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Research Article

OXFORD
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Abstract

The aim of this study was to determine the impact of glycyrrhizin, an inhibitor of high mobility group box 1, on glucose metabolic disorders
and ovarian dysfunction in mice with polycystic ovary syndrome. We generated a polycystic ovary syndrome mouse model by using
dehydroepiandrosterone plus high-fat diet. Glycyrrhizin (100 mg/kg) was intraperitoneally injected into the polycystic ovary syndrome mice and
the effects on body weight, glucose tolerance, insulin sensitivity, estrous cycle, hormone profiles, ovarian pathology, glucolipid metabolism,
and some molecular mechanisms were investigated. Increased number of cystic follicles, hormonal disorders, impaired glucose tolerance, and
decreased insulin sensitivity in the polycystic ovary syndrome mice were reverted by glycyrrhizin. The increased high mobility group box 1 levels
in the serum and ovarian tissues of the polycystic ovary syndrome mice were also reduced by glycyrrhizin. Furthermore, increased expressions of
toll-like receptor 9, myeloid differentiation factor 88, and nuclear factor kappa B as well as reduced expressions of insulin receptor, phosphorylated
protein kinase B, and glucose transporter type 4 were restored by glycyrrhizin in the polycystic ovary syndrome mice. Glycyrrhizin could suppress
the polycystic ovary syndrome-induced upregulation of high mobility group box 1, several inflammatory marker genes, and the toll-like receptor
9/myeloid differentiation factor 88/nuclear factor kappa B pathways, while inhibiting the insulin receptor/phosphorylated protein kinase B/glucose
transporter type 4 pathways. Hence, glycyrrhizin is a promising therapeutic agent against polycystic ovary syndrome.

Summary Sentence

Glyeyrrhizin could improve inflammation, glucose metabolic disorders, and ovarian dysfunction in polycystic ovary syndrome mice by inhibiting
the expression of high mobility group box 1.

Keywords: polycystic ovary syndrome, glycyrrhizin, high mobility group box 1, insulin resistance, ovarian dysfunction

Introduction [71, especially in the patients with obesity [8]. Compensatory

Polycystic ovary syndrome (PCOS) is a continuous repro-
ductive and metabolic disorder that affects, at least, 17% of
childbearing-age women worldwide [1]. Hyperandrogenism,
anovulation, and polycystic ovarian morphology are the most
prominent characteristics of PCOS [2]. Apart from hormonal
disorders, obesity, and insulin resistance (IR) [3, 4], low-grade
chronic inflammation often accompanies PCOS [5]. Hence,
PCOS patients have a higher risk of developing metabolic
syndrome, type 2 diabetes, and cardiovascular diseases in the
future [6].

IR is the most common metabolic disorder in PCOS
patients, having a prevalence of 65-70% among these patients

hyperinsulinemia causes androgen-dependent anovulation,
leading to reproductive defects in PCOS patients [9]. In
addition, women with PCOS and obesity exhibit marked
adipose tissue dysfunction and dysregulated adipokine
secretion, which result in a chronic pro-inflammatory state
[10, 11]. Infiltrating inflammatory cells trigger insulin
resistance, stimulate androgen secretion, and further disrupt
the function of the hypothalamic—pituitary—ovarian axis [12,
13], resulting in ovarian dysfunction in PCOS. An association
between high mobility group box 1 (HMGB1) and IR in PCOS
has been found [14], but the pathogenesis of PCOS is still not
clear.
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HMGBI is a highly conserved protein [15]. It is released
from cells in a noncanonical pattern and thought to be a
fatal late inflammatory factor [16, 17]. Several studies have
demonstrated that the serum and follicular fluid levels of
HMGBI are higher in PCOS patients [18], which indicates
that HMGB1 is possibly involved in the pathophysiology
of PCOS. Moreover, by silencing HMGB1, endocrine dis-
turbances, proliferation, and apoptosis of ovarian granulosa
cells could be inhibited significantly [19]. This indicates that
HMGB1 inhibitors might be potent drugs to treat PCOS. Gly-
cyrrhizin, a naturally occurring compound from the licorice
plant, can directly bind to and inhibit HMGB1 [20]. Although
glycyrrhizin has shown potential benefits in the treatment
of inflammation and obesity [21, 22], its therapeutic effects
against PCOS has not been explored.

Thus, in this study, we aimed to find out whether gly-
cyrrhizin could reverse the metabolic and reproductive dis-
orders in PCOS through inhibiting HMGB1. To achieve this,
we treated PCOS mice with glycyrrhizin and then assessed
its therapeutic effects on the mice. Our findings point to the
possible utilization of glycyrrhizin in the treatment of PCOS.

Materials and methods

Experimental animals

This animal study was performed according to the guide-
lines and protocols of the Institutional Animal Care and Use
Committee of Chongqing Medical University (Approval No.
2022108). A total of 120 female C57BL/6] mice (21 days;
weight 7-9 g) were purchased from the Animal Research
Center of Chongqing Medical University. The mice were
housed at a controlled temperature of 24 +2°C in standard
cages with 554+ 15% humidity and a 12 h light/dark cycle.
The mice had free access to water and food, and were allowed
to acclimatize to their new environment for a period of 4 days
before experimentation.

Treatment scheme

Figure 1A shows the conceptual model of the study. Twenty-
five-day-old female prepuberal C57BL/6] mice were randomly
divided into four groups (7= 30 per group): control, PCOS,
PCOS plus glycyrrhizin, and PCOS plus vehicle. The con-
trol mice were injected daily with 0.1 mL of sesame oil
(2410025005 Acros Organics, Belgium) and fed with a normal
diet composed of standard chow. To induce PCOS [23-25],
we subcutaneously injected the mice with 6 mg/100 g dehy-
droepiandrosterone (DHEA, 252805; EMD Milliporep, MA,
USA) dissolved in DMSO (D2650-100ML; Sigma-Aldrich,
USA) and 0.1 mL sesame oil and then fed them with a
high-fat diet (HFD, 60% kcal fat; Hua Fu Kang, Beijing,
China). The PCOS plus glycyrrhizin group received 100 mg/kg
glycyrrhizin (53956-04-0, Sigma-Aldrich, MO, USA; dissolved
in 0.1 mL of saline) intraperitoneally on each day [26, 27],
while the PCOS plus vehicle group mice were injected with
0.1 mL saline intraperitoneally. The body weights of the mice
were monitored every 4 days.

Collection of blood, ovaries, and uteri and
determination of body mass index

Blood was collected through myocardial puncture and then
centrifuged at 1000xg for 20 min at 4°C to obtain serum.
The left ovary of each mouse was collected for histological
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analysis. The right ovary was kept at —80°C for RNA and
protein extraction. The uterus of each mouse was removed
and its weight recorded. The body length of each mouse
was measured from the nose to the anus [28]. Body mass
index (BMI) was calculated by using the formula [(body
weight)/length?].

Estrous cycle determination

Estrous cycle was daily determined from the 11th day via
vaginal smear analysis. Vaginal cells were collected, fixed
with 4% paraformaldehyde, and stained with methylene blue
(G1302; Solarbio Life Science, Beijing, China). Stages of the
estrous cycle were determined based on vaginal cytology, and
the corresponding images are shown in Figure S1.

Oral glucose tolerance test, insulin tolerance test,
and glucose metabolism indexes assessment

After the mice had fasted for 6 h, we measured their fasting
blood glucose from their tail veins. Ten mice were randomly
selected and given glucose (2 g/kg body weight) via oral
gavage for oral glucose tolerance test (OGTT) [29]. Then,
another batch of 10 mice were injected intraperitoneally
with insulin (0.75 1U/kg body weight) for insulin tolerance
test (ITT) [30]. The blood glucose levels were measured at
15, 30, 60, 90, and 120 min post-treatment by using an
ACCU-CHEK glucometer (Roche, Ireland). Mouse insulin
enzyme-linked immunosorbent assay (ELISA) kit (JL11459;
J&L Biological, Shanghai, China) was used to test serum
insulin level. The intra- and inter-assay errors were <9% and
<11%, respectively. Limits of sensitivity were 0.1 mIU/L. The
homeostatic model assessment of IR (HOMA-IR) and beta
cell function (HOMA-B) indexes were calculated with the for-
mula: [FG (mmol/L)] x [FINS (IU/mL)]/22.5 and [20 x FINS
(IU/mL)}/[FG (mmol/L) — 3.5].

Analysis of serum hormone concentrations

Serum testosterone, luteinizing hormone (LH), and follicle-
stimulating hormone (FSH) levels were determined using
ELISA kits (JL25196, JL10432, and JL10239; J&L Bio-
logical). Intra- and inter-assay errors were <9% and
<11%, respectively. The sensitivity limit of testosterone was
0.1 ng/mL, and that of LH and FSH were 0.1 mIU/mL.

Serum lipid profile measurement

Serum high-density lipoprotein cholesterol (HDL-C), low-
density lipoprotein cholesterol (LDL-C), total cholesterol
(TC), and triglyceride were measured using commercially
available colorimetric diagnostic kits (A112-1-1, A113-1-1,
A111-1-1, and A110-1-1; Nanjing Jian Cheng Bioengineering
Institute, Nanjing, China).

Serum HMGB1 ELISA

Serum HMGB1 concentration was measured with an ELISA
kit (JL13702; J&L Biological). For sensitivity, the minimum
detection concentration was less than 0.1 ng/mL while the
detection range was from 0.625 to 20 ng/mL. The intra-
assay and inter-assay errors were less than 9% and 11%,
respectively.

Tissue processing and histological staining

Each group’s ovaries were randomly sampled, fixed with
4% paraformaldehyde, embedded in paraffin, and cut into
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Figure 1. Effect of glycyrrhizin on HMGB1 expression in PCOS mice. (A) The group assignments and timeline of the experimental procedure; (B) serum
HMGB1 level, n=10-21 per group; (C) HMGB1 protein levels in the mice ovary, n= 12 per group; (D) RT-qPCR analysis of Hmgb7 mRNA levels in the
mice ovary, n=11-17 per group; (E) immunohistochemical images of HMGB1 expression in ovarian tissues. Bars =50 um, 20 um. Data are presented
as mean £ SD; different lowercase letters above the columns, such as a, b, and ¢, indicate P <0.05. If two columns have the same lowercase letter, it

indicates no statistical significance. HMGB1, high mobility group box 1.

5 um sections. Six sections from each ovary were stained with
hematoxylin and eosin (H&E) for histological analysis and
follicle counting [31, 32].

Immunohistochemical staining

Immunohistochemical (IHC) staining was performed by
using a kit (SP-9001; ZSGB-BIO, Beijing, China). Antigen
were retrieved with sodium citrate buffer (pH 6.0, ZLI-
9064; ZSGB-BIO). Mouse ovarian sections were incubated
overnight at 4°C with the antibodies of HMGB1 (1:100,

D260488; Sangon Biotech, Shanghai, China), toll-like
receptor (TLR) 9 (1:200, bs-23640R; Bioss, Beijing, China),
and nuclear factor kappa B (NF-«B, 1:200, bs-0465R; Bioss).
The visualization of the immune complexes was carried out
using the DAB kit (ZLI-9018; ZSGB-BIO).

KGN cell experiments

Human granulosa cell-like tumor cell line (KGN; Suer, Shang-
hai, China), characterized by functional FSH receptors and
other similarities with in vivo ovarian granulosa cells, is
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commonly used to study the function and underlying mech-
anism of granulosa cells in PCOS [33-35]. Here, KGN cells
were cultured in DMEM/F12 (D6429; Sigma) supplemented
with 15% fetal bovine serum (20180918; Kang Yuan Biol-
ogy, Tianjin, China), 100 U/mL penicillin G, and 0.1 mg/mL
streptomycin sulfate (C0224; Beyotime, Shanghai, China) in
a humidified atmosphere with 5% CO; at 37°C. In the
glycyrrhizin treatment group, the glycyrrhizin was mixed with
phosphate buffered saline and then diluted into 15 mM by
using complete medium.

Cell counting kit-8 assay

KGN cells were seeded in 96-well plates at 2 x 103 cells/well
and cultured for 24 h. The cells were then treated with
glycyrrhizin at different concentrations for 24 h, 48 h, and
72 h. The viability of KGN cells was detected by using the
cell counting kit-8 (CCK-8) assay. The CCK-8 reagent (1:10,
C00035; TargetMol, Shanghai, China) was put into each well
and incubated for 2 h. The absorbance was read at 450 nm by
using a microplate reader (SpectraMax iD3, Beijing, China).
To determine the optimal glycyrrhizin concentrations and
treatment duration, we treated HMGB1-overexpression cells
with 0, 0.5, 1,2, 5, 7.5, 10, and 15 mM of glycyrrhizin for
24 h,48 h,and 72 h. Finally, 2 mM glycyrrhizin concentration
and 24 h treatment duration were chosen for further study
since the cell viability was minimally affected under these
conditions.

Cell transfection

The KGN cells were grown in a 6-well cell culture plate
(9.5 cm?) and allocated to the following groups: control
(CD513B plasmid), OE-HMGB1 (HMGB1 overexpression
plasmid), OE-HMGBI1 + Gly (HMGBI1 overexpression plas-
mid plus glycyrrhizin), and OE-HMGB1 + vehicle (HMGB1
overexpression plasmid plus phosphate buffer saline) groups.
Lipo8000 was used as the transfection reagent (C0533;
Beyotime). The transfection duration was 48 h, while the
glycyrrhizin-treatment duration was 24 h. Transfection effi-
ciency was evaluated with real-time quantitative polymerase
chain reaction (RT-qPCR) and western blot analysis at 48 h
post-transfection.

A commercially synthesized HMGB1-specific small inter-
fering RNA (siRNA; Genepharma, Shanghai, China) was used
for HMGB1 silencing. The HMGB1 siRNA sequences were as
follows: si-HMGB1#1, 5'-GCAUAAGAAGAAGCACCCATT-
3’; si-HMGB1#2, 5-GGACAAGGCCCGUUAUGAATT-3;
si-HMGB1#3, 5'-GCAGAU GACAAGCAGCCUUTT-3'. Cells
were allocated to the following groups: mock (untransfected
cells); si-NC (scrambled siRNA); si-HMGB1#1, #2, and #3
(cells transfected with three HMGB1 siRNA recombinant
plasmids, respectively). Lipo8000 was used as the transfection
reagent. Transfection efficiency was evaluated with RT-qPCR
at 48 h post-transfection and with western blot analysis at
72 h post-transfection. si-HMGB1#2 was then selected for
further study since it elicited the highest silencing efficiency.

Real-time quantitative polymerasechain reaction

Total RNA was extracted by using Trizol (#9108; Takara
Biomedical Technology, Beijing, China) and transcribed
using RT mix (0000418224; Eastep, Beijing, China). RT-
qPCR was performed using SYBR (#C0006; TargetMol).
The mice mRNA expression relative to beta actin (Actb)
and the cells’ mRNA relative to glyceraldehyde-3-phosphate
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dehydrogenase (Gapdh) were determined using the 2724 cq
method, normalized and presented as fold-change compared
to the control group. The primer sequences are shown in
Table S1.

Western blot

Protein was extracted using RIPA lysis buffer (PO013B;
Beyotime). Primary antibodies specific to GAPDH (1:1000,
AB-P-R001; GOODHERE, Zhejiang, China), HMGB1
(1:1000, #6893; Cell Signaling Technology, USA), TLR4
(1:1000, bs-20594R; Bioss), TLR9 (1:1000; Bioss), glucose
transporter type 4 (GLUT4, 1:1000, #2213S; Cell Signaling
Technology), total-AKT (¢-AKT, 1:1000, #4691; Cell Sig-
naling Technology), phosphorylated-AKT (p-AKT, 1:1000,
#4060; Cell Signaling Technology), and NF-«B (1:1000;
Bioss) were incubated overnight at 4°C. Membranes were
probed with horseradish peroxidase-conjugated secondary
antibody (1:5000, #abs20039ss and #abs20040ss; Absin
Bioscience, Shanghai, China). Signals were detected with
the ECL reagent (Cat. No. P10300; New Cell & Molecular
Biotech, Shanghai, China). Band intensities were measured
using the Image] software (version 1.53e; Wayne Rasband
and contributors of National Institute of Health, USA).

Data and statistical analysis

All values are presented as mean =+ standard deviation (SD)
of at least triple tests. Differences between two groups were
analyzed by using a two-tailed unpaired Student ¢-test coupled
with Welch correction. Multigroup comparisons were ana-
lyzed using one-way or two-way analysis of variance followed
by Tukey multiple comparisons test. The association between
the levels of serum HMGBI1 and other related biomarkers was
determined with Pearson correlation coefficient. GraphPad
Prism (version 9.4.1; GraphPad Software, CA, USA) was con-
ducted for statistical analysis. P <0.05 was used to indicate
significant difference between/among groups.

Results

Glycyrrhizin reduced HMGB1 expression in PCOS
mice

To demonstrate the effect of glycyrrhizin on HMGB1 expres-
sion, we first assessed the serum levels as well as the mRNA
and protein levels of HMGB1 in the ovaries of each group.
The level of serum HMGB1 in the PCOS mice was higher
than that in the controls (P <0.01). This level decreased
significantly after glycyrrhizin treatment (P < 0.035; Figure 1B)
although no significant change was found in the PCOS plus
vehicle group (Figure 1B). HMGBI1 protein and mRNA levels
in the PCOS mice ovaries were significantly higher than
those in the control group (P <0.01), and reduced by gly-
cyrrhizin (P < 0.05; Figure 1C and D). IHC staining showed
that HMGB1 is expressed in the granulosa cells, theca cells,
and oocytes, with higher levels in the PCOS mice than in
the controls. Glycyrrhizin reduced HMGB1 expression in the
PCOS mice (Figure 1E). Together, these data demonstrate that
glycyrrhizin inhibits HMGB1 in PCOS mice.

Glycyrrhizin failed to alleviate the increased body
weight of PCOS mice

To clarify the effect of glycyrrhizin on PCOS mice, we
recorded their body weight, ovarian weight, and uterine
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phenotypes. The results of the area under the body weight
curve (AUC) indicate that the PCOS mice had higher body
weights than the controls (P <0.05, Figure 2A), but when
comparing the PCOS + Gly group with PCOS + vehicle
group, there was no significant difference. The PCOS mice had
higher BMI than the control mice (P < 0.01), but glycyrrhizin
was able to decrease it slightly (Figure 2B). The wet ovarian
weight of the PCOS mice was significantly higher than that
of the control mice (P <0.05). However, it decreased after
glycyrrhizin treatment slightly (Figure 2C). The wet weight
of the uteri of the PCOS mice was significantly higher than
that of the control group (P < 0.001, Figure 2D-F). Besides,
glycyrrhizin significantly decreased it in the PCOS mice
(P <0.05; Figure 2D). Taken together, our data show that
glycyrrhizin was not able to reduce the weight gain of the
PCOS mice to a certain extent, but it effectively reduced the
swollen uteri of the PCOS mice.

Glycyrrhizin treatment ameliorated glucolipid
metabolism in the PCOS mice while an increased
HMGB1 correlated with HOMA-IR, HOMA-8, and
LDL-C

To further explore the effect of glycyrrhizin on PCOS, we
measured glucose and lipid metabolism indexes. Fasting
glucose and fasting serum insulin levels were increased in
the PCOS mice as compared with the controls (P < 0.05;
Figure 3A and B). The fasting serum insulin level was
significantly decreased by glycyrrhizin (P < 0.001; Figure 3B).
The HOMA-IR value was higher in the PCOS mice than
in the controls (P < 0.05) but was decreased after treatment
with glycyrrhizin (P < 0.001; Figure 3C). HOMA-B index was
increased after glycyrrhizin administration in the PCOS mice
(P <0.05; Figure 3D). The OGTT assay revealed a delayed
glucose tolerance and increased AUC in the PCOS mice than
in the controls (P < 0.001). This glucose tolerance impairment
was alleviated by glycyrrhizin (P < 0.05; Figure 3E). During
the ITT assay, we observed that after insulin treatment, blood
glucose level decreased more slowly and had a higher AUC
value in the PCOS mice than in the controls (P <0.005).
Glycyrrhizin, but not the vehicle, significantly attenuated
insulin resistance in the PCOS mice (P <0.05; Figure 3F).
The PCOS mice exhibited significantly higher serum TC,
LDL-C, and HDL-C levels than the controls (P <0.001,
P <0.001, and P <0.01; Figure S2A-D). LDL-C level was
markedly decreased in the PCOS mice following glycyrrhizin
administration (P < 0.05; Figure S2C).

Furthermore, with the increase of serum HMGB1 level,
fasting glucose and insulin levels showed an increasing
trend (Figure 3G and H). HMOA-IR and serum HMGB1
levels correlated positively (r=0.646, P=0.0095; Figure 31),
while HOMA-B8 and serum HMGB1 levels correlated
negatively (r=0.4876, P =0.0292; Figure 3]). Serum HMGB1
correlated positively with LDL-C (r=0.6376, P=0.0025;
Figure S2G). Taken together, our data indicate that gly-
cyrrhizin corrects impaired glucose tolerance and insulin
insensitivity. It also partially corrects lipid metabolic disorders.

Glycyrrhizin reduced the expression of
inflammatory factors via HMGB1 inhibition

Due to the increased ovarian weights and swollen uteri in the
PCOS mice, we suspected that HMGB1 might be related to
inflammation. So, we tested some important inflammatory

factors in HMGB1-silenced KGN cells. HMGB1 knockdown
significantly decreased the mRNA levels of 116, Tnfa, and Ifnf
(P <0.001,P <0.01,and P < 0.001, respectively). The mRNA
levels of 1118, Ifna, and Ifny decreased slightly but the changes
were not significantly different (Figure 4A-F).

RT-qPCR results showed that Twfa, Ifna, and Ifnbl
mRNA levels were significantly increased in the PCOS mice
ovaries when compared with those of the controls (P < 0.05)
but were significantly reduced by glycyrrhizin (P < 0.05;
Figure 4H, J, and K). Also, the drug was able to reduce
Il6 and Ifng mRNA levels in the PCOS mice (P <0.05;
Figure 4G and L).

In addition, glycyrrhizin was used to treat the KGN
cells. RT-qPCR results showed that glycyrrhizin significantly
reduced the expressions of 116, Tnfa, Ifna, and Ifnb1 (P < 0.05;
Figure 4M, N, P and Q). The mRNAs of Il1b and Ifng
also showed similar changes, but the differences were not
significant (Figure 40 and R).

Glycyrrhizin partly reversed ovarian function
disorders in the PCOS mice

In view of the effects of glycyrrhizin on glucolipid metabolism
and inflammation in PCOS mice, we further explored the
effects of glycyrrhizin on ovarian function in PCOS mice.
Compared with the control group, the PCOS mice exhibited
complete loss of estrous cyclicity (Figure SA and B), as well as
increased cyst-like follicles and reduced number of the corpus
lutea (P < 0.001; Figure 5C and D). Surprisingly, glycyrrhizin
treatment prolonged the metestrus phase (Figure SA and B)
and decreased the number of cystic follicles but increased
the primordial follicles, primary follicles, and corpus lutea
formation in the PCOS mice (P < 0.01; Figure 5C and D).

The serum testosterone level was higher in the PCOS mice
than in the controls (P < 0.05) but was reduced after treatment
with glycyrrhizin (P < 0.01; Figure SE). Elevated serum LH
in the PCOS mice was significantly alleviated by glycyrrhizin
(P <0.05; Figure 5F). There was no difference in serum FSH
level among the four groups (Figure 5G). Serum LH/FSH
ratio was increased in the PCOS mice compared with the
control mice (P < 0.05) and could be alleviated by glycyrrhizin
(P <0.05; Figure SH).

Moreover, correlation analysis showed that serum testos-
terone, LH, FSH, and LH/FSH ratios tended to associate
with the increase in HMGBI1 level (Figure SI-L). Particularly,
there was a significant positive correlation between serum
testosterone and HMGB1 levels (r=0.5406, P=0.0036;
Figure 5I), suggesting that HMGB1 is related to hormone
levels. Taken together, our data suggest that glycyrrhizin can
partially reverse ovarian dysfunction in PCOS by inhibiting
HMGBI1.

HMGBH1 led to inflammatory cascade amplification,
possibly through the HMGB1-TLR9-MyD88-NF-«B
pathway

TLR4 and TLRY are important receptors of HMGB1 [36],
which may play a role in PCOS women [37]. Myeloid differ-
entiation primary response protein 88 (MYD88) is a general
adaptor protein that acts downstream of the TLRs to medi-
ate NF-«B activation [38]. The results showed that protein
levels of TLR4, TLRY, and NF-«kB in the PCOS mice were
significantly higher than those in the controls, but glycyrrhizin
administration decreased their levels (all P < 0.05 respectively;
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Figure 2. Effect of glycyrrhizin on body weights and ovarian and uterine weights in PCOS mice. (A) Average body weight curves for each group of mice,
n=15 per group. (B) BMI and (C) ovarian weights, n=9-14 per group. (D) The wet weight of the uteri, n=9-15 per group. (E, F) Uterine phenotype of
each mouse group, n= 3 per group. Data are presented as mean £ SD. Different lowercase letters above the columns, such as a, b, and ¢, indicate P
<0.05. If two columns have the same lowercase letter, it indicates no statistical significance; **P < 0.01, control vs. PCOS. BMI, body mass index.

Figure 6A and B). The mRNA levels of Tilr4, Tlr9, Myd88,
and Nfkb showed the same trend as the proteins (P < 0.05;
Figure 6C). IHC staining showed that TLR9 and NF-«B levels
in the PCOS and PCOS + vehicle groups were increased
when compared with those of the control and PCOS +
glycyrrhizin groups (P < 0.05, Figure 6D and E). TLR9 was
widely expressed in the cytoplasm of all developing follicles
and oocytes. NF-«B was mainly expressed in the cytoplasm of
all developing follicles, oocytes, and granulosa cells.

HMGBI levels were significantly increased at both protein
and mRNA levels in the KGN cells that were transfected with
the HMGB1-overexpression plasmid (P < 0.05, Figure 6F-H).

CCK-8 results showed that treatment of the KGN cells
with 5§ mM or higher concentrations of glycyrrhizin for
24 h produced a significant inhibitory effect on cell viability
(P <0.001, Figure 6I). Twenty-four-hour treatment with
glycyrrhizin did not show significant differences among
0 mM, 1 mM, and 2 mM (Figure 6]). The protein levels
of HMGB1, TLR4, TLRY, and NF-«B in the HMGB1
overexpression group were significantly reduced by gly-
cyrrhizin administration (all P <0.05; Figure 6K and L).
The mRNA levels of Hmgbl, Tilr4, Tlr9, Myd88, and
Nfib showed the same trend as the proteins (P <0.05;
Figure 6M).
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Figure 3. Changes in the glucose metabolic disorders in mice with PCOS administered with glycyrrhizin. (A) Blood glucose, (B) serum insulin levels, (C)
HOMA-IR, and (D) HOMA-B of the four groups of mice, n=11-20 per group. (E) OGTT (n=7 per group) and (F) ITT (n=7 per group) and corresponding
AUCs. Correlation between serum HMGB1 level and (G) fasting glucose, (H) fasting insulin, (I) HOMA-IR, and (J) HOMA-8 (n=20). Data are presented
as mean =+ SD. Different lowercase letters above the columns, such as a, b, and ¢, indicate P <0.05. If two columns have the same lowercase letter, it
indicates no statistical significance; *P < 0.05, control vs. PCOS; **P < 0.01, control vs. PCOS; ***P < 0.001, control vs. PCOS; #P < 0.05, PCOS + Gly
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insulin tolerance test; AUC, area under the curve.
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Figure 4. mRNA expression of inflammatory factors after inhibiting HMGB1 by gPCR analysis both in vivo and in vitro. Ovarian mRNA levels of (A) /6, (B)
Tnfa, (C) ll1b, (D) Ifna, (E) Ifn1, and (F) /fng in the mice (n=10-12 per group). The mRNA levels of (G) /I6, (H) Tnfa, () II1b, (J) Ifna, (K) Ifnb1, and (L) /fng in
KGN cells with HMGB1 overexpression (n=9 per group). The mRNA levels of (M) //6, (N) Tnfa, (O) ll1b, (P) Ifna, (Q) Ifnb1, and (R) /fng in KGN cells with
HMGB1 knockdown (n=9 per group). The data are expressed as mean + SD. Different lowercase letters above the columns, such as a, b, and c, indicate
P <0.05. If two columns have the same lowercase letter, it indicates no statistical significance; * P < 0.05, si-NC vs. si-HMGB1; **P < 0.01, si-NC vs.
si-HMGB1; ***P < 0.001, si-NC vs. si-HMGB1. //6, interleukin 6; Tnfa, tumor necrosis factor alpha-like; //1b, interleukin-1 beta; /fns, interferon

alpha/beta/gamma.

All the three si-HMGB1 RNAs were able to knockdown
HMGB1 in the KGN cells (Figure 6N-P). However, si-
HMGB1#2 gave a higher knockdown efficiency and so
was selected for further experiments (P < 0.05; Figure 6N).
Western blot and RT-qPCR results showed that the si-
HMGB1#2 reduced the protein and mRNA levels of HMGB1,
TLR4, TLRY, and NF-«B compared to the si-NC group
(P <0.05; Figure 6Q-S).

Taken together, our data demonstrate that the TLR9-
MyD88-NF-«B pathway can be suppressed by inhibiting
HMGB1 expression.

The p-AKT/t-AKT-GLUT4 pathway participates in
the glycometabolism of PCOS mice and KGN cells
In order to explore the detailed mechanism of how HMGB1
inhibition affects glucose metabolism, we assessed the expres-

sion of the downstream molecules [39]. The PCOS mice
ovaries had lower protein levels of GLUT4 and p-AKT/t-AKT

than those of the control group (P < 0.05). Glycyrrhizin was
able to increase the levels of these proteins in the PCOS mice
(P <0.05; Figure 7A). RT-qPCR results (Figure 7B) showed
that the PCOS mice had decreased Glu4, insulin receptor
(Insr), and insulin receptor substrate (Irs) 1 and 2 mRNA
levels compared to the control group (P <0.01, P <0.001,
P <0.01, and P < 0.01, respectively). After glycyrrhizin treat-
ment, Insr level increased significantly (P < 0.05). Glut4 and
Irs2 showed the same trend as Insr but the difference was not
significant.

Forced HMGB1 expression in the KGN cells decreased the
protein levels of GLUT4 and p-AKT/t-AKT; however, this
effect was significantly reversed by glycyrrhizin (P < 0.05;
Figure 7D and E). Glut4, Insr, and Irs2 mRNA levels were
increased after treating the cells with glycyrrhizin (P < 0.05;
Figure 7F). HMGB1 knockdown increased the protein levels
of GLUT4 and p-AKT/t-AKT (P < 0.05; Figure 7G and H).
Glut4 and Insr mRNA levels increased after HMGB1 inhi-
bition (P < 0.05; Figure 71).
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Figure 5. Reproductive manifestations of glycyrrhizin on PCOS mice. (A, B) Representative estrous cycles and corresponding statistics, n=5 per group;
(C) H&E images of the mice ovarian sections; (D) Follicles at different developing stages, n=6 per group. (E) Serum testosterone, (F) LH, (G) FSH, (H)
LH/FSH ratios (n=20 per group). Correlation between serum HMGB1 level and serum (l) testosterone (n=26), (J) LH, (K) FSH, and (L) LH/FSH ratios
from the control and PCOS mice (n=20). The data are expressed as the mean + SD; different lowercase letters above the columns, such as a, b, and c,
indicate P <0.05. If two columns have the same lowercase letter, it indicates no statistical significance. M/D, metestrus/diestrus phase; R proestrus
phase; E, estrus phase; Primo F, primordial follicles; PF, primary follicles; SF, secondary follicles; Atr F, atretic follicles; Cyst, cystic follicles; CL, corpus
luteum, LH, luteinizing hormone; FSH, follicle-stimulating hormone.
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Figure 6. Expressions of TLR9, TLR4, MyD88, and NF«B on PCOS mice and KGN cells after HMGB1 inhibition. (A, B) The ovarian protein levels of TLR9,
TLR4, and NF«B in the mice (n=12-15 per group) as determined with western blot. (C) Ovarian mRNA levels of Tir4, Tir9, Myd88, and Nfib in the mice
(n=9-12 per group). Immunohistochemical images of TLR9 (D) and NF«B (E) in mice ovarian tissues. (F, G) Protein and (H) mRNA levels of HMGB1 in
KGN cells transfected with HMGB1 overexpression plasmid, n =3 per group. (I) Cell viability of KGN cells treated with different concentrations of
glycyrrhizin for 24 h. (J) Different concentrations of glycyrrhizin were treated for 24, 48, and 72 h for cell viability assays. (K, L) HMGB1, TLR9, TLR4, and
NF-«B protein levels after overexpressed HMGB1 in vitro, n=6-9 per group. Hmgb1, Tir4, TIr9, Myd88, and Nfkc b mRNA levels after overexpression of
HMGB1 in vitro (n=9-12 per group). (N, O) Protein and (P) mRNA levels of HMGB1 in KGN cells transfected with different fragments of siRNA, n=3
per group. (Q, R) HMGB1, TLR9, TLR4, and NF«B protein levels after silencing HMGB1 in vitro, n=6-18 per group. (S) Hmgb1, Tir4, Tir9, Myd88, and
Nficb mRNA levels after inhibiting HMGB1 in vitro (n=6-9 per group). Data are presented as mean £ SD. Different lowercase letters above the columns,
such as a, b, and ¢, indicate P <0.05. If two columns have the same lowercase letter, it indicates no statistical significance. *P < 0.05, si-NC vs.
si-HMGB1; **P < 0.01, si-NC vs. si-HMGB1; *** P < 0.001, si-NC vs. si-HMGB1. HMGB1, high mobility group box 1; TLR4, toll-like receptor 4; TLR9,
toll-like receptor 9; MyD88, myeloid differentiation factor 88; NF«B, nuclear factor kappa-B.
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Taken together, our data indicate that the p-AKT/t-AKT-
GLUT4 pathway can be activated by inhibiting HMGB1
expression.

Discussion

Several studies, including this study (Figure 8), have confirmed
that the serum level of HMGBI is higher in PCOS [18], sug-
gesting that inhibiting HMGB1 could be a reliable therapeutic
approach against PCOS. Glycyrrhizin, a drug believed to be
safe for human use, can directly bind to and inhibit HMGB1
[40]. Although glycyrrhizin has shown potential benefits in
the treatment of cancer, inflammation, and obesity [20, 21],
whether and how it can help in treating PCOS has not been
reported.

In this study, we initially confirmed that glycyrrhizin effec-
tively reduces HMGB1 levels in the serum and ovarian tissues

of PCOS mice. Then, we assessed the therapeutic impacts
of glycyrrhizin on the PCOS mice. Glycyrrhizin could revert
metabolic disorders in the PCOS mice. The PCOS mice had
higher fasting glucose and insulin levels (a predictor of insulin
resistance), but this was reversed by glycyrrhizin. Moreover,
our OGTT and ITT data revealed that glycyrrhizin treat-
ment counteracted the delayed glucose tolerance and the
increased AUC in the PCOS mice. In addition, after the
glycyrrhizin-induced HMGB1 inhibition, HOMA-IR index
decreased while HOMA-B index increased. This indicates that
glycyrrhizin alleviated impaired glucose metabolism and g-
cell dysfunction to counteract insulin resistance in the PCOS
mice. For lipid metabolism, we found that serum LDL-C
significantly increased in PCOS and was positively correlated
with serum HMGB1. Unfortunately, glycyrrhizin could not
significantly improve lipid metabolism, and this may be due
to the small sample size.
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Furthermore, regarding ovarian function, we found that
glycyrrhizin prevented an increase in the number of cystic fol-
licles and decrease in the number of the corpus lutea and pro-
longed the metestrus phase time in the PCOS mice. It is worth
noting that the serum testosterone, LH, and LH/FSH ratios
were improved by glycyrrhizin, with the serum testosterone
having a significant positive correlation with HMGBI1 levels.
Since it has been reported that HMGB1 participates in the
development of insulin resistance [41], our current findings
suggest that glycyrrhizin prevented DHEA plus HFD-induced
PCOS development. We explored the molecular mechanism
of how glycyrrhizin affects glucose metabolism and ovarian
functions in the PCOS mice. We found that the decreased
expression of INSR (an essential component of the insulin
signaling pathway) in the PCOS mice could be reversed by
glycyrrhizin. Also, HMGB1 knockdown led to an increase in
INSR expression. Interestingly, neither glycyrrhizin treatment
nor HMGB1 knockdown could have a significant recovery
effect on the expression of the cytoplasmic signaling adapter
proteins: IRS1 and IRS2. This may be due to the small sample
size we used in this study.

The p-AKT/t-AKT-GLUT4 signaling pathway has been
shown to be involved in insulin resistance [42]. The dysreg-
ulation of AKT results in insulin resistance [43]. MyD88 also
participants in adiposity and insulin resistance in female mice

[44] and can be conjugated directly to AKT [45]. GLUT4
plays a vital role in cellular glucose balance. A lower level
of GLUT4 is evident in PCOS patients with obesity [46]. We
found that the decreased expression of GLUT4 and p-AKT
in PCOS could be reversed by glycyrrhizin, which implies
that glycyrrhizin could improve insulin resistance in PCOS
through promoting AKT phosphorylation and facilitating
GLUT4 expression to help transport glucose by inhibiting
HMGBI1. Treatment with glycyrrhizin reversed the HMGB1-
induced decrease in GLUT4, p-AKT, and INSR in HMGB1
overexpression KGN cells. Silencing of HMGB1 yielded a
similar effect.

Several studies have indicated that chronic low-grade
inflammation promotes insulin resistance [12, 47]. We found
that the swollen uteri of the PCOS mice were alleviated by
glycyrrhizin. This occurrence may relate to inflammation.
Tumor necrosis factor alpha (TNFa) and interleukin (IL)-
6 have been reported to exert regulatory effects on ovarian
steroidogenesis [48]. Interferon alpha (IFN «) and IFN 8 are
involved in most chronic viral immune pathogenesis [49]. It
has been found that elevated expression of IFN y increased
the pyroptosis of macrophages and exacerbated its effect on
the estrogen receptor in granular cells [50]. In this current
study, we found that the increased mRNA levels of 116, Tnfa,
Ifna, Ifnb1, and Ifng in the PCOS mice were decreased after
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glycyrrhizin administration. In vitro glycyrrhizin treatment
decreased the mRNA levels of 116, Tnfa, Ifna, and Ifnb1 in
the HMGB1-overexpression cells, and silencing of HMGB1
significantly decreased the mRNA levels of 1/6, Tnfa, and
Ifnb1; this is consistent with the in vivo results. This indicates
that glycyrrhizin exhibits a significant anti-inflammatory
effect on PCOS.

To further investigate the mechanism of how glycyrrhizin
exhibits anti-inflammatory effects in PCOS mice, we inves-
tigated the downstream targets of HMGBI. It is known
that extracellular HMGB1 transmits signals into cells by
interacting with the receptor for advanced glycation end
products and TLR-2/4/9 [36]. TLR4 is one of the classical
receptors involved in HMGB1 binding. It has been reported
that cryptotanshinone can prevent PCOS ovarian damage
through the HMGB1/TLR4 pathway [51]. We also found that
TLR4 was elevated in the PCOS mice. TLRY has also been
found to regulate adipose tissue inflammation and obesity-
related metabolic disorders [52]. After HMGB1 has bound
to TLRY, a mechanism is transduced through MyD88 [53].
MyD88 promotes insulin resistance by binding to AKT. It can
also activate the NF-«B signaling pathway [45]. However, this
mechanism has not been reported in PCOS. Our results show
that the increased expressions of TLR4, TLR9, MyD88, NF-
«B, and other inflammatory factors could be reduced via the
inhibition of HMGB1, both in vivo and in vitro. Hence, we
suggest that glycyrrhizin exerts its anti-inflammatory effects
on PCOS mice by possibly suppressing the TLR9-MyD88-
NF-«B signaling pathway.

Conclusion

Glycyrrhizin exhibits beneficial effects against inflammation,
insulin resistance, and ovarian dysfunction in PCOS via pre-
venting or, at least, thwarting DHEA/HFD-induced PCOS
development. However, further studies are needed to verify
its efficacy in PCOS patients.
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