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Background: Polycystic ovarian syndrome (PCOS) is an endocrine disorder characterized by abnormal proliferation and apop-
tosis of ovarian granulosa cells (GCs), which contribute to follicular dysfunction and impaired ovulation. Although astragaloside
IV (AS-IV) has shown anti-proliferative effects, its underlying mechanism remains unclear. This study aims to explore how
AS-IV regulates the growth and apoptosis of human ovarian granulosa cell tumor (KGN) cells via glycolysis.
Methods: In this study, the human ovarian granulosa cell tumor line KGN was used as an in vitro model. AS-IV treatment was
combined with genetic manipulations, including short hairpin RNA (shRNA)-mediated knockdown of G protein subunit beta 2
(GNB2) and overexpression of peroxisome proliferator-activated receptor gamma (PPARγ) and GNB2, to dissect their roles in
AS-IV-mediated effects. The effects of AS-IV on KGN cell proliferation, apoptosis, lactate, pyruvate, and pyruvate kinase m2
(PKM2) levels via the PPARγ/GNB2 were evaluated. Chromatin immunoprecipitation and dual-luciferase reporter assays were
used to study PPARγ’s transcriptional regulation of GNB2. Ubiquitination and degradation of PKM2 by GNB2 were examined
using immunoprecipitation.
Results: AS-IV induced apoptosis and lowered KGN cell growth (p < 0.01). Knockdown of GNB2 expression partially reversed
the anti-proliferative and pro-apoptotic effects of AS-IV, indicating that GNB2 mediates AS-IV activity (p< 0.05). PPARγ tran-
scriptionally regulatedGNB2 expression, thereby enhancing the effect of AS-IV (p< 0.05). AS-IV upregulated the PPARγ/GNB2,
inhibited PKM2 expression, and promoted PKM2 ubiquitination and degradation, further modulating glycolysis (p < 0.05).
Conclusion: This study reveals that AS-IV regulates KGN cell proliferation and apoptosis via the PPARγ/GNB2/PKM2 axis
by inhibiting glycolysis. This study provides novel mechanistic insights into the therapeutic potential of AS-IV for PCOS by
targeting granulosa cell metabolism and survival.
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Introduction

Polycystic ovary syndrome (PCOS) is a common en-
docrine and metabolic condition [1]. Its pathophysiol-
ogy involves ovarian dysfunction, hormonal imbalances,
insulin resistance, and chronic low-grade inflammation,
with clinical manifestations varying between individuals
[2]. PCOS is estimated at 8% to 13% in reproductive-aged
women and 3% to 11% in adolescents, depending on the di-
agnostic criteria used and the population studied [3]. Cur-
rent treatment approaches for PCOS encompass lifestyle
modifications, pharmacological interventions, and assisted
reproductive technologies [4–6]. The foundation of PCOS
management is lifestyle modifications, including healthy
dietary patterns and regular physical activity [7]. Pharma-
cologically, insulin sensitizers like metformin can allevi-
ate insulin resistance, whereas oral contraceptives are fre-
quently used to control menstrual periods and lower testos-

terone levels [8]. Anti-androgen medications may also be
used to alleviate clinical symptoms in some patients [9].
However, the long-term efficacy of existing treatments re-
mains suboptimal, with many patients experiencing dis-
ease recurrence or metabolic complications, highlighting
the need for more precise and effective therapeutic strate-
gies.

Astragaloside IV (AS-IV), a major active com-
pound extracted from Astragalus membranaceus, pos-
sesses a broad range of pharmacological properties, in-
cluding anti-inflammatory, antioxidant, immunoregulatory,
and metabolic-improving effects [10]. AS-IV has shown
substantial protective effects across diverse disease mod-
els, especially in metabolic disorders by enhancing energy
metabolism, regulating insulin sensitivity, and demonstrat-
ing promise in the treatment of reproductive system dis-
eases [11,12]. Because granulosa cells (GCs) are essen-
tial for follicular growth, maturation, and ovulation, their
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dysfunction can result in the development of ovarian dis-
eases [13]. In PCOS patients, abnormal GC proliferation
is considered a key factor influencing follicular develop-
ment [14]. In human ovarian granulosa cell tumor (KGN)
cells and PCOS rat models, AS-IV controls the proliferation
and death of ovarian tissue while simultaneously activat-
ing the Peroxisome proliferator-activated receptor gamma
(PPARγ) [15]. Pyruvate kinase m2 (PKM2), a crucial
rate-limiting enzyme in glycolysis that regulates energy
metabolism and cell proliferation [16,17]. Therefore, the
pathophysiology of PCOS may be significantly influenced
by the PPARγ/PKM2 pathway. A recent study found that
G protein subunit beta 2 (GNB2), the ubiquitin ligase of
PKM2, plays an important role in cellular metabolic reg-
ulation [18]. In this study, we utilized the human granu-
losa cell tumor cell line (KGN cells) to explore the in vitro
mechanisms by which AS-IV modulates GC proliferation
and apoptosis. Our findings reveal that AS-IV influences
glycolysis via the PPARγ/GNB2/PKM2, thereby regulat-
ing the proliferation and apoptosis of KGN cells.

Materials and Methods

Cell Culture
KGN cells (AW-CCH252, abiowell, Changchun,

China), authenticated by short tandem repeat profiling,
were cultivated in Dulbecco’s Modified Eagle Medium
(DMEM) (C0891, Beyotime, Shanghai, China) supple-
mented with 10% fetal bovine serum (FBS) (C0235, Be-
yotime, Shanghai, China). KGN cells, which can recapitu-
late disease-like phenotypes, are widely used as an in vitro
model for simulating PCOS [19]. The cells were authenti-
cated by short tandem repeat (STR) profiling and confirmed
to be free of mycoplasma contamination.

Cell Transfection
Eight experimental groups were established from

KGN cells: Control, short hairpin RNA negative control
(shNC), shRNA targeting GNB2 (shGNB2)#1, shGNB2#2,
shGNB2#3, negative control (NC), GNB2, and PPARγ.
The short hairpin RNA (shRNA) and the controls were ob-
tained from Yunzhou Biotechnology (Guangzhou, China);
the overexpression plasmids and the controls were obtained
fromYouBio Biotechnology (Guangzhou, China) (Table 1).
The coding sequence (CDS) region of PPARγ and GNB2
were provided in the Supplementary Materials. Before
being transfected, KGN cells (5 × 105) were seeded in
6-well plates (FCP060, Beyotime, China) and incubated
for the whole night. No therapy was given to the Con-
trol group. Cells were transfected with the corresponding
1 µg shRNA or 2 µg plasmid using Lipofectamine 2000
(11668019, Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s instructions. Western blot (WB) and re-
verse transcription-quantitative polymerase chain reaction
(RT-qPCR) analyses were used to assess transfection effec-
tiveness 48 hours after transfection.

Cell Grouping
Eight experimental groups were established

from KGN cells: Control, AS-IV, AS-IV+shNC,
AS-IV+shGNB2, AS-IV+NC, AS-IV+PPARγ, AS-
IV+PPARγ+shNC, and AS-IV+PPARγ+shGNB2. The
KGN cells in the AS-IV group were treated with 80 µg/mL
AS-IV (HY-N0431, MCE, Monmouth Junction, NJ, USA)
for 48 hours [20]. For the AS-IV+shNC, AS-IV+shGNB2,
AS-IV+NC, AS-IV+PPARγ, AS-IV+PPARγ+shNC, and
AS-IV+PPARγ+shGNB2 groups, after transfection with
the respective shRNA and/or overexpression plasmids,
cells were incubated with 80 µg/mL AS-IV for 48 hours.

Additionally, KGN cells were divided into four cate-
gories: Control, GNB2, Z-Leu-Leu-Leu-al (MG132), and
GNB2+MG132. The GNB2 overexpression plasmid was
transfected into KGN cells, then cultured for 48 hours in
the GNB2 group. Subsequently, KGN cells were exposed
to 10 µMMG-132 (HY-13259, MCE, Monmouth Junction,
NJ, USA) for 6 hours in theMG132 group. KGN cells were
transfected with the GNB2 overexpression plasmid and cul-
tured for 48 hours before being treated with 10 µMMG-132
for 6 hours in the GNB2+MG132 group.

RT-qPCR
Total RNA was extracted from cells using TRIzol

reagent (R0016, Beyotime, Shanghai, China) according
to the manufacturer’s instructions. Complementary DNA
(cDNA)was synthesized using the Transcriptor First Strand
cDNA Synthesis Kit (04379012001, Roche, CA, USA).
SYBR Green PCR Master Mix (4344463, Thermo Fisher,
Waltham, MA, USA) was applied in real-time PCR using
an ABI 7500 real-time PCR machine (Applied Biosystems,
Foster City, CA, USA) to assess gene expression. β-actin
was employed as an internal control, and relative gene ex-
pression levels were calculated using the 2−∆∆Ct method
[21]. Primer sequences (Tsingke, Beijing, China) are listed
in Table 2.

WB Analysis
Cells were lysed using radioimmunoprecipitation as-

say (RIPA) buffer containing protease inhibitors (P0013,
Beyotime, Shanghai, China). The bicinchoninic acid
(BCA) protein assay kit (P0009, Beyotime, Shanghai,
China) was used to measure the protein concentration.
Protein was separated in equal quantities using sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) at a concentration of 10% (S0690, Beyotime,
Shanghai, China). The protein was then transferred onto
polyvinylidene fluoride (PVDF) membranes (FFP24, Bey-
otime, Shanghai, China). Membranes were blocked at room
temperature with 5% non-fat milk for one hour. Following
blocking, membranes were incubated for one night (4 ℃)
with primary antibodies (1:1000) and then (room tempera-
ture) with secondary antibodies coupled with horseradish
peroxidase (1:2000) for two hours. The ChemiDocTM
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Table 1. Sequences of shRNAs used in the experiment.
Name Sequence (5′-3′) Carrier name

shNC CCTAAGGTTAAGTCGCCCTCG pRP [shRNA]-EGFP-U6>Scramble_shRNA
shGNB2#1 CCTGGATGACAACCAAATCAT pRP [shRNA]-EGFP-U6>hGNB2 [shRNA#1]
shGNB2#2 CGGCCATGAATCCGACATCAA pRP [shRNA]-EGFP-U6>hGNB2 [shRNA#2]
shGNB2#3 CGACATCAATGCAGTGGCTTT pRP [shRNA]-EGFP-U6>hGNB2 [shRNA#3]
NC CTAGAGAACCCACTGCTTAC pRP [Exp]-EGFP-CMV
PPARγ pRP [Exp]-EGFP-CMV>hPPARG [NM_015869]
GNB2 pRP [Exp]-EGFP-CMV>hGNB2 [NM_005273]
shNC, short hairpin RNA negative control; GNB2, G protein subunit beta 2; NC, negative control;
PPARγ, peroxisome proliferator-activated receptor gamma.

Table 2. Primers used for real-time PCR in this study.
Genes Forward primer (5′-3′) Reverse primer (5′-3′)

GNB2 CAGCAGACAGTGGGTTTTGC TCATGGCCGATGAAGGTCTG
PPARγ TTACACAATGCTGGCCTCCTT AGGCTTTCGCAGGCTCTTTAG
β-actin TGTTACCAACTGGGACGACA TCTCAGCTGTGGTGGTGAAG
PCR, polymerase chain reaction.

XRS Imaging System (Bio-Rad, Hercules, CA, USA) and
a chemiluminescent (ECL) Western Blotting Detection Kit
(KGC4902, Keygene, Nanjing, China) were utilized for
discovering protein signals. ImageJ 1.54p (NIH, Bethesda,
MD, USA) was applied to quantify the protein band inten-
sity. The antibodies that were employed are listed in Ta-
ble 3.

Cell Proliferation
After being seeded in 6-well plates, KGN cells were

cultivated for 24 hours in DMEM supplemented with 10%
FBS. Following the recommended treatments above, the
BeyoClickTM 5-ethynyl-2′-deoxyuridine (EdU) Cell Pro-
liferation Detection Kit (C0071S, Beyotime, Shanghai,
China) was adopted to quantify cell proliferation accord-
ing to the manufacturer’s instructions. After two hours
of incubation with 10 µM EdU labeling solution (37 ℃),
the cells were fixed for 15 minutes with 4% paraformalde-
hyde (CF189021, Solarbio, Beijing, China) and permeabi-
lized for 10 minutes with 0.3% Triton X-100 (ST797, Be-
yotime, Shanghai, China). After 30 minutes of incubation
with the EdU kit’s Click reaction mixture (room tempera-
ture), the cells were shielded from light and stained for 10
minutes with 2-(4-Aminophenyl)-6-indolecarbazole dihy-
drochloride (DAPI, C1002, Beyotime, Shanghai, China). A
Leica DMI3000B inverted fluorescencemicroscope (200×,
Leica, Wetzlar, Germany) served to take fluorescence pic-
tures. ImageJ software served to count the cells. The fol-
lowing formula was adopted to determine the proportion of
EdU-positive cells: EdU-positive cells (%) = (green EdU-
stained cells / blue DAPI-stained cells) × 100.

Cell Apoptosis
The terminal deoxynucleotidyl transferase dUTP nick

end labeling (TUNEL) test was performed to measure
apoptosis. Following the manufacturer’s instructions, the
TUNEL test was carried out using the In Situ Cell Death
Detection Kit (C1086, Beyotime, Shanghai, China). KGN
cells were treated as directed after being seeded on cover-
slips in 6-well plates (BS-CP-6C, Biosharp, Hefei, China).
Following the procedure, cells were fixed for 15minutes us-
ing 4% paraformaldehyde (room temperature). After that,
cells were permeabilized for ten minutes using 0.3% Triton
X-100. Cells were washed with phosphate-buffered saline
(PBS, C0221A, Shanghai, China) and then treated with 50
µL of TUNEL reaction mixture at 37℃ for one hour. After
that, the samples were dyed using DAPI at room tempera-
ture for ten minutes. Fluorescence images were captured
using a 200× fluorescence microscope. Cell counting was
performed using ImageJ software. TUNEL-positive stain-
ing was visualized in green, whereas DAPI-positive nuclei
were visualized in blue.

Pyruvate and Lactate Levels
KGN cells were homogenized, and the supernatants

were collected by centrifugation. The concentrations of
pyruvate and lactate in the culture media were determined
using Pyruvate Assay Kits (A081-1-1, Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) and Lactate As-
say Kits (A019-2-1, Nanjing Jiancheng Bioengineering In-
stitute, Nanjing, China), respectively. A microplate reader
(Bio-Rad, Hercules, CA, USA) was applied to identify ab-
sorbance at 530 nm.
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Table 3. Antibodies used in Western blot analysis.
Antibody name Molecular weight Source Catalog number Supplier Type

PPARγ 58 kDa Rabbit ab178860 Abcam Primary antibody
PKM2 57 kDa Rabbit ab150377 Abcam Primary antibody
GNB2 35 kDa Rabbit ab108504 Abcam Primary antibody
β-actin 42 kDa Rabbit ab8227 Abcam Primary antibody
Goat Anti-Rabbit IgG H&L (HRP) N/A Goat ab6721 Abcam Secondary antibody
PKM2, pyruvate kinase m2.

Binding Site Prediction
Potential binding sites within the GNB2 promoter

were predicted using the University of California, Santa
Cruz Genome (UCSC) database (http://genome.ucsc.edu/)
and the Joint Conservation of Transcription Factor Binding
Profiles Across Species (JASPAR) database (https://jaspar
.genereg.net/).

Chromatin Immunoprecipitation (ChIP) Assay
ChIP experiments were performed using the Chro-

matin Immunoprecipitation Kit (P2078, Beyotime, Shang-
hai, China) in line with the manufacturer’s instructions to
confirm that PPARγ bound to the GNB2 promoter. To
summarize, KGN cells were collected, sonicated, and then
thrice washed with 1 mL PBS containing phenylmethylsul-
fonyl fluoride (PMSF, ST507, Beyotime, Shanghai, China).
1% formaldehyde (C06701102, Nanjing Reagents, China)
was administered to crosslink cells at room temperature for
15 minutes. Then, Glycine solution (ST085, Beyotime,
Shanghai, China) was added to quench the crosslinking, and
it was incubated at room temperature for five minutes. The
pellets were centrifuged and then washed thrice with PBS
containing PMSF. After resuspending the pellets in SDS
lysis solution (SL1031, Coolaber, Beijing, China) contain-
ing PMSF, they were sonicated for five minutes after being
incubated on ice for ten minutes. Following that, 1.8 mL
of ChIP dilution buffer containing 1 mM PMSF was ad-
ministered to dilute the samples. The sample was stored
in 20 microliters to be used as the input for further detec-
tion. To lessen the non-specific binding of Protein A + G
Agarose/Salmon Sperm DNA to target proteins or DNA se-
quences, the remaining samples were gently rotated while
incubated with 70 µL of the mixture at 4 ℃ for 30 min-
utes. The supernatant was transferred to a 2 mL centrifuge
tube (F601621, Shenggong Bio, Shanghai, China) follow-
ing centrifugation for one minute (1000 ×g, 4 ℃). After
adding anti-PPARγ (1:200, ab310323, Abcam, Cambridge,
UK) or negative control IgG (1:200, ab313801, Abcam,
Cambridge, UK) antibodies, the mixture was gently rotated
and incubated at 4 ℃ for the whole night. The pellets were
resuspended in 25 µL SDS-PAGE protein sample solution
(P0015A, Beyotime, Shanghai, China) after washing with
low-salt immune complex wash buffer, high-salt immune
complex wash buffer, LiCl immune complex wash buffer,
and Tris-Ethylenediaminetetraacetic acid buffer. DNA

fragments were recovered by eluting protein-DNA com-
plexes with elution buffer (C600325-0500, Shenggong Bio,
Shanghai, China). As described above, RT-qPCR was used
to identify the enrichment of PPARγ at the GNB2 promoter
region.

Dual-Luciferase Reporter Assay
To create luciferase reporter gene vectors, wild-

type PPARγ (WT-PPARγ) and mutant PPARγ (MUT-
PPARγ) were cloned into the pGL3-Basic plasmid (HG-
VQP0121, Promega, Madison, WI, USA). The NC was
the empty pGL3-Basic plasmid (WT/MUT-empty vector),
and the pRL-SV40 Renilla luciferase reporter gene plasmid
(P2149, Shanghai Huzhen Industrial Co., Ltd., Shanghai,
China) served as an internal control. KGN cells were co-
transfected with the recombinant plasmids and incubated
for 36 hours. After that, 100 µL of passive lysis buffer
(YB25-191208, Shanghai Yubo Biotech, Shanghai, China)
was administered to lyse the cells. Luciferase activity in
the cell lysates was measured using the Dual-Luciferase
Reporter Assay System (E1910, Promega, Madison, WI,
USA). The level of activity of each luciferase was com-
pared.

Immunoprecipitation (IP)
Five experimental groups were established fromKGN

cells: immunoglobulin G (IgG), GNB2-antibody (GNB2-
Ab), GNB2-Ab+GNB2, GNB2-Ab+MG132, and GNB2-
Ab+MG132+GNB2. Two micrograms per milliliter of IgG
(1:20, ab172730, Abcam, Cambridge, UK) and GNB2-Ab
(1:1000; ab108504, Abcam, Cambridge, UK) were admin-
istered to KGN cells in the IgG and GNB2-Ab groups for
one hour. For the GNB2-Ab+GNB2, GNB2-Ab+MG132,
and GNB2-Ab+MG132+GNB2 groups, KGN cells were
transfected with the GNB2 overexpression vector for 48
hours, followed by treatment with 10 µM MG-132 for 6
hours, and then treated with GNB2-Ab. IP was performed
using Protein A/G PLUS-Agarose (sc-2003, Santa Cruz
Biotechnology, Inc., Dallas, TX, USA). In particular, cell
lysates were obtained by sonicating KGN cells in RIPA
buffer. GNB2 and PKM2 levels were measured by WB
analysis of total protein levels. For IP, a primary antibody
against PKM2 (1:200, ab137791, Abcam, Cambridge, UK)
was incubated with 20 µg of total protein at 4 ℃ for two
hours. Centrifugation was applied to collect the precipita-
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Fig. 1. G protein subunit beta 2 (GNB2) gene knockdown and astragaloside IV (AS-IV) treatment in human ovarian gran-
ulosa cell tumor (KGN) cells and their effect on proliferation. (A) Reverse transcription quantitative polymerase chain reaction
(RT-qPCR) analysis of GNB2 mRNA levels in KGN cells from Control, short hairpin RNA negative control (shNC), shRNA targeting
GNB2 (shGNB2)#1, shGNB2#2, and shGNB2#3 groups, with β-actin as the reference. (B,C) Western blot analysis of GNB2 protein
levels in KGN cells fromControl, shNC, shGNB2#1, shGNB2#2, and shGNB2#3 groups, with β-actin as the reference. (D) 5-ethynyl-2′-
deoxyuridine (EdU) assay to detect KGN cell proliferation in Control, AS-IV, AS-IV+shNC, andAS-IV+shGNB2 groups. Magnification:
200×, scale bar: 100 µm. EdU-positive cells are green, and nuclei are blue. (E) Quantitative analysis of the EdU assay. Each experiment
was repeated independently three times. ∗∗p < 0.01,∗∗∗p < 0.001 vs. shNC; ++p < 0.01 vs. Control; ^p < 0.05 vs. AS-IV+shNC.

tion after adding Protein A/G agarose beads and incubat-
ing for an additional hour. The precipitate was thoroughly
cleaned and then resuspended in 20 µL of SDS sample
buffer (P0015L, Beyotime, Shanghai, China). SDS-PAGE
served to resolve protein complexes, which were then trans-
ferred onto PVDF membranes. After blocking the mem-
branes with 5% non-fat milk, they were incubated with the
primary antibody Anti-Ubiquitin (1:1000, ab140601, Ab-
cam, Cambridge, UK) at 4 ℃ for whole night. Following
incubation with the secondary antibody (1:5000, ab205718,
Abcam, Cambridge, UK), protein signals were identified
using the ChemiDocTM XRS Imaging System and an ECL
reagent.

To validate the interaction between GNB2 and the
ubiquitin ligases NEDD4-like E3 ubiquitin protein ligase

(NEDD4L)/NEDD4 E3 ubiquitin protein ligase (NEDD4),
co-immunoprecipitation (Co-IP) was performed. Briefly,
KGN cell lysates were incubated overnight at 4 ℃ with an
antibody against GNB2 (1:20, RAB01735, Thermo Fisher
Scientific, Waltham, MA, USA). Normal rabbit IgG was
used as a negative control. Protein A/G Sepharose beads
were then added to capture the immune complexes. After
washing, bound proteins were eluted in SDS-PAGE load-
ing buffer. The eluates were then analyzed by Western
blotting with specific antibodies to detect whether NEDD4
(2–10 µg/mg, ab117826, Abcam, Cambridge, UK) and
NEDD4L (1:50, #4013, CST, Danvers, MA, USA) were
co-precipitated with GNB2. Input lysates (representing 5%
of the starting material) served as a loading control to verify
the presence of all proteins of interest.
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Fig. 2. AS-IV effects on cell apoptosis, lactate, pyruvate, and pyruvate kinase m2 (PKM2) expression. (A,D) Terminal deoxynu-
cleotidyl transferase dUTP nick end labeling (TUNEL) staining to detect apoptosis in KGN cells from Control, AS-IV, AS-IV+shNC,
and AS-IV+shGNB2 groups. Magnification: 200×, scale bar: 100 µm. TUNEL-positive cells are green, and nuclei are blue. (B,C)
Kit-based measurement of lactate and pyruvate levels in KGN cells from Control, AS-IV, AS-IV+shNC, and AS-IV+shGNB2 groups.
(E,F) Western blot analysis of PKM2 protein expression in KGN cells from Control, AS-IV, AS-IV+shNC, and AS-IV+shGNB2 groups,
with β-actin as the reference. Each experiment was repeated independently three times. +p < 0.05, +++p < 0.001 vs. Control; ^p <

0.05, ^^p < 0.01,^^^p < 0.001 vs. AS-IV+shNC.
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Fig. 3. Peroxisome proliferator activated receptor gamma (PPARγ) binding to the GNB2 promoter and its regulation. (A,B)
Joint Conservation of Transcription Factor Binding Profiles Across Species (JASPAR) database prediction of the binding sites between
PPARγ and the GNB2 promoter region. (C) Chromatin immunoprecipitation (ChIP) analysis of the binding of PPARγ to GNB2. (D)
Dual-luciferase reporter assay to detect the binding sites of PPARγ on the GNB2 promoter. (E) RT-qPCR analysis of PPARγ mRNA
levels in KGN cells from Control, NC, and PPARγ groups, with β-actin as the reference. (F,G) Western blot analysis of PPARγ protein
levels in KGN cells from Control, NC, and PPARγ groups, with β-actin as the reference. Each experiment was repeated independently
three times. ###p < 0.001 vs. anti-IgG; &&&p < 0.001 vs. WT-NC; ∆∆∆p < 0.001 vs. NC.

Statistical Analysis

Software called GraphPad 8.0 (GraphPad Software,
San Diego, CA, USA) was implemented to conduct sta-
tistical analyses. One-way ANOVA followed by Tukey’s
post-hoc test was adopted for comparisons between multi-

ple groups, while the independent samples t-test was per-
formed for comparisons between two groups. A p < 0.05
is considered as a statistically significant difference.
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Results

AS-IV Regulates the Proliferation, Apoptosis, and
Glycolysis of KGN Cells by Activating GNB2

We transfected KGN cells with shGNB2 to sup-
press its expression to examine the function of GNB2 in
KGN cells. Transfection with shGNB2#1, shGNB2#2, and
shGNB2#3 drastically lowered GNB2 levels, according to
RT-qPCR and WB analyses (p < 0.01, Fig. 1A–C). The
most significant impact was observed in shGNB2#2, which
was employed in further studies (p < 0.001, Fig. 1A–C).
KGN cell proliferation was diminished by AS-IV treat-
ment, and the effects of AS-IV were partially restored by
GNB2 knockdown (p< 0.05, Fig. 1D,E). The AS-IV group
showed lower levels of lactate and PKM2, as well as higher
levels of pyruvate and cell apoptosis (green fluorescence)
compared to the Control group (p< 0.05, Fig. 2A–F). Con-
versely, the AS-IV+shGNB2 group displayed higher levels
of lactate and PKM2 and lower levels of pyruvate and apop-
tosis (green fluorescence) in the AS-IV+shNC group (p <

0.05, Fig. 2A–F).

AS-IV Promotes KGN Cell Apoptosis by
Transcriptionally Regulating GNB2 Through PPARγ

JASPAR analysis showed that PPARγ was enriched in
the GNB2 promoter region, and one potential binding site,
GTAGGTCACTGCCACCTCAA, was selected for further
validation (Fig. 3A,B). Additionally, ChIP experiments
demonstrated that PPARγ is concentrated in the GNB2 pro-
moter (p < 0.001, Fig. 3C). Dual-luciferase reporter tests
showed that WT-PPARγ had a much greater relative lu-
ciferase activity thanWT-NC (p< 0.001, Fig. 3D), whereas
the MUT group showed no discernible change (Fig. 3D).
PPARγ overexpression markedly increased PPARγ levels
in KGN cells, according to RT-qPCR andWB analyses (p<
0.001, Fig. 3E–G). Overexpression of PPARγ enhanced the
inhibitory effect of AS-IV on the proliferation of KGN cells
and promoted cell death, while GNB2 knockdown partially
reversed the effects of PPARγ overexpression (p < 0.05,
Fig. 4A–D).

AS-IV Inhibits KGN Cell Glycolysis by Promoting
the Ubiquitination and Degradation of PKM2
Through the PPARγ/GNB2

The AS-IV+PPARγ group showed higher pyruvate
levels and lower lactate and PKM2 levels over the AS-
IV+NCgroup (p< 0.05, Fig. 5A–D). As opposed to theAS-
IV+PPARγ+shNC group, the AS-IV+PPARγ+shGNB2
group displayed lower pyruvate levels and higher lactate
and PKM2 levels (p < 0.05, Fig. 5A–D). In KGN cells,
GNB2 overexpression increased its own levels and de-
creased PKM2 expression. MG132 treatment partially
restored PKM2 levels, supporting that GNB2 promotes
PKM2 degradation via the proteasome (p < 0.05, Fig. 5E–
G). Ubiquitination assays confirmed that GNB2 overex-
pression enhanced poly‑ubiquitination of PKM2, which

accumulated further upon MG132 treatment (Fig. 5H).
We next sought to identify the mechanistic link between
GNB2 and PKM2 ubiquitination. Coimmunoprecipita-
tion assays revealed that GNB2 specifically interacts with
the E3 ubiquitin ligases NEDD4L and NEDD4 in KGN
cells (Fig. 5I,J). Together, these results indicate that GNB2
likely facilitates PKM2 degradation by directly recruiting
NEDD4L/NEDD4, thereby promoting PKM2 ubiquitina-
tion and proteasomal degradation.

Discussion

Research has indicated that GC proliferation is higher
in people with PCOS, and this aberrant proliferation is inti-
mately associated with ovarian dysfunction and the patho-
physiology of PCOS [22]. In this study, we found that
AS-IV treatment inhibited the proliferation of KGN cells
and promoted apoptosis. Notably, further investigation re-
vealed that the knockdown of GNB2 could reverse AS-IV-
induced inhibition of proliferation and promotion of apop-
tosis, suggesting that GNB2 plays a crucial role in the cell
regulation process mediated by AS-IV. GNB2, a G protein
beta subunit, plays a crucial role in cellular signal transduc-
tion [23]. In addition to controlling G protein-coupled re-
ceptor (GPCR) signaling pathways, it serves a role in apop-
tosis, metabolic regulation, and cell division [24]. Our re-
sults show that AS-IV primarily regulates KGN cell prolif-
eration and apoptosis through GNB2.

PPARγ, a nuclear receptor transcription factor, is vi-
tal in regulating inflammation, cell differentiation, and lipid
metabolism [25]. Abnormal activation of PPARγ has been
closely linked to various metabolic diseases. In adipose tis-
sue, PPARγ regulates insulin sensitivity, and its abnormal
activation leads to defective adipocyte differentiation, ex-
cessive fat accumulation, and insulin resistance, promot-
ing the development of type 2 diabetes mellitus (T2DM)
[26,27]. In the liver, aberrant activation of PPARγ can
drive hepatic fat accumulation, worsen hepatocyte steato-
sis, and contribute to the progression of non-alcoholic fatty
liver disease to non-alcoholic steatohepatitis and even liver
fibrosis [28,29]. In this study, we found that PPARγ tran-
scriptionally regulates GNB2 expression, which in turn in-
hibits the proliferation of KGN cells. These results suggest
that AS-IV may upregulate GNB2 expression by activating
the PPARγ, thereby regulating glycolytic metabolism and
inhibiting the abnormal proliferation of KGN cells.

Glycolysis is a metabolic pathway in which glucose
is converted to pyruvate, producing energy and playing a
key role in cellular energy supply, particularly under anaer-
obic conditions [30]. Glycolysis is crucial not only in nor-
mal physiological processes but also in the development of
various diseases. Ovarian GC in PCOS patients exhibits
elevated glycolysis levels, leading to energy metabolism
disorders that affect follicular development [31]. Insulin
resistance in PCOS patients is associated with abnormal
glycolysis, and an overactive glycolysis pathway may im-
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Fig. 4. Effect of PPARγ on cell proliferation and apoptosis. (A,C) 5-ethynyl-2′-deoxyuridine (EdU) assay to detect KGN cell pro-
liferation in Control, AS-IV, AS-IV+NC, AS-IV+PPARγ, AS-IV+PPARγ+shNC, and AS-IV+PPARγ+shGNB2 groups. Magnification:
200×, scale bar: 100 µm. EdU-positive cells are green, and nuclei are blue. (B,D) TUNEL staining to detect KGN cell apoptosis in
the Control, AS-IV, AS-IV+NC, AS-IV+PPARγ, AS-IV+PPARγ+shNC, and AS-IV+PPARγ+shGNB2 groups. Magnification: 200×,
scale bar: 100 µm. TUNEL-positive cells are green, and nuclei are blue. Each experiment was repeated independently three times. ∗∗∗p
< 0.001 vs. Control; +p < 0.05, ++p < 0.01 vs. AS-IV+NC; ^p < 0.05, ^^^p < 0.001 vs. AS-IV+PPARγ+shNC.
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Fig. 5. AS-IV regulates glycolysis and PKM2 degradation via GNB2. (A,B) Kit-based measurement of lactate and pyruvate levels
in KGN cells from Control, AS-IV, AS-IV+NC, AS-IV+PPARγ, AS-IV+PPARγ+shNC, and AS-IV+PPARγ+shGNB2 groups. (C,D)
Western blot analysis of PKM2 protein levels in KGN cells from Control, AS-IV, AS-IV+NC, AS-IV+PPARγ, AS-IV+PPARγ+shNC,
and AS-IV+PPARγ+shGNB2 groups, with β-actin as the reference. (E–G) Western blot analysis of GNB2 and PKM2 protein levels
in KGN cells from Control, GNB2, Z-Leu-Leu-Leu-al (MG132), and GNB2+MG132 groups, with β-actin as the reference. (H) Im-
munoprecipitation and Western blot analysis to detect PKM2 ubiquitination levels in KGN cells from immunoglobulin G (IgG), GNB2-
antibody (GNB2-Ab), GNB2-Ab+GNB2, GNB2-Ab+MG132, and GNB2-Ab+MG132+GNB2 groups, with β-actin as the reference. (I)
Co-IP detection of GNB2 interacting with NEDD4-like E3 ubiquitin protein ligase (NEDD4L) in KGN cells. (J) Co-IP detection of
GNB2 interacting with NEDD4 E3 ubiquitin protein ligase (NEDD4) in KGN cells. Each experiment was repeated independently three
times. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 vs. Control; +p < 0.05, +++p < 0.001 vs. AS-IV+NC; ^p < 0.05, ^^^p < 0.001 vs.
AS-IV+PPARγ+shNC; #p < 0.05 VS. GNB2; &&p < 0.01, &&&p < 0.001 vs. MG132.
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pair insulin signaling and exacerbate metabolic disorders
[32]. PKM2 is a rate-limiting enzyme in the glycolysis pro-
cess and plays a crucial role in regulating cellular energy
metabolism and growth. Previous study has reported that
PKM2 degradation through ubiquitination is regulated by
various E3 ubiquitin ligases, including NEDD4L, NEDD4,
and GNB2 [18]. The ubiquitin-proteasome system (UPS)
regulates the stability, degradation, and function of proteins
by ubiquitination, a significant post-translational modifi-
cation that is extensively implicated in metabolic regula-
tion, cellular signal transmission, and the advancement of
illness [33]. In this study, we found that GNB2 promotes
the ubiquitination and proteasomal degradation of PKM2.
Lactic acid and pyruvate are the major metabolic products
of glycolysis, with lactic acid serving as the end product of
anaerobic glycolysis, which can accumulate in tumor cells
and other high metabolic states [34]. Pyruvate is a key
intermediate in glycolysis and can further enter the mito-
chondria to participate in the tricarboxylic acid (TCA) cy-
cle, thereby influencing cellular energy metabolism [35].
In this study, we found that AS-IV, by upregulating the
PPARγ/GNB2, inhibits PKM2 expression, decreases lac-
tate levels, and increases pyruvate content, thereby influ-
encing the glycolytic metabolism. These findings suggest
that AS-IV may regulate glycolysis to suppress the abnor-
mal proliferation of granulosa cells. While this study fo-
cused on the role of GNB2 and PPARγ within the AS-IV-
activated pathway, elucidating its intrinsic functions under
basal conditions represents an important direction for future
research.

This study has several limitations. First, the experi-
ments were primarily conducted using the KGN cell line,
which, although providing valuable mechanistic insights,
cannot fully reflect the complex physiological environment
in vivo. Further validation using animal models is war-
ranted. Second, although the AS-IV dosage in vitro was
optimized, its therapeutic dose range, efficacy, and safety
in clinical settings require further investigation.

Conclusion

In conclusion, this study demonstrates that AS-IV reg-
ulates glycolysis through the PPARγ/GNB2/PKM2 axis,
thereby modulating the proliferation and apoptosis of KGN
cells. AS-IV inhibits cell proliferation and promotes apop-
tosis by activating GNB2, and the knockdown of GNB2
partially reverses these effects. Mechanistically, PPARγ
transcriptionally upregulates GNB2 expression, enhancing
the inhibitory effect of AS-IV on proliferation. Further-
more, GNB2 facilitates the ubiquitination and proteaso-
mal degradation of PKM2, thereby regulating glycolytic
activity. These results highlight the significant role of
the PPARγ/GNB2/PKM2 pathway in regulating KGN cell
metabolism and proliferation.
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