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A ketogenic diet alleviates the apoptosis i

of granulosa cells by inhibiting the activation
of cGAS-STING signaling pathway in PCOS mice
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Abstract

Background Polycystic ovary syndrome (PCOS) is the most common cause of anovulatory infertility. The ketogenic
diet (KD), a diet high in fat and low in carbohydrates, has been applied clinically for the treatment of obese women
with PCOS. We have previously demonstrated that KD improved the reproductive phenotype in an androgen-induced
PCOS mouse model, yet the underlying molecular mechanisms remain largely unclear. The aim of the present study
was to investigate the effect of KD on the reproductive phenotype of a letrozole-induced PCOS mouse model.

Methods Female C57BL/6N mice were divided into three groups, designated control, letrozole, and letrozole + KD
groups. Mice of control and letrozole groups were fed the control diet, whereas letrozole +KD mice were fed a KD
with 89.9% (kcal) fat for 3 weeks after the PCOS mouse model was generated. 3-hydroxybutyrate (BHB), the most
abundant ketone body in the body, was used to treat KGN cells with testosterone (T) to simulate the KD effect

on PCOS mouse ovaries in vitro.

Results Our data showed that KD treatment significantly increased blood ketone levels and reduced body weight.
Ovarian functions were improved in some letrozole + KD mice. Results from in vitro experiments indicated mito-
chondrial damage owing to high T levels, which resulted in the leakage of cytochrome C and mitochondrial DNA

into the cytosol and thus induced the activation of the intracellular caspase cascade and the cGAS-STING-NF-kB
pathway, leading to granulosa cell inflammation and apoptosis. BHB exhibited certain protective effects on mitochon-
dria of T-treated KGN cells via inhibiting the cGAS-STING pathway. Moreover, the cGAS-STING pathway was activated
in ovaries of letrozole mice and was down-regulated in letrozole + KD mice.

Conclusion These findings, for the first time, revealed that hyperandrogenism induced ovarian dysfunction pos-
sibly through activation of the cGAS-STING pathway, which could be partially inhibited by ketone bodies produced
from KD administration.
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Background

Polycystic ovary syndrome (PCOS) is one of the most
common endocrinopathies affecting 10% to 13% women
of reproductive age [1]. The clinical presentations of this
condition include hyperandrogenism (HA), ovulatory
dysfunction (OD), and polycystic ovarian morphology
(PCOM), involving reproductive, metabolic, and psycho-
logical impairments [2]. Obesity is common in PCOS.
The link between obesity and the prevalence of PCOS
is highly correlated. For overweight or obese women
with PCOS, body weight control is recommended as a
fundamental strategy for the treatment. Several dietary
patterns in the management of PCOS have been exten-
sively investigated, including the low saturated-fat diet,
low glycemic index (GI) diet, Mediterranean diet (MD),
Pulse-Based diet, and ketogenic diet (KD) [3, 4]. Among
these, the KD emerges as a possible non-pharmacological
therapy in main endocrine diseases of the female repro-
ductive system and plays a role in improving fertility out-
comes, low-grade inflammation, body weight, etc.

The KD was first mentioned in the 1920s as a dietary
approach for treating patients with drug-resistant epi-
lepsies. In the classic KD, 90% of the calories come from
fat, 8% from protein, and only 2% from carbohydrates [5].
The use of KD has been widely established in the treat-
ment of neurological disorders [6]. Recently, emerging
evidence suggests its potential as a viable therapeutic
approach for metabolic conditions such as type 2 diabe-
tes (T2D) and obesity [7].

Administration of the KD induces substantial ketone
body production and facilitates nutritional ketosis.
Ketone bodies (acetoacetate (AcAc), B-hydroxybutyrate
(BHB), and acetone) are mainly produced by the hepat-
ocyte mitochondria. BHB is the most abundant ketone
body in the body, serving as not only an energy metab-
olism substrate but also a crucial signaling molecule in
ameliorating metabolic abnormalities [8—11]. The possi-
ble mechanisms may involve inhibition of inflammation
[9-11], histone B-hydroxybutyrylation (Kbhb) [12], and
others.

Accumulated clinical cases have reported significant
therapeutic effects of KD on women with PCOS [4, 13-
15]. The underlying mechanisms, however, remain largely
unknown. Previous data from our laboratory [16] have
demonstrated that a classic KD administrated for one or
three weeks had certain ameliorative effects on reproduc-
tive and metabolic abnormalities, especially on ovarian
functions in dehydroepiandrosterone (DHEA)-induced
PCOS mouse model. Moreover, BHB ameliorated inflam-
mation and apoptosis of ovarian granulosa cells as
observed from in vitro experiments. However, whether
the KD also functions in other PCOS mouse models,
particularly in non-exogenous-androgen-induced animal
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models, and the intrinsic mechanisms of improving ovar-
ian functions need to be deeply investigated.

Therefore, letrozole was employed in the present study
to induce a PCOS mouse model as reported [17] and the
effects of KD on the reproductive phenotype of the mice
were evaluated. Furthermore, the mechanisms were stud-
ied in KGN cells. Our results suggested an important role
for mitochondria dysfunction-activated cGAS-STING
signaling pathway in PCOS mouse granulosa cells and
the protective effects of BHB on inflammation and apop-
tosis under these conditions.

Materials and methods

Animals and experimental protocols

Female C57BL/6N mice at the age of 21 days were pur-
chased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China). The animals
were acclimated to standard laboratory conditions
(22 °C+2 °C, 12 h light:12 h dark) with free access to
rodent food and water. At postnatal day 25, the mice of
comparable weights were randomly divided into three
groups as illustrated in Fig. 1. Group 1: control group
(ctrl). The mice (n=18) were fed a normal chow and
received the vehicle (1% saline solution of sodium car-
boxymethylcellulose, 0.5 mL per 100 g body weight) once
daily by oral gavage for three weeks. Group 2: Letrozole
group (letro). The mice (n=18) were fed a normal chow
and received letrozole (Sigma, USA) (0.1 mg per 100 g
body weight) dissolved in 1% saline solution of sodium
carboxymethylcellulose once daily by oral gavage for
three weeks. Group 3: Letrozole + KD group (letro + KD).
The mice (n=12) were fed a normal chow and received
letrozole for three weeks in the same way as in Group
2. After 3 weeks of the treatments, 6 mice from control
group and 6 mice from letrozole group were sacrificed
to verify the establishment of the PCOS animal model.
The remaining 12 control mice were fed a control diet
(Moldiet, USA) (10% of calories from fat; 10% of calories
from protein; 80% of calories from carbohydrates) and
administered with the vehicle for another 3 weeks. The
remaining letrozole mice in Group 2 were fed a control
diet and administered with letrozole for 3 weeks. The
letro+KD mice in Group 3 were fed a ketogenic diet
(Moldiet, USA) (89.9% of calories from fat; 10% of calo-
ries from protein; 0.1% of calories from carbohydrates)
and administered with letrozole for 3 weeks according
to our previous work [16]. The mice were weighed daily
during the treatments. In addition, the energy intake of
the mice was recorded every day. The amount of energy
intake of the letro+KD mice was strictly controlled
according to the amount of the energy intake of the
letro mice the day before and did not exceed the average
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energy intake of the letro mice. After 3 weeks of feed-
ing with a KD or a control diet, all the mice in the three
groups were sacrificed. The animal experiments were
approved by Institutional Animal Care and Use Commit-
tee (IACUC) of Peking University Health Science Center
accordance with the Guide for the Care and Use of Labo-
ratory Animals published by the US National Institutes of
Health.

Blood ketone measurement

Blood ketone levels were measured three times during
the treatments, namely one day before the feeding of the
KD, once during the second week and once during the
third week of the KD feeding. Blood samples were col-
lected from the tail vein and blood ketone levels were
immediately measured with the blood ketone monitoring
system (Abbott, USA).

Estrous cycle determination

The estrous cycle was determined daily 5 weeks after
the treatments and assessed for 7 consecutive days. As
described previously [18], vaginal cells were collected
via saline lavage and stained with methylene blue (0.1%).
Cells were then observed under the microscope and the
stages of the estrous cycle were determined based on
vaginal cytology: predominant leukocytes indicated the
diestrus stage, predominant nucleated epithelial cells
indicated the proestrus stage, predominant cornified
squamous epithelial cells indicated the estrus stage, and
both cornified squamous epithelial cells and leukocytes
indicated the metestrus stage.

Tissue collection and histology

The animals were anesthetized by intraperitoneal injec-
tion of a mixture containing ketamine hydrochloride
(100 mg/kg) and xylazine (20 mg/kg). Blood samples
were collected through the angular vein of the mice.
Ovary tissues were rapidly removed from the animals.

(See figure on next page.)
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One ovary from each mouse was fixed in 4% paraform-
aldehyde (PFA) and postfixed in a 20% sucrose solution.
Afterward, tissues were embedded in paraffin. The other
ovary was snap frozen in liquid nitrogen and stored at
-80°C for subsequent RNA extraction. To examine ovar-
ian morphology, ovary tissues were cut into sections
(7-um thickness). Every 10th wax section was mounted
on a glass slide. The sections were stained with hema-
toxylin and eosin (H&E) (Biosharp, China) according to
the standard histological procedures. Numbers of cystic
follicles, corpora luteum, and follicles at all stages were
counted. The areas of ovarian cysts were also measured
with Image] (National Institutes of Health) software.

Immunohistochemistry and H-score analysis
Immunohistochemistry was performed as described
previously [18]. In brief, ovarian sections were deparaffi-
nized and washed. Endogenous peroxidase activity was
quenched with endogenous peroxidase blocking regent
(ZSGB-BIO, China). Antigen retrieval was performed by
heating sections in 0.1 mM citrate (pH 6.0) for 30 min at
98 °C. Tissue sections were then blocked with 1% bovine
serum albumin for 20 min at 37 °C, followed by overnight
incubation at 4 °C with rabbit anti-cGAS (Proteintech,
China) or rabbit anti-STING (Abclonal, China) mono-
clonal antibodies. Nonimmune immunoglobulin G (IgG)
was used as the negative control. Sections were then
incubated with a peroxidase-labeled secondary antibody
(ZSGB-BIO, China). Immunostaining was revealed by
using diaminobenzidine and counterstained with hema-
toxylin. For each section stained, three high-power fields
(400 x) were randomly selected for analysis.
Immunoreactivity in specimens was quantified by the
H-score system, which was a widely used semi-quanti-
tative method that described staining intensity and dis-
tribution. The relative intensity of specific staining was
defined as negative (0), low positive (1+), positive (2+)
and high positive (3+4). The final score was the sum of

Fig. 1 KD improves the ovarian function and reduces apoptosis and inflammation in the ovaries of letrozole-induced PCOS mice. A The
experimental flow chart of generating letrozole-induced PCOS mice and the following KD/control diet treatments. B Serum ketone levels in three
groups of mice after modeling and during the second and third weeks of the KD/control diet treatments. n=6 per group. C Body weight curves
of the mice during the experiments. n=6 per group. The shaded area shows the period during which the mice were treated with a control diet

or KD. n=6 per group. D Final body weight of the three groups of mice after treatment with control diet or KD for 3 weeks. n=6 per group. E Serum
testosterone (T) levels in mice at the end of the experiment. n=6 per group. F Representative estrous cycle of one mouse from each group. D,
diestrus; M, metestrus; E, estrus; P, proestrus. G Representative H&E staining of ovarian sections of one mouse from each group. The yellow arrows
indicate corpora luteum and the blue arrows indicate ovarian cysts. Micrographs were taken at magnifications x 50, scale bar=100 um. H The
number of ovary cysts, corpora luteum, and follicles at all stages of the mice after treatment with a control diet or KD for 3 weeks. n=6 per group. |
The percentage of cysts'area of the mice treated with a control diet or KD for 3 weeks. n=6 per group. J Representative TUNEL staining of ovarian
sections of one mouse from each group. Micrographs of bright field (BF) were taken at magnification x 100. K The relative mRNA expression of IL.-6
in the ovaries of the mice treated with a control diet or KD for 3 weeks. n=6 per group. L The relative levels of IL-6 in the ovarian supernatants

of the mice treated with a control diet or KD for 3 weeks were detected by ELISA. n=6 per group. Data are presented as mean +SEM.*, P<0.05 vs

ctrl, **, P<0.01 vs ctrl, #, P<0.05, ##, P<0.01. KD: ketogenic diet
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the relative intensity of specific staining multiplied by
the percentage of positive cells [19]. The H-score scale
ranged from 0 to 300. Both data were obtained by Image]
(National Institutes of Health) software analysis.

TUNEL staining

The apoptosis of the ovarian tissues from the mice was
detected by terminal deoxynucleotidyl transferase-medi-
ated dUTP nick-end labeling (TUNEL) staining with a
commercially available kit from Elabscience Biotechnol-
ogy Co., Ltd according to the manufacturer’s instruc-
tions. Fluorescence was visualized using a fluorescence
microscope (Olympus, Japan) and images were captured
using FCSnap software.

Measurement of interleukin-6 (IL-6) levels by ELISA

IL-6 in the culture medium was measured by using
ELISA kit (ABclonal, China) according to the manufac-
turer’s instructions. For the detection of IL-6 in the ova-
ries, ovarian supernatants were extracted as described
previously [20]. Briefly, 20 pL of saline was added to each
ovary sample. Ovaries were then punched with micro-
surgical scissors to release ovarian supernatant. After
centrifugation at 12,000 rpm at 4 °C for 10 min, the
supernatants were collected. Then IL-6 levels in the ovar-
ian supernatants were detected with ELISA kit.

Cell culture and treatments

KGN cells, a human ovarian granulosa cell line, were pur-
chased from Beijing Aitemeng Science and Technology
Co (catalog number: BNCC-337610). The cells were cul-
tured in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 4500 mg/l glucose, 10% fetal bovine
serum (FBS), and 100 U/mL penicillin/streptomycin at
37 °C in a humidified 5% CO2 atmosphere in air. The
medium was changed every 2 days. After confluence,
cells were pre-treated with BHB at 5 mM for 6 h, fol-
lowed by the treatment with a combination of BHB and
testosterone (T) (10 uM) for 24 h according to our previ-
ous work [16]. Cells were recovered for protein assay or
interleukin-6 (IL-6) determination.

Analysis of cell viability with the MTT assay

KGN cells were cultured in a 96-well plate. After reaching
a confluence of approximately 90%, the culture medium
was removed and the prepared MTT (Solarbio, China)
working solution was added to each well. The plate was
incubated for 4 h at 37 °C followed by the addition of
dimethyl sulfoxide (DMSO) to solubilize the formazan
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produced. The absorbance was read at 490 nm using a
microplate reader.

Detection of cell apoptosis by flow cytometry

KGN cells were collected from 6-well plates by trypsin
without EDTA. Cells were harvested and resuspended
in Annexin V binding buffer containing AnnexinV-
FITC and propidium iodide (PI) (Elabscience, China)
according to the manufacturer’s instructions. Samples
were then incubated for 10 min at room temperature
in the dark. Flow cytometry data were acquired on
Guava® easyCyte™ (Luminex, USA).

Real-time PCR analysis

Total RNA from cells or tissues was extracted by
using the TRIzol as described previously [21]. Ali-
quots of 1 ug of total RNA from each sample were
reverse transcribed to cDNA with a reverse transcrip-
tion kit (Vazyme, China). Primer sequences were listed
in the Supplemental Table 1. Real-time PCR was per-
formed using fluorescent SYBR Green PCR Master
Mix (Vazyme, China) according to the manufacturer’s
instructions (Agilent Technologies, USA). B-actin was
used as an internal standard. The expression of the tar-
get gene was normalized to that of B-actin within the
same sample using the 2~ AAC method. Each sample
was measured in duplicate in each experiment.

Western blot analysis

Western blot analysis was performed as described pre-
viously [21]. Briefly, aliquots of 20 pg of protein from
each sample were separated on 10—-12% SDS-PAGE and
then transferred to a nitrocellulose (NC) membrane.
The membrane was blocked with 5% skimmed milk
and subsequently probed with primary antibodies at
4 °C overnight. B-actin was used as an internal control.
The membrane was washed with TBST buffer and then
incubated with a horseradish peroxidase-conjugated
secondary antibody. After washing, the membrane was
developed with ECL Reagent (Tanon, China). Blots
were detected with chemiluminescence (Tanon, China).
Protein expression levels were quantified using Image |
software.

Detection of ROS by DCFH-DA

Intracellular reactive oxygen species (ROS) were
detected using the DCFH-DA fluorescence probe
(Solarbio, China) according to the manufacturer’s
instructions. Briefly, KGN cells were washed with PBS
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and then incubated with DCFH-DA staining working
solution for 20 min at 37 °C. After that, the solution
was removed and cells were washed twice with PBS.
The fluorescence of the cells was detected immediately
using a fluorescence microscope (Leica, Germany).

Determination of mitochondrial membrane potential
Mitochondrial membrane potential of KGN cells was
detected with mitochondrial membrane potential assay
kit with JC-1 (Beyotime, China) according to the manu-
facturer’s instructions. Briefly, KGN cells were washed
twice with PBS and then incubated with JC-1 work-
ing solution for 20 min at 37 °C. The staining solution
was removed and cells were washed twice with buffer
solution. The fluorescence of the cells was monitored
immediately using a fluorescence microscope (Leica,
Germany).

Extraction and quantification of mitochondrial DNA
(mtDNA)

The mtDNA was extracted from cells as reported pre-
viously [22]. In brief, KGN cells were lysed in 170 pL of
digitonin lysing buffer (150 mM NaCl, 50 mM HEPES pH
7.4, 2.5 pg/mL digitonin) at 4 °C for 10 min, followed by
centrifugation at 20000x g at 4 °C for 20 min. The DNA
extraction kit (Vazyme, China) was used to separate the
DNA components from the lysate. The supernatant that
was enriched with cytoplasmic mtDNA was collected
and quantified using real-time PCR.

Small interfering RNA (siRNA) transfection

Three siRNAs containing sequences targeting the mouse
¢GAS mRNA and one non-silencing RNA as negative
control (nc) were obtained from AZENTA Life Sci-
ence, China. The sequences were listed in the Supple-
mental Table 2. Transfection of siRNA was performed
as described previously [21]. In brief, when KGN cells
reached the confluence of 70—-80%, the culture medium
was replaced with DMEM without serum or antibiotics.
The siRNAs or non-silencing RNA (nc) diluted in the
transfection medium were transfected into KGN cells
using the transfection reagent Lipofectamine 3000 (Ther-
moFisher, USA) according to the manufacturer’s instruc-
tions. The cells were kept in the transfection medium for
12 h. Then the siRNA-containing medium was changed
to DMEM with 10% FBS and 100 U/mL penicillin/strep-
tomycin. Thirty-six hours after transfection, cells were
harvested for RNA extraction to validate transfection
efficiency. Forty-eight hours after transfection, the cells
were either harvested for protein extraction to validate
the transfection efficiency or were utilized for other
experiments.
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Statistical analysis

Data are presented as mean + standard error of the mean
(SEM). Statistical analyses were performed with Graph-
Pad Prism 9.4.0 software. Data for comparisons were
analyzed by one-way ANOVA followed by Bonferroni
posttest. P<0.05 was considered statistically significant.

Result
KD increases serum ketone levels and reduces body weight
and blood glucose levels
The letrozole-induced PCOS mice were generated as
reported before [17]. The establishment of this model
was confirmed by elevated serum testosterone levels,
disturbed estrous cycles, and the presence of large antral
follicles (diameter>311 um) (Supplemental Figs. 1A-C).
After three weeks of treatments, mice of ctrl and letro
groups received continuous administration of saline or
letrozole, respectively, and were both fed the control diet
for three weeks. Mice of the letro+KD group received
continuous administration of letrozole by oral gavage to
maintain the phenotypes of PCOS mice [23] and were fed
the classic KD (Fig. 1A). The treatments with ketogenic
diet or the control diet were continued for 3 weeks. The
mice were then sacrificed when they were 9 weeks old.
The blood ketone levels were similar among the three
groups of mice after modeling and were significantly
higher in letro+KD mice than in ctrl and letro mice
2 and 3 weeks after KD treatment (Fig. 1B). The body
weight of letro + KD mice was markedly higher than that
of ctrl mice at the end of the modeling (Fig. 1C) and sig-
nificantly reduced at the end of KD treatment compared
with letro mice (Fig. 1C, D). However, the letro+KD
mice did not exhibit obvious improvements in glucose
tolerance or insulin tolerance, as indicated by data from
oral glucose tolerance test (OGTT) and insulin tolerance
test (ITT) experiments (Supplemental Fig. 2A-D). The
fasting and random blood glucose levels in letro+ KD
mice were significantly lower than in letro mice, which
may be attributed to the shift in energy metabolism sub-
strates (Supplemental Figs. 2E, F).

KD improves the ovarian function of letrozole-induced
PCOS mice
To investigate the effect of the KD on the reproductive
phenotype of the letro mice, we measured the serum tes-
tosterone levels of the animals. Serum testosterone (T)
levels of the letro mice and letro+ KD mice were mark-
edly higher than in the ctrl animals, whereas there was
no significant difference between the letro mice and
letro + KD mice (Fig. 1E).

Meanwhile, the estrous cycles of the mice were moni-
tored for 7 days during the 3-week treatment. The results
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Table 1 Statistics of estrous cycle in the three groups of mice

Number of mice with normal Percentage of

estrous cycle (n1/n2) improvement
ctrl 12/12 N/A
letro 0/12 0%
letro+KD 5/12 41.67%

n1:The number of mice with normal estrous cycle
n2:The total number of mice

N/A: No disturbance in estrous cycles

showed that control mice exhibited normal estrous cycles
and letrozole-induced PCOS mice still showed disrupted
estrous cycles. In contrast, the estrous cycles of 41.67%
letro+ KD mice were normal (Fig. 1F and Table 1), sug-
gesting that the KD improved ovarian function in some
letrozole-induced PCOS mice.

The ovarian sections were performed with H&E stain-
ing (Fig. 1G) and the numbers of ovarian cysts, corpora
luteum, and follicles at all stages were counted. As shown
in Fig. 1G and H, KD treatment did not reduce the num-
ber of ovarian cysts or corpora luteum in the letro+KD
mice compared with letro mice, but the number of the
follicles at all stages were significantly improved in the
letro4+KD mice compared with letro mice. Addition-
ally, although the number of the ovarian cysts was not
decreased in letro+KD mice compared with letro ani-
mals, the cyst area in letro+KD mouse ovarian section
appeared smaller than that in letro mice, as shown in
Fig. 1G. We thus calculated the percentage of the cyst area
to the total section area and found that the percentage of
the cyst area was markedly decreased in letro+ KD mice
compared with letro mice (Fig. 1I). However, the percent-
age was still significantly higher than in control mice.

KD reduces apoptosis in the ovaries of letro + KD mice

Due to the morphology of follicles in the mouse ovaries,
TUNEL staining was performed to examine apoptosis.
The fluorescence intensity of granulosa cells was stronger
in letro mice than in letro+ KD mice and ctrl mice, indi-
cating reduced granulosa cell apoptosis by KD treatment

(Fig. 1J).

KD alleviates inflammation in the ovaries of letro + KD

mice

Apoptosis of granulosa cells can be induced by a vari-
ety of factors, such as inflammation. We thus examined
the mRNA expression of inflammatory cytokine IL-6 in
mouse ovaries. The IL-6 mRNA level was significantly
higher in the ovaries of letro mice than in ctrl mice and
letro+ KD mice (Fig. 1K). Likewise, the mRNA level of
inflammatory cytokine tumor necrosis factor-a (TNF-«)
was significantly increased in the ovaries of letro mice
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than in ctr]l mice, but no marked difference was found
between letro mice and letro+KD animals (Supple-
mental Fig. 2G). Moreover, IL-6 levels in mouse ovarian
supernatants, which mainly contained follicular fluid,
were also examined (Fig. 1J). The IL-6 levels were mark-
edly up-regulated in the ovarian supernatants of letro
mice compared with ctrl mice and were significantly
lower in letro+ KD mice than in letro mice. These data
suggested that KD treatment decreased inflammation in
letrozole-induced PCOS mouse ovaries.

Taken together, these results revealed that the KD alle-
viated reproductive dysfunction in letrozole-induced
PCOS mice possibly by inhibiting inflammation and
reducing apoptosis of granulosa cells.

High concentrations of testosterone (T) induce apoptosis
of KGN cells

To investigate the mechanisms by which KD reduced
ovarian apoptosis in letrozole-induced PCOS mice, T was
used to stimulate KGN cells. A series of concentrations of
T at 1, 5, and 10 uM, respectively, were used to stimulate
KGN cells for 24 h. Results from cell viability experiments
showed that T induced apoptosis of KGN cells in a dose-
dependent manner (Supplemental Fig. 3A). In addition,
time-course of the effect of T at 10 uM on cell viability
from O to 48 h was performed, as shown in Supplemen-
tal Fig. 3B. Treatment of KGN cells with T at 10 pM for
24 h resulted in significant cell death and was thus used
in later experiments.

BHB declines T-induced apoptosis of KGN cells

BHB is the most abundant ketone body in the body. In
mice, KD treatment markedly raised the serum BHB
levels. In our previous study, BHB effectively reduced
DHEA-induced inflammation in KGN cells [16]. The
mechanism, however, was not well explained. We thus
used the combination of BHB and T to treat the cells to
explore the mechanism by which KD alleviated apoptosis
in PCOS mouse ovaries.

KGN cells treated with 10 pM T for 24 h had a signif-
icant decrease in cell viability and an increase in apop-
tosis compared with the control group, as detected by
MTT and flow cytometry (Fig. 2A-C). The concentra-
tion of BHB at 5 mM was chosen according to our pre-
vious study [16]. As illustrated in Fig. 2A-C, treatment
with BHB alone did not have apparent effect, whereas
BHB significantly increased cell viability and decreased
cell apoptosis of T-treated KGN cells. Moreover, we
also examined the levels of intracellular Caspase-3 and
cleaved Caspase-3. Data from Western blot showed that
the ratio of cleaved Caspase-3 to Caspase-3 was signifi-
cantly higher in KGN cells treated with T than in con-
trols (Fig. 2D, E). The treatment of KGN cells with the
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combination of T and BHB reduced the ratio of cleaved
Caspase-3/Caspase-3 compared with T treatment alone.
Collectively, these data indicated that T induced apopto-
sis of KGN cells, which could be reversed by BHB.

Apoptosis of granulosa cells is associated

with mitochondrial damage

Multiple studies [24, 25] have elucidated the role of mito-
chondria in the initiation and regulation of cell apopto-
sis. Apoptotic signals are transmitted into mitochondria,
inducing the release of factors such as cytochrome C
(Cyto C), SMAC/DIABLO, HTRA2/OMI, and ENDOG,
followed by cell apoptosis through both caspase-depend-
ent and independent pathways [24].

To verify whether mitochondria were involved in
T-induced apoptosis of KGN cells, we examined the
level of cytochrome C in the cellular cytoplasm without
the component of mitochondria. The purity of extracted
cellular cytoplasm without mitochondria was confirmed
in Supplemental Fig. 4 with Cox4 as the marker of mito-
chondria. The release of cytochrome C from mitochon-
dria is considered as one of the ‘triggers’ of the caspase
cascade reaction [26]. Results showed a significant
increase of cytochrome C in the cytoplasm of T-treated
KGN cells, as compared with controls (Fig. 2F, G, Supple-
mental Fig. 4). The addition of BHB markedly inhibited
T-induced cytoplasmic cytochrome C expression.

Moreover, the mitochondrial membrane potential was
detected. JC-1 is a fluorescent probe widely used to detect
mitochondrial membrane potential. Changes in the
membrane potential are presumed to be associated with
the opening of the mitochondrial permeability transition
pore (mPTP), allowing the passage of ions and small mol-
ecules. As shown in Fig. 2H, I, KGN cells treated with T
exhibited increased mitochondrial membrane permeabil-
ity, which was significantly reduced by BHB. Adenosine
triphosphate (ATP) production was measured as well. T
treatment markedly reduced ATP production in KGN
cells, which was improved by BHB (Fig. 2J).

(See figure on next page.)
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Mitochondria are one of the main sources of cellu-
lar ROS. Mitochondrial ROS are produced by the leak-
age of electrons to form the superoxide at complex I and
complex III in the electron transport chain [27]. Com-
pared with the controls, T significantly increased intra-
cellular ROS production in KGN cells treated with T
(Fig. 2K, L). In contrast, ROS levels were markedly lower
in cells treated with T+BHB than in cells treated with
T alone. To further investigate the functional changes
of mitochondria, the expression of mitochondrial DNA
(mtDNA) was also measured. The cellular cytoplasm
components without mitochondria were prepared as
mentioned above. Real-time PCR was performed to eval-
uate the mtDNA copy number in the cytoplasm of KGN
cells treated with vehicle (ctrl), T, BHB, or T+ BHB. The
results showed that T treatment increased the mtDNA
content in the cytoplasm compared with ctrl, which was
reduced by BHB (Fig. 2M).

Taken together, these results revealed that T caused
granulosa cell apoptosis possibly by damaging mitochon-
dria, which could be alleviated by BHB.

T activates cyclic GMP-AMP synthase (cGAS)-signaling
effector stimulator of interferon genes (STING) pathway
Cyclic GMP-AMP synthase (cGAS) is the DNA sensor
discovered in 2013. It is considered as a second mes-
senger that functions by regulating its downstream mol-
ecule STING. It has been reported that the cGAS-STING
pathway is closely associated with inflammation [28-31].
As we showed above, T induced the release of mtDNA
into the cytoplasm. We thus detected the expression of
cGAS and STING in KGN cells treated with vehicle (ctrl),
T, BHB, or T+BHB. As shown in Fig. 3A, B, T treat-
ment significantly increased the mRNA expression of
cGAS, but not STING. The protein levels of both cGAS
and STING were markedly up-regulated by T compared
with ctrl (Fig. 3C-E). Treatment with BHB alone did not
affect the expression of cGAS or STING compared with
ctrl. The co-treatment of T and BHB, however, decreased
¢GAS and STING protein levels compared with T.

Fig. 2 Testosterone (T) induces apoptosis and mitochondrial damage in KGN cells, which were partially or in whole improved by BHB KGN

cells were treated with T (0, 10 uM), BHB (5 mM), or the combination of T and BHB for 24 h. A Cell viability measured by MTT. n=6 per group. B

The percentage of cell apoptosis was measured by flow cytometry. C Statistical analysis of flow cytometry results. n=3 per group. D, E Western
blot analysis and densitometry quantification of Caspase-3 and Cleaved Caspase-3 in KGN cells. n=6 per group. F, G Western blot analysis

and densitometry quantification of cytochrome C (Cyto C) in the cytoplasm without mitochondria of KGN cells. 3-actin was used as an internal
control. n=6 per group. H The mitochondrial membrane potential (AYm) was determined by JC-1. Representative JC-1 staining of KGN cells

from each group. Scale bar=25 pm. I The ratios of JC-1 aggregate/monomer were analyzed by the Image J program. n=3 per group. J Normalized
ATP production of the cells. n=6 per group. K Representative fluorescence micrographs of intracellular ROS in KGN cells. Scale bar=25 ym. L The
relative intensity of fluorescence of intracellular ROS was analyzed by the Image J program. Scale bar=200 pm. n=6 per group. M The relative ratio
of mitochondrial DNA (ND1) to nuclear DNA (SLCO2B1) number. n=6 per group. Data are presented as mean + SEM. *, P<0.05 vs ctrl, **, P<0.01 vs

ctrl, #, P<0.05, ##, P<0.01
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Fig. 3 Tinduces the activation of cGAS-STING signaling pathway, which can be partially decreased by BHB KGN cells treated with T (0, 10 uM),
BHB (5 mM), or T+ BHB for 24 h. A The relative mRNA expression of cGAS in the cells. n=8 per group. B The relative mRNA expression levels

of STING in the cells. n=6 per group. C-E Western blot analysis and densitometry quantification of cGAS and STING in KGN cells. -actin was used
as an internal control. n=6 per group. F, G Western blot analysis and densitometry quantification of NF-kB (p65) and phosphorylated NF-kB (p65)
in the cells. n=6 per group. Data are presented as mean+SEM. *, P<0.05 vs ctrl, **, P<0.01 vs ctrl, #, P<0.05, ##, P<0.01

Activation of nuclear factor kB (NF-kB) is the down-
stream molecule of cGAS-STING pathway. As expected,
T treatment significantly induced the phosphorylation
of NF-kB (Fig. 3F, G), further confirming the activation
of the cGAS-STING pathway induced by T. The cells
treated with T+ BHB exhibited a significantly lower ratio
of p-NF-kB to NF-kB compared with T-treated cells.
Collectively, a high concentration of T resulted in mito-
chondrial damage. The resulting release of mtDNA into

the cytoplasm activated cGAS-STING pathway and the
downstream molecule NF-kB, leading to inflammation in
KGN cells.

T reduces cell viability and induces inflammation in KGN
cells via cGAS-STING pathway

To address the role of cGAS-STING pathway in
T-induced granulosa cell dysfunction, small interfer-
ing RNA (siRNA)-cGAS and a STING inhibitor C176
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were used in the experiments. Three sequences of
siRNA-cGAS numbered 1 to 3 were designed and trans-
fected into KGN cells, respectively. The knockdown
efficiency was checked. According to the mRNA and
protein expression of cGAS (Supplemental Figs. 5A-B),
siRNA-cGAS 3 was selected and used in the subsequent
experiments. We then examined the effect of cGAS
knockdown on cell viability, the expression of cGAS,
STING, p-NF-kB and NF-kB in T-treated KGN cells.
No apparent difference was observed between ctrl (only
vehicle) and the negative control of siRNA-cGAS (nc)
on cell viability (Fig. 4A). The knockdown of cGAS with
siRNA-cGAS significantly elevated cell viability, reduced
the expression of cGAS and STING, and decreased the
ratio of p-NF-kB/NF-«B in T-treated cells compared with
T treatment alone (Fig. 4A-E), which was similar to the
effects of T+ BHB. We then utilized a STING inhibitor
C176 to further validate the role of STING in this pro-
cess. The results showed that cell viability was markedly
increased (Fig. 4F) and cell apoptosis was decreased
(Fig. 4G) in T+ C176 cells compared with cells treated
with T alone. In addition, treatment with T+ C176 sig-
nificantly decreased the expression of cGAS, STING
and the ratio of p-NF-kB to NF-kB (Fig. 4H-K). Taken
together, these data suggested that the cGAS-STING
pathway played an important role in T-induced granulosa
cell damage. Blocking the cGAS-STING signaling path-
way exhibited effects similar to BHB.

The cGAS-STING pathway plays a critical role in T-induced
inflammation and cell apoptosis in KGN cells
Phosphorylation of p65, a member of NF-«B family, indi-
cates the activation of NF-kB cascade, which is related
to the promoted production of inflammatory factors
such as IL-6 [32]. We thus measured IL-6 levels in cul-
ture medium and the cells treated with vehicle (ctrl), T,
BHB, and T +BHB, respectively. Results from real-time
PCR and ELISA showed that the levels of IL-6 were sig-
nificantly higher in KGN cells treated with T than ctrl
(Fig. 5A, B). BHB treatment alone did not apparently
affect IL-6 synthesis or release. The combination of
T +BHB, however, markedly reduced IL-6 levels in the
cells and culture medium compared with T. Additionally,

(See figure on next page.)
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IL-6 synthesis and release in KGN cells treated with
T+BHB were significantly higher than in ctrl, sug-
gesting that BHB only partially reversed T-induced
inflammation.

Since NF-kB is one downstream target of cGAS-STING
pathway, we then assessed IL-6 levels after blocking
c¢GAS or STING signaling. Transfection of siRNA-cGAS
or the addition of C176, the STING inhibitor, signifi-
cantly decreased T-induced IL-6 production and release,
as illustrated in Fig. 5C-F. In addition, cell apoptosis that
was at least partially triggered by T-induced inflam-
mation, was down-regulated when the expression of
cGAS or STING was decreased, as demonstrated by
the ratio of cleaved Caspase-3/Caspase-3 (Fig. 5G-]).
There was no apparent difference in IL-6 mRNA expres-
sion and release, or cell apoptosis between T +BHB and
T +siRNA-cGAS, or T+BHB and T+C176 treatments
(Fig. 5C-).

Taken together, these results demonstrated that
the cGAS-STING pathway plays an important role in
T-induced inflammation and cell apoptosis in KGN cells.
BHB reversed part of the T-induced cell damage possibly
through cGAS-STING pathway.

Increased cGAS-STING signaling in letrozole-induced PCOS
mouse ovaries is reduced by KD treatment

To verify the activation of the cGAS-STING signaling
pathway in letrozole-induced PCOS mice, immunohis-
tochemistry was performed to detect the expression of
c¢GAS and STING in mouse ovaries. Results from immu-
nohistochemical staining demonstrated the increased
expression of cGAS and STING in the ovaries of letro
mice, especially in granulosa cells (Fig. 6A-D). In con-
trast, the expression of cGAS and STING was decreased
in the ovaries of letro+KD mice compared with letro
animals. These data confirmed that improvement in the
ovaries of letro+ KD mice was at least in part through the
cGAS-STING pathway.

Discussion

In this study, we found that hyperandrogenemia caused
mitochondrial damage in granulosa cells under the con-
dition of PCOS, which led to the leakage of cytochrome

Fig. 4 T reduces cell viability and induces inflammation in KGN cells via cGAS-STING pathway. A Cell viability measured by MTT. KGN cells were
treated with the vehicle (ctrl), scrambled non-silencing RNA (nc), T (10 uM), T+ BHB (5 mM), sSiRNA-cGAS,or T+ siRNA-cGAS. n=6 per group.

B-E Western blot analysis and densitometry quantification of cGAS, STING, NF-kB (p65), and phosphorylated NF-kB (p65) in KGN cells treated

as described as above. n=8 per group for detection of cGAS and STING. n=6 per group for detection of NF-kB (p65) and p-NF-kB (p65). F Cell
viability measured by MTT. KGN cells were treated with the vehicle (ctrl), T (10 uM), T+BHB (5 mM), C176 (1 uM) and T+C176. n=6 per group. G
The percentage of apoptosis measured by flow cytometry. H-K Western blot analysis and densitometry quantification of cGAS, STING, NF-kB (p65),
and phosphorylated NF-kB (p65) in KGN cells. n=6 per group. Data are presented as mean+ SEM. *, P<0.05 vs nc or ctrl, **, P<0.01 vs nc or ctrl, #,

P<0.05, ##, P<0.01
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C and mtDNA from the mitochondria to the cytosol. It
has been confirmed that cytochrome C is a key molecule
leading to the caspase-related apoptosis [26]. In addition,
the released mtDNA activated the cGAS-STING path-
way followed by the phosphorylation of NF-«B. Cellular
inflammatory responses were thus triggered. Inflamma-
tion and cytochrome C-induced caspase cascade together
resulted in granulosa cell apoptosis. The KD treatment
did not reduce plasma androgen levels in letrozole-
induced PCOS mice, but it significantly improved repro-
ductive phenotypes of the mice. These data suggested
that the KD products in vivo inhibited the downstream
signaling of androgens, instead of directly affecting the
levels of androgens. Indeed, BHB, the main product of
the KD, protected granulosa cells from hyperandrogene-
mia-induced mitochondrial damage and apoptosis. These
findings are summarized in Fig. 7.

Since 2016, reports of KD treatment for PCOS have
gradually increased. The primary physiological signifi-
cance of ketone bodies is as an alternative energy source
during fasting, but it is noteworthy that ketones also
possess signaling properties [33]. Recent observations
underscore the notion that ketone bodies play multiple
signaling roles, such as modulating inflammation and
oxidative stress.

Many studies have shown that ketone bodies may
have therapeutic effects on neurodegenerative diseases
by improving mitochondrial function [34, 35]. In PCOS
animal models, the quantity and quality of mitochon-
dria have also been evaluated. Jiang and colleagues [36]
reported the presence of damaged mitochondria and
fragmented mtDNA in the ovaries of a letrozole + HFD-
induced PCOS rat model. Moreover, ATP levels were
decreased in ovaries of PCOS rat models, indicating
mitochondrial damage [37]. Likewise, we have also found
mitochondrial dysfunction with reduced ATP levels and
changed mitochondrial membrane potential in the pre-
sent work, which is consistent with other studies [36—38].
However, the underlying mechanisms of mitochondrial
damage in PCOS ovaries have not been revealed.

The leakage of mtDNA into the cellular cytosol is
regarded as a danger-associated molecular pattern

(See figure on next page.)
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(DAMP) to trigger NF-kB-induced immune responses
[28] under pathophysiologic conditions such as odonto-
blast inflammation [29], diabetic kidney disease [22]
and liver sterile inflammation [30, 31]. Therefore, the
mtDNA-induced cGAS-STING pathway seems to be a
common pathway for chronic inflammation. PCOS is
considered to be in a state of low-grade chronic inflam-
mation. Particularly, local ovarian inflammation is gen-
erally not caused by pathogen infections. The role of
cGAS-STING pathway in PCOS, however, has never
been reported. In the present work, for the first time, our
findings proved that high levels of T induced mtDNA
leakage and thus activated cGAS-STING pathway. The
cGAS-STING signaling pathway is a major effector of
cellular sensing that responds to the presence of abnor-
mal cytoplasmic double-stranded DNA (dsDNA). In
addition to the release of exogenous DNA caused by
pathogen invasion and replication, factors such as mito-
chondrial damage and genomic instability can also
lead to abnormal leakage of endogenous dsDNA in the
organism, which is then recognized by the DNA recep-
tor cGAS, leading to the activation of the cGAS-STING
pathway. The mitochondrial damage caused by high lev-
els of androgens may be a key factor in the occurrence of
ovarian sterile inflammation in PCOS.

The cGAS-STING signaling pathway is typically fol-
lowed by the activation of NF-kB. After activation by
STING, TANK-binding kinase 1 (TBK1) and its homolog
IkB kinase epsilon (IKKe) can lead to activation of the
IKK complex, which then activates the transcription fac-
tor NF-kB [39]. Thereafter, a prominent pro-inflamma-
tory cytokine response is induced. Although a controlled
immune response is beneficial, it can become detrimen-
tal when the response is too intense or the inflamma-
tory process persists for an extended period of time. Key
pro-inflammatory cytokines, including IL-1, IL-6, IL-18,
IFN-y, and TNF-a, are implicated in diseases such as
epilepsy [40]. Excessive production and release of these
pro-inflammatory cytokines are believed to have local
and systemic cytotoxic effects. Molecular mechanisms
include but are not limited to promoting chemotaxis of
neutrophils and other immune cells, activating Toll-like

Fig.5 The cGAS-STING pathway plays a critical role in T-induced inflammation and cell apoptosis in KGN cells. A The mRNA expression of IL-6

in KGN cells treated with T (0, 10 uM), BHB (5 mM), or T+ BHB for 24 h. n=6 per group. B The relative levels of IL-6 in the culture medium of KGN cells
treated as above. n=6 per group. C The relative MRNA expression of IL-6 in KGN cells treated with scrambled non-silencing RNA (nc), T (10 uM),
T+BHB (5 mM), siRNA-cGAS, or T+siRNA-cGAS. n=6 per group. D The relative levels of IL-6 in the culture medium of KGN cells. n=6 per group. E
The relative mRNA expression of IL-6 in KGN cells treated with the vehicle (ctrl), T (10 uM), T+ BHB (5 mM), C176 (1 uM) and T+C176. n=6 per group.
F The relative levels of IL-6 in the culture medium of KGN cells. n=6 per group. G, H Western blot analysis and densitometry quantification

of Caspase-3 and Cleaved Caspase-3 in KGN cells. n=5 per group. I, J Western blot analysis and densitometry quantification of Caspase-3

and Cleaved Caspase-3 in KGN cells. n=6 per group. Data are presented as mean +SEM. *, P<0.05 vs nc or ctrl, **, P<0.01 vs nc or ctrl, #, P<0.05, ##,

P<0.01
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Fig. 6 cGAS-STING signaling in letrozole-induced PCOS mouse ovaries is reduced by KD treatment. A Representative immunohistochemistry
staining for cGAS of ovarian sections of one mouse from each group. Scale bar= 100 um. B H-score of the cGAS immunoreactivity in the ovaries.
n=9 per group. C Representative immunohistochemistry staining for STING of ovarian sections of one mouse from each group. Scale bar=100 pm.
D H-score of the STING immunoreactivity in the ovaries. n=9 per group. Data are presented as mean +SEM. *, P<0.05 vs ctrl, **, P<0.01 vs ctrl, #,

P<0.05, ##, P<0.01

receptors and Thl signaling pathway, and so on. How-
ever, the specific mechanism by which STING activates
the NF-«kB signaling pathway remains controversial, pri-
marily regarding whether the phosphorylation of IKKf
by TBK1 is essential in this process [40, 41]. In the pre-
sent work, we demonstrated the activation of NF-kB
by cGAS-STING signaling pathway in granulosa cells
treated with T, which is associated with increased apop-
tosis of these cells in PCOS. NF-«B can directly activate
the IL-6/STAT3 pathway and so the expression of IL-6
reflects the activation status of NF-kB [42]. Consistent
with NF-«B activation, we found that IL-6 mRNA expres-
sion was markedly up-regulated in PCOS mouse ovaries
and the KD treatment significantly attenuated IL-6 levels.

TNF-a is mainly secreted by macrophages [43]. Results
from in vivo experiments showed that KD treatment did
not affect TNF-a expression raised in PCOS mouse ova-
ries, suggesting that KD or BHB did not inhibit inflam-
mation caused by ovarian macrophages. These data also
implied that granulosa cells and macrophages induced
inflammation through differential pathways.

The significant therapeutic effect of KD in obese
women with PCOS has been confirmed in the clinic
[4, 13-15]. However, there is a lack of adequate data to
demonstrate the long-term safety of KD administration.
Restrictive ketogenic diets used for epilepsy can cause
fatigue, headache, nausea, constipation, hypoglycemia,
and acidosis, especially within the first few days to weeks
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Fig. 7 Summary of the findings BHB, the main active product of KD, protects granulosa cells from mitochondrial damage and thus inhibits
mtDNA-driven inflammation through the cGAS-STING-NF-kB pathway, leading to the decreased apoptosis of ovarian granulosa cells in PCOS

of treatment. Dehydration, hepatitis, pancreatitis, hyper-
triglyceridemia, hyperuricemia, hypercholesterolemia,
hypomagnesemia, and hyponatremia can also occur [44].
The expected efficacy has extremely relied on the persis-
tence and daily guidance from clinicians and self-admin-
istration of patients.

In summary, we have shown that KD played ben-
eficial effects on reproductive phenotype of letrozole-
induced PCOS mice in the present work. For the first
time, our data unveiled that T induced granulosa cell
damage via impairing mitochondria, which subse-
quently activated caspase cascade and the cGAS-
STING-NF-kB signaling pathway, leading to cell
apoptosis. BHB, the main product of KD, partially
reversed T-induced granulosa cell damage by protect-
ing mitochondria. There are several limitations in our
study. One limitation lies in that the maximum dura-
tion we treated mice with KD was 3 weeks. We have
no idea of the long-term safety of KD. Another is that
we do not know why KD reduced the body weight of
all the mice but only worked on some mice with regard
to the improvement of reproductive phenotypes. Fur-
ther research is needed to provide more evidence and
mechanisms of KD therapy in PCOS.

Conclusion

The findings in our study indicate that mtDNA leakage is
a crucial activator of the cGAS-STING-NF-«xB pathway,
contributing considerably to PCOS-associated inflam-
mation in ovaries. The ketogenic diet offers a significant
therapeutic approach to the ovarian dysfunction induced
by hyperandrogenism by targeting mitochondrial dam-
age and mtDNA leakage, thus alleviating the inflamma-
tion and apoptosis of granulosa cells. The mechanism we
first reveal may be a new target for the future treatment
of PCOS.
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