA strands and creates new repressions. The deletion
of the Dnmt3a gene results in embryo lethality and loss of
imprints in gametes. DNA methylation is concerned within
the management of certain gene expressions throughout
oogenesis and spermatogenesis. Global DNA methylation
during oogenesis increases (Uysal and Ozturk 2017; Uysal
et al. 2015). Dnmtl and Dnmt3a macromolecules are well
known to be expressed in ovaries (Uysal and Ozturk 2017).
Moreover, we very recently demonstrated differential altera-
tion of global methylation and the patterns of Dnmt1 and
Dnmt3a enzymes in testis focusing on spermatogenesis and
Sertoli cells (Uysal et al. 2022). Although it is known that
obesity causes epigenetic changes, the effects of obesity on
Dnmt expression and therefore global DNA methylation in
gonads have not been addressed so far.

In this study, we aimed to evaluate the effects of a high-
fat diet (HFD)-induced obesity on Dnmtl and Dnmt3a
expression and global DNA methylation in the ovaries and
testes in a mouse model. Briefly, the results demonstrated
that HFD differentially alters the levels of Dnmt and global
DNA methylation in developing follicles in ovaries and sper-
matogenesis in testes.

Materials and methods
Animals

The experimental protocol was approved by the Animal Care
and Usage Committee of Ankara University (protocol no.
2020-17-145). C57BL6/J mice (4 weeks old) were housed
in cages under a 12-h/12-h light/dark cycle with an ambi-
ent temperature of 22-25 °C. After the female (n=28) and
male (n=28) mice were randomly allocated to the appro-
priate cages, they were fed either a normal diet (Research
Diets, D12450J) consisting of 20% protein, 10% fat and
70% carbohydrate or an HFD (Research Diets, D12492)
consisting of 20% protein, 60% fat and 20% carbohydrate
for 12 weeks. Body weights were measured weekly. At the
end of 12 weeks, animals were euthanized, and the isolated
gonads were transferred to buffered solutions.
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Immunohistochemistry

The immunoexpression of the Dnmtl and Dnmt3a pro-
teins, as well as 5-methylcytosine (SmC) staining in the
ovaries and testes, was evaluated by using immunohis-
tochemistry. The paraffin sections of the gonads at 5 pm
thickness were deparaffinized in fresh xylene and then
rehydrated in a series of decreasing ethanol concentra-
tions. After deparaffinization and rehydration processes,
citrate buffer (pH 6.0) was used for antigen retrieval using
microwave (2 X 5 min at 750 W). The endogenous peroxi-
dase activity in the sections was blocked by 3% hydrogen
peroxide for 30 min at room temperature (RT). Follow-
ing several washes with 1x phosphate-buffered saline
(PBS, Sigma-Aldrich, P44417), sections were blocked
with blocking buffer (Thermo Scientific, UK) at RT for
7 min to prevent non-specific binding. Then, sections were
incubated with the following primary antibodies: Dnmt1
(1:100; catalogue no. ab87654, Abcam), Dnmt3a (1:200;
catalogue no. ab23565, Abcam) and SmC (1:200; cata-
logue no. 286928, Cell Signaling) at+4 °C overnight. One
of three sections on each slide was incubated with anti-
body isotype (catalogue no. ab172730, Abcam) for testing
primary antibody specificity. For negative control, slides
were incubated in PBS without any primary antibody for
each group. After that, sections were washed three times
in PBS for 15 min each and subsequently incubated with
anti-rabbit IgG secondary antibody (1:500; catalogue no.
BA-1000, Vector) at RT for 1 h. Finally, sections were
incubated with streptavidin—horseradish peroxidase (HRP)
complex (catalogue no. TS-125, Thermo Scientific) for
20 min at RT. The immune reactions were visualized using
3,3’-diaminobenzidine (DAB) chromogen (catalogue no.
D4168, Sigma-Aldrich) under a light microscope. Sec-
tions were washed in tap water and counterstained with
Mayer’s haematoxylin (not for SmC). Slides were exam-
ined and images were obtained with a light microscope
(ZEISS Scope.Al, Zeiss, Germany) at 20X (Zeiss, A-Plan
20x/0.45 Working Distance (W.D.)=0.46 M27) and 40x
(Zeiss, N-Achroplan 40x/0.65 W.D.=0.60 M27) magnifi-
cations. Images were analysed and captured with AxioCam
camera (Zeiss, AxioCam MRc5) and AxioVision image
software (Zeiss AxioVision v. 4.8). Their dimensions were
at 1292 x 968 (width x height) pixels, and each of them has
a depth of 24 bits. Also, all micrographs were evaluated
for the related expression using the software and presented
a resolution of 300 dpi in the panels. We measured sig-
nal intensities of the images for total protein analysis of
the whole section, whereas we applied H-score analysis
for specific region and cell type evaluations. For intensity
analysis, signals obtained from the images were digitized
and intensities measured using ImageJ (NIH, USA) soft-
ware. Relative expression levels were calculated with the

ratio of digitized signal intensity of experiment group to
that of the negative-control group (as background signal).
Ovarian follicles (primordial stage, single-layer primary
follicle, multiple-layered primary follicle, early secondary
and late secondary, as well as corpus luteum) and testicular
cells (spermatogonium, spermatocytes, round spermatids,
elongated spermatids and Sertoli cells) were evaluated by
H-score. Briefly, sections were evaluated using a numeri-
cal score based on the number of positive cells in the sec-
tion (five different fields in each section). H-score was
calculated using the following equation: H-score =Y Pi
(i); where i is the intensity of staining with a value of 1,
2,3, 4 or 5 (very weak staining, weak but visible, signifi-
cant staining, intense staining and very intense staining,
respectively), Pi is the percentage of stained related cells
for each intensity varying from 0% to 100%.

Western blotting

Semi-quantitative analysis of Dnmt1 and Dnmt3a was per-
formed with the western blotting (WB) technique. First,
we analysed each sample individually, then we pooled the
proteins from them and presented the data. For this pur-
pose, tissue samples in lysis buffer [1% sodium dodecyl
sulphate (SDS), 1 mM sodium ortho-vanadate, 10 mM Tris
pH 7.4] supplemented with 1X protease inhibitor cocktail
(Takara, 635672, CA, USA) were mechanically homog-
enized using a Bandelin Sonopuls homogenizer. The pro-
tein concentration was measured using the bicinchoninic
acid (BCA) method. Fifty micrograms of protein from
each group were loaded on each lane of 10%Tris—HCl
gel which was used for protein electrophoresis (Bio-Rad,
CA, USA), then electro-transferred to a polyvinylidene
difluoride (PVDF) membrane (Bio-Rad, 162-0115, CA,
USA) overnight at+4 °C. The membrane was blocked
with 5% (w/v) BSA (Sigma-Aldrich, A2153, Saint Louis,
USA) prepared in TBS-T (20 mM Tris—HCI and 150 mM
NaCl plus 0.05% Tween-20 at pH 7.4) at RT for 1 h, and
then were incubated with primary antibodies specific to
Dnmtl, Dnmt3a or B-actin (Abcam, ab8227) [1:1000 in
5% (w/v) BSA containing TBS-T] for 2 h at RT. Following
a triple-wash in TBS-T for 15 min each, membranes were
incubated with IRDye 800CW Goat anti-Rabbit IgG Sec-
ondary Antibody (1:2000 in TBS-T) (Licor Biosciences,
926-32211, USA) at RT for 1 h on a shaker. Protein band
intensities were measured using a Li-Cor Odyssey CLx
infrared detection system (LICOR Biosciences) following
the manufacturer’s instructions. Relative band intensities
were measured and analysed using ImageJ v.3.91 software.
Relative expression levels were calculated as the ratio of
digitized signal intensity of experiment group to that of the
negative-control group (as background signal).
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Statistical analysis

Signal intensities of immunohistochemistry and WB images
were digitalized with Image] software. Data were transferred
to SigmaStat software (version 3.5, Jandel Scientific Corp)
for statistical analysis. The Shapiro—Wilk test for normality
was used to test whether the data were normally distributed.
Logarithmic transformation was applied to non-normally
distributed data, when applicable. Normally distributed data
were presented as mean + standard deviation (SD) and ana-
lysed by one-way analysis of variance (ANOVA) to exam-
ine the differences between the groups, and then a post hoc
Tukey’s test was applied. The significance level was set at
p<0.05.

Results
Body weight measurements

C57BL6/] females and males were randomly assigned to
the appropriate diet groups, then fed a normal diet (ND) or
a high-fat diet (HFD) for 12 weeks. No significant differ-
ences were observed in food intake and water consumption
between the groups. At the end of 12 weeks, the HFD group
showed significant weight gain compared with the ND group
(Fig. 1a), and the weight difference between HFD and ND
was 14.85+1.79 g for females and 11.4+0.89 g for males
(Fig. 1b).

45

ND HFD

Weight (g)

10

Effect of HFD on testis
Dnmt1 and Dnmt3a expression

Total signals of Dnmt1l and Dnmt3a from each seminifer-
ous tubule section were measured. Significantly increased
Dnmt1 and Dnmt3a levels in the HFD group were observed
compared with ND (p <0.05, Fig. 2a—c) when the staining
pattern of the whole tubule was taken into consideration.
Similarly, WB analyses of total tubules showed a signifi-
cant increase in Dnmtl and Dnmt3a levels in the HFD
group compared with ND (p <0.001, Fig. 2d—f).

When cellular localization and relative expression lev-
els of Dnmtl at each stage of spermatogenesis as sper-
matogonium (Sg), spermatocyte (Sct), round spermatid
(RSt), elongated spermatid (ESt) and Sertoli cells (SC)
were evaluated, Dnmt1 staining was observed in both cyto-
plasm and nucleus of all cells but the ESt in both ND and
HFD groups. We did not observe any staining in ESt.

When the two groups were compared, intensities of
Dnmtl signals in Sg and SC were found to be compara-
ble, whereas a significant increase was noted in Sct and
RSt of the HFD group compared with control (p <0.05)
(Fig. 3a and b).

A very similar staining pattern was observed when
Dnmt3a was analysed (Fig. 3a, c).

—=ND Female
' —4—HFD Female
—0==ND Male

—e—HFD Male

Fig. 1 Establishment of an obese mouse model. a Representative pic-
tures of 16-week-old normal diet (ND) and high-fat diet (HFD) mice.
b Comparison of time-dependent increase in body weight between
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ND and HFD males and females. Significant differences in body
weight were first noted at the fourth week of diet in males (black
arrowhead) and sixth week of diet in females (white arrowhead)
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Fig.2 Effect of HFD on Dnmtl and Dnmt3a expression in mouse (d) and relative signal intensity of Dnmtl and Dnmt3a to actin from

testis. Demonstrative images for immunoexpression (a) and relative WB (e, f). ND normal diet, HFD high-fat diet, NC negative control
expression levels in total testis tissues (b, ¢). Western blotting (WB) (scale bar: 50 um)
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Fig.3 Effect of HFD on Dnmtl and Dnmt3a cellular localization in
mouse testis. Demonstrative images for immunoexpression (a) and
relative expression levels during spermatogenesis and Sertoli cells
(b, ¢). Different letters indicate significant differences as p <0.05. ND

General methylation status

Global DNA methylation indicator 5mC staining showed
nuclear localization. Total signal analysis from each semi-
niferous tubule section revealed that the intensity of 5SmC
staining significantly decreased (p <0.001) in the HFD
group (Fig. 4a, b). Staining intensity of SmC was com-
parable in Sg, Sct and SC, whereas a significant decrease
(p <0.05) was found in RSt and ESt in the HFD group
(Fig. 4c). Notably, a remarkable decrease of SmC signal
(p <0.001) was found in ESt from the HFD group com-
pared with ND (Fig. 4c).
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normal diet, HFD high-fat diet, NC negative control, Sg spermatogo-
nium, Sct spermatocyte, RSt round spermatid, Est elongated sperma-
tid, SC Sertoli cells (scale bar: 50 um)

Effect of HFD on ovaries
Dnmt1 and Dnmt3a expression

Expression levels of Dnmtl and Dnmt3a signals in total
ovary sections of the HFD group were found to be sig-
nificantly higher than those of the ND group (Fig. 5a—c;
p <0.05). Western blot analysis supported these findings
(Fig. 5d-f).

Dnmtl and Dnmt3a signals from each stage of folli-
cle development, as primordial stage (Pr), single-layered
primary follicle (SP), multiple-layered primary follicle
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Fig.4 Effect of HFD on global DNA methylation with 5SmC staining
in mouse testis. Representative images for immunoexpression (a), rel-
ative global DNA methylation levels in total tissue sections (b), and
during spermatogenesis and Sertoli cells (¢). Different letters indicate

(MP), early secondary (ES) and late secondary (LS), as
well as corpus luteum (CL) were analysed. Dnmtl and
Dnmt3a positivity was observed in all cells in the follicle.
Dnmtl was found in the cytoplasm and nucleus, whereas
Dnmt3a was localized to the cytoplasm. Signal intensities
of Dnmtl and Dnmt3a were significantly lower in the Pr
stage, and gradually increased during follicle development
in both ND and HFD groups (Fig. 6a, b, d). Signal levels
of both enzymes were significantly higher in secondary
stages compared with primary ones. We did not find sig-
nificant differences between SP and MP, or among ES,
LS and CL.

40

H-score (global DNA methylation)

.
%
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DO\ X
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#ND mHFD

significant differences as p<0.05. ND normal diet, HFD high-fat
diet, NC negative control, Sg spermatogonium, Sct spermatocyte, RSt
round spermatid, Est elongated spermatid, SC Sertoli cells (scale bar:

50 pm)

When ND and HFD groups were compared, Dnmt1 and
Dnmt3a levels from each stage of follicle development of the
HFD group were significantly higher than those of the ND
group (Fig. 6a, b and d; p <0.05).

Moreover, we analysed Dnmt1 and Dnmt3a signal inten-
sities in follicle cells, oocytes (O), granulosa cells (GC)
and stromal cells (SC) individually, in each stage of fol-
licle development (Fig. 6¢ and e). Dnmtl signal intensity in
oocytes was comparable between ND and HFD during fol-
licle development, but it was significantly higher in GCs of
the HFD group at all stages of folliculogenesis. Interestingly,
significantly higher levels of Dnmt1 signals from SCs of the
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Fig.5 Effect of HFD on Dnmtl and Dnmt3a expression in the mouse
ovary. Demonstrative images for immunoexpression (a) and relative
expression levels in total ovary tissues (b, ¢). Western blotting (WB)

HFD group were noted at primary-stage follicles (p <0.05),
while no difference was observed in SCs between ND and
HFD at the other stages of follicle development (Fig. 6¢).
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(d) and relative signal intensity of Dnmtl and Dnmt3a to actin from
WB (e, f). ND normal diet, HFD high-fat diet, NC negative control
(scale bar: 50 um)

Dnmt3a levels in oocytes were significantly higher in the
HFD group at all stages of folliculogenesis. When GCs were
considered, the Dnmt3a signal was comparable in primordial
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follicles, while a significant increase was observed in sub-
sequent follicle stages in the HFD group. The increase in
Dnmt3a levels in stromal cells from the HFD group did not
reach significant levels during follicle development, except
at ES stage (Fig. 6e; p <0.05).

General methylation status

Total ovarian assessments revealed that the intensity of SmC
staining significantly increased (p <0.05) in the HFD group
(Fig. 7), in a parallel manner to Dnmt1 and Dnmt3a (Fig. 5a
and c).
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Fig. 7 Effect of HFD on global DNA methylation with 5SmC staining
in mouse ovaries. Representative images for total immunoexpression
(a) and immunoexpression of each follicle type (b). Relative expres-
sion levels in total ovarian tissues (c), in developing follicles and cor-
pus luteum (Pr primordial stage, SP single-layered primary follicle,
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Staining intensities of SmC during follicle development
were analysed. Signal levels of 5SmC in primordial and sin-
gle-layered follicle stages were significantly higher than in
the subsequent stages in both ND and HFD groups. Com-
pared with ND, signal intensities of each stage of follicle
development in the HFD group were significantly higher
(Fig. 7b and d; p <0.05).

Signal intensities of SmC were exclusively analysed in
oocytes (O), granulosa cells (GC) and stromal cells (SC)
in each stage of follicle development, separately (Fig. 7e).
5mC levels in oocytes gradually decreased from the pri-
mordial to the late secondary follicle in both ND and HFD
groups. Signal intensities of SmC in oocytes from HFD were

HFD

e 100

H-score (global DNA methylation)
N S [ o3
o o o o

o

#zND mHFD

MP multiple-layered primary follicle, ES early secondary, LS late
secondary, CL corpus luteum) (d) and follicle cells (O oocyte, GC
granulosa cell, SC stromal cell) (e). Different letters indicate p <0.05.
ND normal diet, HFD high-fat diet, NC negative control (scale bar:

50 pm)
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significantly higher than those of ND in primordial and SP
stages (p <0.05), whereas they were comparable in the fol-
lowing stages. Considering GCs, we noted that SmC levels
were highest in the Pr stage, and significantly decreased dur-
ing follicle development in both ND and HFD groups. When
two diet regime groups were compared, SmC levels were
higher in GCs of Pr to secondary follicle stages of the HFD
group than in those of the ND, while we did not observe a
significant difference at secondary stages. SmC levels in SCs
from the HFD group were higher than those of the ND group
in all follicle development stages, except SP stage, which
showed comparable SmC levels (Fig. 7e; p <0.05).

Discussion

Obesity is one of the most common diseases, and negatively
impacts male and female reproductive systems (Wang et al.
2019; Barbagallo et al. 2021; Practice Committee of the
American Society for Reproductive Medicine. Electronic
address and Practice Committee of the American Society
for Reproductive 2021). A strong relationship between epi-
genetic alterations and various disease has been shown (Rob-
ertson 2005). Studies focusing on the epigenetic inheritance
of obesity have demonstrated that a high-fat diet may cause
epigenetic changes in both maternal and paternal genes, and
therefore, these changes may be transmitted to the offspring
by affecting their development negatively (Ooi and Henikoff
2007; Ozanne 2015).

Gametogenesis is characterized by intense changes in
DNA methylation. De novo methylation occurs from glob-
ally demethylated primordial germ cells to mature gametes
(Robertson 2005). Cellular localization and expression
levels of Dnmtl and Dnmt3a proteins in testis have been
demonstrated in previous studies (Marques et al. 2011;
Uysal et al. 2019). Omisanjo and colleagues analysed the
relationship between Dnmtl and spermatic arrest or tes-
ticular cancer and found that Dnmtl mRNA and protein
were localized in both the nucleus and cytoplasm of sper-
matogonia and round spermatid. Interestingly, in round
spermatid maturation arrest cases, they observed mRNA
and protein in spermatocytes but not in spermatogonia
(Omisanjo et al. 2007). In our study, Dnmtl levels of
spermatogonia were comparable in ND and HFD groups,
but a significant increase was observed at the spermato-
cyte and round spermatid stage. This alteration may be
explained by the effect of obesity on sperm maturation.
Although a similar pattern was noted for Dnmt3a, we
did not observe any difference in global methylation at
spermatogonia and spermatocyte stages, but a significant
decrease at round and elongated stages in the HFD group,
counter to the expectation that increased Dnmts would
induce global methylation. We think that other Dnmts

or epigenetic mechanisms such as histone deacetylases
(HDAG:S) or histone methyltransferases (HMTs) may dif-
ferentially regulate global methylation. Moreover, the
finding that there are no Dnmtl and Dnmt3a proteins but
high global methylation in elongated spermatids may sup-
port this assumption. Similarly, Fullston and colleagues
showed decreased DNA methylation in mouse total testes
and elongating spermatids in the HFD group, in line with
our findings (Fullston et al. 2013). Recently, Deshpande
et al. found a significant decrease in the Dnmt1 transcript
levels in the testes of rats fed HFD compared with the
ND group, whereas Dnmt3a, Dnmt3b and Dnmt31 were
comparable (Deshpande et al. 2021). They also noted a
decrease in SmC levels in spermatids, in line with our
outcomes. However, they did not observe any change in
SmC levels, but Dnmt3a, Dnmt3b and Dnmt31 levels were
upregulated in genetically obese rats.

In the current study, we found that both Dnmtl and
Dnmt3a levels and global methylation increased in the
ovary in the HFD group. Consistently, the levels of Dnmts
and global methylation were high in the HFD group at all
stages of follicular development. It is known that develop-
ing oocytes, from primordial germ cell (PGC) to mature
(MII) oocyte, exhibit unique epigenetic and transcriptional
changes (Pan et al. 2012). Genome-wide DNA demethyla-
tion occurs in PGCs just after arriving at the genital ridge.
Kageyama et al. showed that the level of DNA methylation
increased in pre-pubertal oocytes from day 5 to day 15 (Kag-
eyama et al. 2007). During the GV stage to MII maturation,
Dnmt1, Dnmt3a, Dnmt3b and Dnmt31 levels increase (Lucif-
ero et al. 2004; Uysal et al. 2017), but interestingly, global
DNA methylation decreases (Lucifero et al. 2004) despite
some opposite findings (Dean et al. 2003; Uysal and Ozturk
2017). The dynamics of Dnmts and global DNA methyla-
tion during follicle development have not been demonstrated
before. To the best of our knowledge, this is the first study
to document dynamic alteration of Dnmt1 and Dnmt3a as
well as global DNA methylation pattern in total follicles
and oocytes, granulosa and stromal cells individually during
ovarian follicle development not only in an HFD group but
also in a ND group.

It was shown that HFD induces ovarian follicle develop-
ment and, thus, the rate of follicle loss via different sig-
nalling pathways and reduces reproductive capacity (Wang
et al. 2014; Sohrabi et al. 2015). DNA methylation also
plays an important role in the expression regulation of
genes in oocyte and granulosa cells during folliculogenesis
as in ovarian cells (Turek-Plewa and Jagodzinski 2005). Our
results demonstrated that HFD significantly induces Dnmt1
and Dnmt3a levels and global DNA methylation during fol-
liculogenesis. Here, we think that differential alteration of
follicular cells induced by HFD may cause early follicle loss
and diminish reproductive capacity.
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Conclusion

In this study, the effect of a high-fat diet on Dnmt1l and
Dnmt3a expression as well as global DNA methylation
in mouse gonads was demonstrated for the first time. Our
results showed that the high-fat diet significantly altered
Dnmt enzymes and global methylation in mouse gonads,
and increased the levels of Dnmtl and Dnmt3a proteins in
the ovary and testis. We observed increased global DNA
methylation in testes but, interestingly, decreased global
DNA methylation in ovaries. This discrepancy raises
new questions to be answered. How do these epigenetic
changes, transmitted from either father or mother or both,
affect the offspring? What are the molecular pathways that
may affect or be affected by Dnmt-enzyme-related DNA
methylation altered by HFD?

We think that the current study has a novel role to
indicate the necessity of new studies focusing on obesity-
induced gene expression patterns and their roles in embry-
ogenesis and further development.

As Dnmtl and Dnmt3a are considered the most promi-
nent DNA methylating enzymes that we analysed, new
studies focusing on the effect of other Dnmts are required.
Additionally, this is the first time that dynamic alteration
of Dnmtl and Dnmt3a and global methylation were dem-
onstrated in normal follicle development. Our results indi-
cate the necessity of new studies aiming to document the
relationship between DNA methylation and follicle devel-
opment, in detail.
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