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Effect of high-fat diet-induced obesity on the
Akt/FoxO/Smad signaling pathway and the
follicular development of the mouse ovary
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Abstract. Obesity has a negative effect on ovarian functions,
which is reported to increase the risk of infertility. The mech-
anism underlying obesity-induced infertility is not yet clear.
The present study established a high-fat diet (HFD)-induced
obesity mouse model to elucidate the mechanisms underlying
the effect of HFD-induced obesity on follicular development
in the mouse ovary. The 4-week-old female mice were fed
with HFD or normal control (NC) diet for 15 or 20 weeks.
Body mass index was used to demonstrate that the mice were
obese following HFD treatment. The follicular development
of the ovaries from the HFD group mice was retarded in a
time-dependent manner, as demonstrated by morphological
and histological examination of the ovaries. Further investi-
gation via western blot analysis demonstrated that the activity
of the transcription factor, forkhead box O3a (FoxO3a), was
increased by HFD through downregulated FoxO3a phosphor-
ylation, which may contribute to the inhibited development of
ovarian follicles. To determine the regulatory mechanism of
FoxO3 on the follicular development, the expression levels of
FoxO3a target protein, Smad1/5/8, were also determined and
there was significant decrease in phosphorylated Smad1/5/8
in the ovaries from the HFD group compared with the NC
group, indicating that FoxO3a/Smad1/5/8 may be important
in the regulation of follicular development. The expression
levels of the upstream regulator of FoxO3a, Akt, were also
examined and it was demonstrated that Akt phosphoryla-
tion was significantly reduced in the HFD group compared
with the NC group, indicating that Akt/FoxO3a may be also
involved in follicular development. Together, the experiments

Correspondence to: Dr Zhengchao Wang, Provincial Key
Laboratory for Developmental Biology and Neurosciences, College
of Life Sciences, Fujian Normal University, 8§ Shangsan Road,
Fuzhou, Fujian 350007, P.R. China

E-mail: zcwang@fjnu.edu.cn

Key words: high-fat diet, obesity, Akt, FoxO3a, Smadl/5/8,
follicular development

demonstrated that HFD-induced obesity affected the activity
of the Akt/FoxO3a/Smadl/5/8 signaling pathway in a
time-dependent manner during the follicular development of
the mouse ovary, leading to abnormal follicular development.
These findings may provide part of a theoretical basis for
the clinical prevention and treatment of obesity-associated
female infertility.

Introduction

The increasing prevalence of obesity has become a major
worldwide issue. Obesity is associated with high rates of type 2
diabetes mellitus, cardiovascular disease and infertility (1,2).
The Nurses' Health study reported that a high body mass
index (BMI) value is associated with a high risk of infertility
in women (3). Furthermore, obesity is an important factor
involved in polycystic ovary syndrome, a condition associated
with anovulatory infertility (1,4-6). However, the molecular
mechanism of the effect of obesity on follicular development
remains unclear.

In the mammalian ovary, follicular development is regu-
lated by the hypothalamus-pituitary-ovary axis and various
other signaling pathways (7). As a vital transcription factor,
forkhead box O3a (FoxO3a) negatively regulates primordial
follicle activation and early follicular development (8,9).
Previous investigations have indicated that FoxO3a is highly
expressed and localized to the nucleus during the dormancy of
primordial follicles, then is phosphorylated and exported to the
cytoplasm during follicular activation in mice (10). However,
the activity of FoxO3a is suppressed in later-growing follicles,
indicating that the downregulation of FoxO3a in oocytes may
be a prerequisite for the initiation of oocyte growth during
follicular activation (11,12).

It is well-established that the bidirectional communication
between oocytes and granulose cells (GCs) is also important
for normal follicular development. Bone morphogenetic
protein 15 (BMP15) and the transforming growth factor-f3
family members, are fundamental for the paracrine signaling
between oocytes and GCs that controls follicular development
and cumulus expansion (13-18). GCs are one of the target
cells of BMP15 (19,20). BMPs bind to their cell membrane
receptor and exert their effects through receptor-mediated
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activation of Smad transcription factors (21). Previous studies
have demonstrated that BMP15 regulates Smad1/5/8 activity
and regulates ovarian follicular development (22-24). Addi-
tionally, Liu ef al (11,25) reported that constitutively active
FoxO3a expressed in oocytes stimulated downregulation of
BMP15 expression and suppressed Smad pathway activation.
Furthermore, the BMP15 gene promoter contains FoxO3a
binding sites (11,25). These previous studies indicated that the
regulation of FoxO3a during follicular development may be
mediated via the BMP15/Smad1/5/8 signaling pathway.

Previous studies have systematically reported that main-
taining optimal activity of Akt serine/threonine kinase 1
(Akt) signaling is essential for normal ovarian function,
which regulates the balance between survival and activation
of primordial follicles, and also is important for proliferation
and differentiation of GCs (26-28). FoxO3a is also a substrate
of Akt, thus, the present study also examined the expression of
Akt ovaries. The present study was designed to verify whether
Akt/FoxO3a/Smad1/5/8 signaling is the intracellular mecha-
nism underlying the effect of high-fat diet-induced obesity on
the follicular development, to demonstrate the importance of
understanding the effect of abnormal metabolite process in
ovarian function and potentially elucidating novel interven-
tions for obese pregnant mothers.

Materials and methods

Animals. Four-week old female C57BL/6J mice (weighing
=35 g) were purchased from Wushi Experimental Animal
Supply (Fuzhou, China). The animals were maintained under
a 14-h light/10-h dark condition, at 25°C. The experimental
protocol was approved in accordance with the Guide for the
Care and Use of Laboratory Animals prepared by the Insti-
tutional Animal Care and Use Committee (Fujian Normal
University, Fuzhou, China).

Experimental design. The mice (n=60) were divided into
two groups (n=30/group) and fed either a high-fat diet (HFD;
Research Diets, Inc., New Brunswick, NJ, USA) or a normal
control diet (Research Diets, Inc.) for 15 or 20 weeks. HFD
contained 20% protein, 20% carbohydrate and 60% fat.
The normal control (NC) diet contained 20% protein, 70%
carbohydrate and 10% fat. Body weight was recorded weekly.
Following feeding with the different diets for 15 and 20 weeks,
the BMI was determined. BMI was calculated using the
following formula: body weight/height?, (kg/m?). Following
feeding with the different diets for 15 or 20 weeks, the mice
were sacrificed with 20% CO,, followed by cervical disloca-
tion, and the ovaries were dissected from the mice. One ovary
was examined morphology under a Leica MZ16F stereomi-
croscope (Leica Microsystems, Inc., Buffalo Grove, IL, USA)
or via hematoxylin and eosin (H&E) staining, and the other
ovary was snap-frozen and used for immunoblotting.

H&E staining. Ovaries were collected from mice fed with
the different diets for 15 or 20 weeks, and then fixed with
4% paraformaldehyde in phosphate-buffered saline. Ovaries
were dehydrated in alcohol and embedded with paraffin.
Sections (10 zm) were stained with H&E and observed under
a light microscope.
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Figure 1. Animal model of HFD-induced obesity. Body mass index of mice
in NC (15 W, n=6; 20 W, n=7) and HFD (15 W, n=6; 20 W, n=8) groups fol-
lowing feeding with NC or HFD for 15 and 20 weeks ("P<0.05 vs. 15 W group;
"P<0.05 vs. 20 W NC groups). Data are presented as the mean + standard
deviation. NC, normal control group; HFD, high-fat diet group; W, weeks.

Immunoblotting. Immunoblotting was performed as previously
described (2,29-34). Briefly, ovaries from different experimental
groups were sonicated in lysis buffer containing a protease
inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA). The
proteins were quantified using DC protein assay kit (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). Equal amounts of
protein (30-50 pug) and the Precision Plus Protein Standards
(Bio-Rad Laboratories, Inc.) were resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred onto
polyvinylidene difluoride membranes. Membranes were blocked
in 5% nonfat milk for 45 min at 25°C and then incubated for
18 h at 4°C with the primary antibodies at 1:1,000 in 5% non-fat
milk, including Akt (cat. no. 8272), phosphorylated (p)-Akt
(cat.no.4058), FoxO3a (cat. no. 9467), p-FoxO3a (cat. no. 9464s),
Smad1/5/8 (cat. no. 9517P) and p-Smad1/5/8 (cat. no. 9511) (all
from Cell Signaling Technology, Inc., Danvers, MA, USA). To
determine whether equivalent amounts of protein were loaded
among all samples, membranes were stripped and incubated
with a mouse antibody against [3-actin (Abcam, Cambridge,
UK) to generate a signal for use as a loading control. Following
primary antibody incubation, the membranes were incubated
with goat anti-rabbit or goat anti-mouse secondary antibodies
(1:10,000; Jackson ImmunoResearch Laboratories, Inc., West
Grove, PA, USA) at 25°C for 4 h. Using the Super Signal West
Femto Maximum Sensitivity Substrate kit (Thermo Fisher
Scientific, Inc., Waltham, MA, USA), chemiluminescence
emitted from the bands was directly captured using a UVP
Bioimage EC3 system (UVP, Inc., Upland, CA, USA). Densi-
tometric analysis of chemiluminescence signals was performed
using VisionWorks LS software (version, EC3 600; UVP, Inc.).
The quantitative analysis of protein levels was calculated as the
densitometric value of phosphorylated protein level/the densito-
metric value of total protein. All experiments were repeated in
triplicate with the use of independently prepared tissue lysates.

Statistical analysis. Data are presented as the mean + standard
error. Experiments were repeated at least three times, and ovary
samples for each replicate were from different female mice.
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Figure 2. HFD-induced obesity results in abnormal ovarian morphology. Morphological appearance of ovaries from mice in (A) NC group and (B) HFD group
following feeding with the different diets for 15 weeks; B is the morphological appearance of ovaries from mice in HFD group after fed with different diet for
15 weeks. Morphological appearance of ovaries from mice in (C) NC group and (D) HFD group following feeding with the different diets for 20 weeks. W,

weeks; NC, normal control group; HFD, high-fat diet group.

Statistical differences were determined by one-way analysis of
variance with Tukey's test used to determine the significance
of the results using Sigma Stat 3.5 software (Systat Software,
Inc., San Jose, CA, USA). P<0.05 was considered to indicate a
statistically significant difference.

Results

Animal model of HFD-induced obesity. The mice received
HFD or NC diet for 15 or 20 weeks. After 15/20-week
feeding, the BMI of the mice in the HFD group was signifi-
cantly increased compared with the NC group (15 weeks,
P<0.001; 20 weeks, P<0.001), indicating that the obese mouse
model has been successfully established (Fig. 1).

HFD-induced obesity causes abnormal ovarian morphology.
HFD-induced obesity had a negative effect on ovarian func-
tion. The ovarian morphology in the HFD group (15 weeks)
did not exhibit obviously abnormal ovarian morphology
compared with the NC group (Fig. 2A and B). However, when
administered with HFD for 20 weeks, an abnormal morpho-
logical effect of obesity on ovarian development was observed
(Fig. 2C and D). H&E staining was performed to observe the
histology of the ovaries. The majority of the follicles in the
ovaries from the NC group had developed to the later follicles
stages or the corpora lutea stage (Fig. 3). By contrast, the
mouse ovaries in the HFD group exhibited hyaline appear-
ance, were avascular and had large numbers of cystic follicles
stored under the tunica albuginea (Fig. 2D). Additionally,
the majority of follicles in the ovaries from the HFD group
(20 weeks) were retarded at an early stage or were atretic

(Fig. 3D). These findings suggested that HFD-induced obesity
exerts a detrimental effect on follicular development.

HFD-induced obesity suppresses the phosphorylation level of
FoxO3a in the ovary. Compared with the follicles in NC group,
the majority of ovarian follicles were retarded at the early
follicle stage in the HFD group (Fig. 3), indicating that the
regulatory mechanisms underlying follicular development are
disrupted. FoxO3a is a major regulator of primordial follicle
activation and early follicular development. To determine
whether FoxO3a is involved in the effect of HFD-induced
obesity on follicular development, the expression level of
p-FoxO3a in the ovaries was examined. The protein level of
p-FoxO3a was significantly reduced in the ovaries from mice
in the HFD group compared with the NC group at 15 weeks
(P<0.001) and 20 weeks (P<0.001) (Fig. 4). Additionally, the
degree of reduction of p-FoxO3a in the ovaries from mice fed
with HFD for 20 weeks was greater than in the ovaries from
mice fed with HFD for 15 weeks; however, no difference in
the total protein levels were observed compared with [3-actin
(15 weeks, P=0.002; 20 weeks, P=0.629; Fig. 4). These data
suggest that HFD-induced obesity suppresses FoxO3a phos-
phorylation in a time-dependent manner, leading to increased
FoxO3a activity and retarded follicular development.

HFD-induced obesity represses Smad signaling pathway
activation in the ovary. BMP15 is specifically expressed in
oocytes and is important for the regulation of cell growth,
development and apoptosis (19,20). FoxO3a can bind the
BMP15 gene promoter to regulate its expression. The expres-
sion of p-Smad1/5/8, the downstream effector of BMP15, was
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Figure 3. HFD-induced obesity resulted in abnormal ovarian histology. Representative images of ovarian histological structure from mice in (A) NC group
and (B) HFD group following feeding with the different diets for 15 weeks. (C) Representative images of ovarian histological structure from mice in (C) NC
group and (D) HFD-diet group following feeding with the different diets for 20 weeks. Scale bars=150 ym. W, weeks; NC, normal control group; HFD, high-fat

diet group.
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Figure 4. HFD-induced suppressed the phosphorylation level of FoxO3a in the ovary Protein levels of p-FoxO3a in the ovaries from mice in NC group and HFD
group were measured following feeding with the different diets for 15 or 20 weeks. (A) Representative images of western blot analyses of the p-FoxO3a and
total FoxO3a protein levels. (B) Intensities of p-FoxO3a blots normalized to FoxO3a. (C) Intensities of p-FoxO3a blots normalized to (3-actin. (D) Intensities
of FoxO3a normalized to B-actin. Data are presented as the mean + standard deviation (n=3; "P<0.05 vs. 15 W group; “P<0.05 vs. 20 W NC groups). p-FoxO3a,
phosphorylated-forkhead box O3a; NC, normal control group; HFD, high-fat diet group; W, weeks.

significantly reduced in the ovaries from HFD mice compared
with NC mice in a time-dependent manner (15 weeks, P<0.001;
20 weeks; P<0.001; Fig. 5). Thus, these data indicate that
FoxO3a/Smad1/5/8 signaling may be involved in the effect of
HFD-induced obesity on follicular development.

HFD-induced obesity downregulates Akt signaling in the
ovary. Akt, an upstream regulator of FoxO3a, is essential for
the adverse metabolic effects of insulin, which is the major
regulatory mechanism involved in follicular development (25).
Thus, the effect of HFD-induced obesity on Akt signaling
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Figure 5. HFD-induced obesity represses Smad signaling activation in the
ovary Protein levels of p-Smad1/5/8 in the mouse ovaries from NC group
and HFD group following feeding with the different diets for 15 or 20 weeks.
(A) Representative images of western blot analyses of p-Smad1/5/8 and
Smad1/5/8 protein levels. (B) Intensities of p-Smad1/5/8 blots normalized
to Smad1/5/8. Data are presented as the mean =+ standard deviation (n=3;
"P<0.05 vs. 15 W group; "P<0.05 vs. 20 W NC groups). p-, phosphorylated;
NC, normal control group; HFD, high-fat diet group; W, weeks.

during the follicular development was investigated. The level
of p-Akt was significantly reduced in the ovaries from HFD
group mice compared with the NC group (15 weeks, P=0.038;
20 weeks, P<0.001; Fig. 6). In accordance with the expres-
sion level of p-FoxO3a, the reduction of p-Akt expression in
the ovaries from the mice fed with HFD for 20 weeks was
increased compared with the mice fed with HFD for 15 weeks
(Fig. 6). These data suggested that HFD-induced obesity
may cause abnormal follicular development via impairing
Akt/FoxO3a signaling in a time-dependent manner during
follicular development.

Discussion

The results of the present study demonstrated that HFD-induced
obesity observably inhibited follicular development in the
mouse ovary in a time-dependent manner. Furthermore, HFD
increased FoxO3a activity in the mouse ovaries, as indicated
by decreased p-FoxO3a levels. These results together indicated
that FoxO3a may be an important regulatory factor involved in
the ovarian follicular development of HFD-fed mice.

Obesity is currently the major factor that causes type 2
diabetes, cardiac malformation and infertility (1). With the
increasing epidemic of obesity, a useful mouse model of
obesity is essential for studying the mechanisms that underlie
the negative effects of obesity negatively on the function of the
ovary. The current study established an obese mouse model
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Figure 6. HFD-induced obesity downregulates Akt signaling in the ovary
Protein levels of p-Akt in the mouse ovaries from NC group and HFD
group were determined following feeding with the different diets for 15 or
20 weeks. (A) Representative of western blot analyses depicting the p-Akt
and Akt protein levels. (B) Intensities of p-Akt blots normalized to Akt. Data
are presented as the mean =+ standard deviation (n=3; "P<0.05 vs. 15 W group;
“P<0.05 vs. 20 W NC groups). p-Akt, phosphorylated Akt serine/threonine
kinase 1; NC, normal control group; HFD, high-fat diet group; W, weeks.

using C57BL/6J female mice fed with HFD for 15 or 20 weeks
and focused on the molecular mechanism underlying the
effect of obesity on follicular development. The present results
demonstrated that HFD induced-obesity has deleterious effect
on the ovarian development in a time-dependent manner. The
follicular development in mice fed with HFD for 20 weeks was
retarded at the early stage or were completely atretic. Thus, it
is important to investigate the mechanisms underlying these
processes.

In the mammalian ovary, follicular development is regu-
lated by the hypothalamus-pituitary-ovary axis, and various
signaling pathways (7). Ovarian follicles develop from primor-
dial follicles to primary follicles, secondary follicles and antral
follicles, which become a mature follicle with a single oocyte
enclosed by several layers of somatic granulose cells (10). A
substantial process is involved in the regulation of follicular
development. In the ovary, primordial follicles are the source
of all developing follicles, which have three potential devel-
opmental fates: i) To remain quiescent; ii) to be activated into
the growing follicle pool; or iii) to undergo death directly from
the dormant state (35-37). Consequently, the balance among
these three fates of the primordial follicle determines the
length of female reproductive life (27,37,38). Additionally, the
bidirectional communication between oocytes and GCs is also
important for normal follicular development.

As a vital transcription factor, FoxO3a negatively
regulates primordial follicle activation and early follicular
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development (8.9). It has been previously demonstrated that
phosphorylation by phosphoinositide 3 kinase (PI3K)/Akt
controls a shuttling system that modulates FoxO3a nucleocy-
toplasmic translocation and, thus, its activity. Under normal
conditions, FoxO3a is located in the nucleus and activates the
expression of genes associated with cell death/apoptosis (39).
Following stimulation, Akt phosphorylates FoxO3a, leading
to the association of FoxO3a with 14-3-3 proteins, retention of
FoxO3a in the cytoplasm and inhibition of FoxO3a-dependent
transcriptional activity (25,39). Regarding follicular develop-
ment, FoxO3a may activate the expression of certain genes
that maintain follicle quiescence. A number of elegant genetic
mouse experiments have provided insight into the role of
FoxO3a in oocyte quiescence. FoxO3a™ mice exhibited global
activation of primordial follicles and age-dependent infer-
tility (8,40). Oocyte-specific ablation of phosphatase and tensin
homolog (a negative regulator of PI3Ks) led to PI3K-induced
Akt activation, and thus, phosphorylated FoxO3a, suppressing
its activity, and consequently triggering a phenotype in oocytes
equivalent to that in mice lacking FoxO3a (41,42). The reduced
phosphorylation of FoxO3a observed in the present study would
maintain FoxO3a localization in the nuclei, which prevents the
activation of follicle development.

Previous studies have also demonstrated that constitu-
tively active FoxO3a suppressed Smad pathway activation
via downregulation of BMP15 expression in the ovaries from
ZP3-FoxO3a Tg mice (11). BMP15 is a growth factor specifi-
cally secreted from oocytes, which is important for promoting
follicular development (13-18). GC is one of the target cells of
BMP15 (19,20). Otsuka et al (43) demonstrated that BMP15
controls the expression of plasma protein-A in granulose cells
coordinating with follicle stimulating hormone, guaranteeing
the development of the advantage follicle. Additionally,
BMPI15 and growth differentiation factor-9 are required
for cholesterol synthesis and metabolism in cumulus cells,
adversely affecting the development of cumulus oocyte
complexes (22). These findings indicated that FoxO3a/BMP15
signaling may be an important mechanism that regulates
follicular development. Notably, previous studies have
demonstrated that BMP15 regulates Smad1/5/8 activity and
its regulatory effect on ovarian follicular development (22-24).
Thus, the present study investigated Smad1/5/8 activity and
demonstrated that HFD significantly reduced the level of
p-Smad1/5/8. These studies suggest that HFD-induced obesity
may impair FoxO3a/Smad1/5/8 signaling and lead to abnormal
follicular development. The present data and previous results
reinforce the importance of bidirectional communication
between oocytes and somatic cells during oocyte and follicle
development, and also reveal that the signaling pathway and
hypothalamus-pituitary-ovary axis synergistically regulate
follicular development.

PI3K/Akt signaling is one of the classic signaling pathways
in mammalian cells. Following stimulation, PI3K is activated
and then phosphorylates the third position hydroxyl group
of the inositol ring of phosphatidylinositol, resulting in the
production of second messengers of inositol lipid substances,
including PIP2 and PIP3 (44,45). Akt, also known as protein
kinase B, is a direct downstream target of PI3K (46,47). Upon
binding to the pleckstrin homology domains in the N-terminus
in the cell membrane with PIP3, Akt is phosphorylated and
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activated by the catalysis of 3-phosphoinositide-dependent
kinases (48). Activation of Akt, in turn, activates downstream
signaling molecules, including FoxO family transcription
factors, glycogen synthase kinase 3, Bcl-2 family proteins
and mammalian target rapamycin, to regulate physiological
processes, including cell proliferation, differentiation and
apoptosis (10).

Additionally, studies using a transgenic mouse model with
constitutively active FoxO3a expressed in oocytes demon-
strated that over-expression of FoxO3a impaired oocyte
growth and folliculogenesis, leading to female infertility (11).
John et al (12) reported that as the downstream of PI3K/Akt,
hyperphosphorylation of FoxO3a induced over-activation of
primordial follicules (8,26,28). As previous studies have system-
atically reported that maintaining optimal activities of PI3K/Akt
signaling pathway is essential for normal ovarian function, which
not only regulates the balance between survival and activation
of primordial follicles, but also is vital for the proliferation and
differentiation of GCs (26-28). These studies suggested that
regulation of the optimal expression level of FoxO3a is important
spatially and temporally during follicular development. The data
from the present study demonstrated that HFD-induced obesity
impairs Akt signaling and induces over-activation of FoxO3a in
a time-dependent manner, implying that Akt/FoxO3a signaling
is a critical signaling pathway underlying HFD-induced obesity
resulting in abnormal follicular development.

In summary, the current study revealed the molecular
regulatory mechanisms underlying the effect of HFD-induced
obesity on follicular development, highlighting the impor-
tance of Akt/FoxO3a/Smadl1/5/8 signaling during regulation
of follicular development. The results from this study may
provide a theoretical basis for clinical treatment of infertility
caused by obesity. As the regulation of biological processes is
complicated, further investigation of the effect of HFD-induced
obesity on the regulation of hormones and inflammatory
factors during ovarian follicular development is required.
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