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Background: Polycystic ovary syndrome (PCOS) commonly impacts fertile females with potentially severe effects on fertility
and metabolism. Blood ghrelin levels are lower in PCOS patients, and exogenous supplements have been proposed for their
potential to trigger anti-inflammatory effects at the cellular level. This study aimed to investigate whether pretreatment with
ghrelin reduced inflammation, insulin resistance, and reproductive abnormalities in PCOS and the underlying mechanism of
this disorder.
Methods: Ghrelin supplementation was first tested in an inflammation model using human ovarian granulosa cells (KGN cells)
that were built by treated with Lipolyaccharide. KGN cells were pretreated with ghrelin and exposed to lipopolysaccharide
(LPS). Inflammatory gene expression and cytokine production were analyzed by Enzyme-linked immunosorbent assay (ELISA).
Based on these results, the PCOS mice model was built with Dehydroepiandrosterone (DHEA) and a high-fat diet. The mRNA
and protein expressions of inflammatory factors including Toll-like receptor 4 (TLR4), nuclear factor kappa-B-p65 (NF-κB-
p65), Phospho-NF-κB-p65 (p-NF-κB-p65) and myeloid differentiation factor 88 (MYD88) related to the TLR4/NF-κB signaling
pathway were evaluated in KGN cells and mouse ovarian tissues using Real-Time Quantitative Polymerase Chain Reaction (RT-
qPCR) and western blot, respectively. Lipid metabolism was quantified via an automated biochemical analyzer.
Results: The mRNA and protein expressions of interleukin-6 (IL-6), interleukin-1 beta (IL-1β), and tumor necrosis factor alpha
(TNF-α) in ghrelin pretreated KGN cells were lower than the LPS group (p < 0.05). Protein expression was reduced for TLR4,
NF-κB-p65, and MYD88 within KGN cells of ghrelin groups compared to the LPS group (p < 0.05). Ghrelin treatment restored
the estrous cycle and slowed weight gain and abdominal fat weight of PCOS mice (p < 0.05). Ghrelin treatment decreased the
serum concentrations of testosterone, luteinizing hormone, insulin, IL-6, IL-1β, and TNF-α compared to the PCOS group (p <

0.05). Estradiol concentrations of mice treated with ghrelin were higher than the PCOS group (p < 0.05). The concentrations of
low and high-density lipoprotein, triglyceride, and cholesterol in mice treated with ghrelin were lower than in the PCOS mice (p
< 0.05). Inflammatory gene expression for IL-6, IL-1β, TNF-α, TLR4, NF-κB-p65, and MYD88 decreased in the ovarian tissues
of ghrelin-treated mice compared to the PCOS group (p < 0.05), along with reduced protein expression of TLR4, p-NF-κB-p65,
and MYD88 (p < 0.05).
Conclusions: In the present study, ghrelin treatment effectively reduced inflammation in vitro, and attenuated insulin resistance
and reproductive abnormalities in PCOS mice through the TLR4/NF-κB signaling pathway, highlighting potential therapeutic
avenues for future PCOS treatments and research directions.
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Introduction

The primary cause of infertility resulting from ovu-
lation abnormalities is often attributed to polycystic ovary
syndrome (PCOS), a condition characterized by polycystic
ovary modification, oligovulation or anovulation, and hy-
perandrogenemia [1,2]. This conditionmay potentially lead
to several clinical manifestations, including menstrual ab-
normalities, infertility, acne, and hirsutism. Nevertheless,

the precise pathophysiological mechanisms behind PCOS
have yet to be fully elucidated. Genetic differences have
been identified as a contributing factor to the pathophysiol-
ogy of PCOS in many investigations [3,4]. Furthermore, it
has been shown that there is a correlation between insulin
resistance and the pathophysiology of PCOS [5,6]. How
chronic low-level inflammationmight be involved in PCOS
pathogenesis has been the subject of scientific inquiry [7,8].
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The mRNA expression for the inflammatory me-
diators such as tumor necrosis factor alpha (TNF-α),
interleukin-6 (IL-6), and interleukin-1 beta (IL-1β) in-
creased in the ovarian granulosa cells of PCOS patients
compared to women without the condition [9]. Further-
more, previous studies have observed elevated IL-1β and
IL-6 levels in the serum of PCOS subjects compared to the
general population [10–12]. In contrast, previous research
has shown that the reduction of PCOS-related symptoms
is accompanied by a corresponding decrease in levels of
inflammatory-related variables [13,14]. These studies sug-
gest inflammation might be involved in the development of
PCOS.

Ghrelin is a growth hormone-releasing peptide pri-
marily produced by P/D1 cells in the stomach and vital
for regulating insulin sensitivity, satiety, and energy lev-
els [15]. Previous research has shown that PCOS sub-
jects have reduced levels of ghrelin in their blood serum
as compared to those without the condition [16,17]. A fur-
ther investigation provided evidence suggesting that ghre-
lin may potentially enhance pancreatic insulin production
in overweight individuals [18]. Moreover, it was shown
that ghrelin may mitigate inflammatory gastritis and lung
injury in rats [19,20]. However, there are no studies show-
ing whether ghrelin can affect PCOS.

Therefore, we hypothesized that ghrelin might have a
similar impact on PCOS and conducted this investigation to
study its mechanism.

Methods and Materials

Cell Lines
The KGN cell lines, verified by STR identification

and mycoplasma detection, were acquired from Procell
(CL-0603, Wuhan, China) and maintained in Dulbecco’s
Modified EagleMedium (DMEM)/F12, supplemented with
10% fetal bovine serum and 1% solution of penicillin-
streptomycin (PM150312, PM180120, Procell, Wuhan,
China). The cells were cultivated at 5% concentration of
CO2 and 37 °C.

Grouping and Treatment
As described in previous studies [21–24], KGN cells

were subjected to a 24-hour exposure to lipopolysaccharide
(LPS, T11855, Target Molecule Corp., Shanghai, China) at
1 µg/mL to elicit an inflammatory response. The cells un-
derwent an overnight incubation and were divided into six
distinct groups: the control, the LPS, the LPS + 100 ng/mL
ghrelin, the LPS + 200 ng/mL ghrelin, the LPS + 300 ng/mL
ghrelin, and the LPS + 400 ng/mL ghrelin groups (S23009,
Yuanye Biotechnology Co., Ltd., Shanghai, China). The
KGN cells in the control and the LPS groups were grown
in DMEM/F12 medium for 24 hours. They were subjected
to several doses (100, 200, 300, and 400 ng/mL) of human
ghrelin in DMEM/F12 medium for 24 hours. In the control

group, DMEM/F12 alone was subsequently used. On the
other hand, cells belonging to the remaining groups were
subjected to LPS (1 µg/mL) in DMEM/F12 for 24 hours. To
explore the role of the Toll-like receptor 4 (TLR4)/nuclear
factor kappa-B (NF-κB) signaling pathway, the cells were
pretreated with 5 µM TAK242 (HY-11109, MedChemEx-
press, Shanghai, China), a selective inhibitor of TLR4 sig-
naling, for 24 hours before being exposed to LPS to block
the TLR4 pathway.

Animals
A total of twenty-four female, 21-day old, 15.63

± 0.87 g mice (C57BL/6J) could be procured via Jinan
Pengyue Experimental Animal Breeding Co., Ltd. (Cer-
tificate No. SCXK [Lu] 2022 0006 Shandong, China). The
animals were housed at 24 °C and maintained in 12-hour
light-dark cycles daily. Tap water and food supply were
not restricted and were continuously provided. The exper-
iment underwent a thorough evaluation and received ap-
proval from the Animal Ethics Review Committee of the
Affiliated Hospital of Qingdao University. It was carried
out in strict adherence to the standards set out by the com-
mittee.

Experimental Animal Model of PCOS
The flow chart of the animal experiment is shown

in Fig. 1. Following one week of adaptive feeding, the
mice were allocated into three groups (n = 8) via a ran-
domization process. The control group was provided with
a standard control diet for six weeks and received a sub-
cutaneous injection of 100 µL of maize oil daily for three
weeks. The PCOS and ghrelin treatment groups were pro-
vided with a high-fat diet (XTHF60, Jiangsu Xietong Phar-
maceutical Bioengineering Co., Ltd., Jiangsu, China) con-
taining 60% fat energy for six weeks. Additionally, a daily
Dehydroepiandrosterone (DHEA, 60 mg/kg body weight,
GC11070, GLPBIO, Shanghai, China) diluted within 100
µL of corn oil was subcutaneously injected for three weeks.
Following a treatment period of three weeks, including
DHEA administration, the control and PCOS groups were
subjected to daily gavage with 100 µL saline. The exper-
imental group received a daily intragastric administration
of 100 µL of ghrelin (0.8 mg/kg body weight, Y32519,
Yuanye Biotechnology Co., Ltd., Shanghai, China) diluted
within 100 µL of saline solution as described in a previous
study [25]. During the experiment, the mice were weighed
weekly, and Lee’s index calculation was performed as body
weight (g)^1/3 × 10/body length (cm). At the end of the ex-
periment, the mice were euthanized using CO2. Blood, bi-
lateral ovarian tissue, and visceral adipose tissue were col-
lected and kept within –80 °C for subsequent experiments.

Estrous Cycle Determination
Vaginal smears were used throughout the third and

sixth weeks of the study to ascertain the estrous cycle on
a daily basis at 9:00 a.m.
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Fig. 1. Flow chart of animal experiment. PCOS, polycystic ovary syndrome; W, week.

Intraperitoneal Insulin and Glucose Tolerance Tests
Three days before the experiment ended, the mice

within each group were randomly divided into two sep-
arate groups. This division was carried out specifically
for conducting intraperitoneal glucose and insulin toler-
ance tests (IPGTT and ITT). The blood samples were col-
lected from the tail of the mice. Following the assess-
ment of fasting glucose levels, the mice designated for
the ITT received intraperitoneal injections of D-glucose
(g8270, Sigma‒Aldrich, Saint Louis, MO, USA, 2 g/kg
body weight as a 50% glucose stock), whereas the ani-
mals assigned to the IPGTT were administered insulin (1
IU/kg body weight, Humalog Mix25, China) by intraperi-
toneal injection. Blood glucose levels were assessed at 15,
30, 60, 90, and 120 minutes. The formula homeostasis
model assessment-insulin resistance (HOMA-IR) = FBG
(mmol/L) × FINS (mU/L)/22.5 computed the HOMA-IR
index.

Lipid Metabolism
Low- and high-density lipoprotein (LDL and HDL),

triglyceride (TG), and cholesterol (CHO) concentrations in
the blood from the mice were quantified via an automated
biochemical analyzer (Chemray 800, Chemray, Shenzhen,
China).

Hematoxylin-Eosin (HE) Staining
A 4% paraformaldehyde solution-based fixation of

remaining adipose tissues and ovaries was performed at
25 °C for 24 hours. Following paraffin embedding and
tissue dehydration, adipose and ovarial sectioning was
conducted via a tissue slicer into serial sections (5 µm
each). The sections underwent staining using commer-
cially available hematoxylin and eosin kits (C0105, Be-
yotime, Shanghai, China). Then, the ovarian sections
were viewed using a panoramic biopsy scanner (PANNO-

RAMIC DESK/MIDI/250/1000, 3DHISTECH (Budapest,
Hungary)). The adipose sections were viewed using an up-
right white light photographic microscope (Nikon, Tokyo,
Japan) and analyzed using Image-Pro Plus 6.0 (Media
Cybemetics, Rockville, MD, USA).

Enzyme-Linked Immunosorbent Assay (ELISA)
TNF-α (E-EL-H0109, Elabscience, Wuhan, China),

IL-6 (E-EL-H6156, Elabscience, Wuhan, China), and IL-
1β (E-EL-H0149, Elabscience, Wuhan, China) amounts
within the supernatants were determined using ELISA
kits. Additionally, luteinizing hormone (LH, CEA441Mu,
Wuhan USCN Business Co., Ltd., Wuhan, China), in-
sulin (INS, CEA448Mu, Wuhan USCN Business Co.,
Ltd., Wuhan, China), IL-6 (GEM0001, Servicebio,
Wuhan, China), IL-1β (GEM0002, Servicebio, Wuhan,
China), TNF-α (GEM0004, Servicebio, Wuhan, China)
follicle-stimulating hormone (FSH, CEA830Mu, Wuhan
USCN Business Co., Ltd., Wuhan, China), estrogen
(E2, CEA461Ge, Wuhan USCN Business Co., Ltd.,
Wuhan, China), and testosterone (T, GEM0014, Service-
bio, Wuhan, China) serum concentrations were measured
using ELISA kits, following the procedure provided by the
manufacturer.

Real-Time Quantitative Polymerase Chain Reaction
(RT-qPCR) and RNA Isolation

RNA extraction and isolation were performed with
FreeZol Reagent (R711, Vazyme, Nanjing, China) to ex-
tract RNA from the whole sample. After measuring the
concentration and purity of RNA using a Qubit fluorom-
eter (840-317400, ThermoFisher Scientific, Waltham, MA,
USA), we employed 1–2 µg of total RNA to generate
synthetic cDNA via an All-In-One 5X RT MasterMix Kit
(G592, Abm, Zhenjiang, China). The measurement of
mRNA expression levels was conducted using the Blas-
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Table 1. RT-qPCR primers of KGN cells.
Genes Primers Sequence 5′-3′

GAPDH
Forward GCACCGTCAAGGCTGAGAAC
Reverse TGGTGAAGACGCCAGTGGA

TNF-α
Forward TGCACTTTGGAGTGATCGGC
Reverse GCTTGAGGGTTTGCTACAACA

IL-6
Forward AGAGGCACTGGCAGAAAACA
Reverse TCACCAGGCAAGTCTCCTCA

IL-1β
Forward AACCTCTTCGAGGCACAAGG
Reverse GTCCTGGAAGGAGCACTTCAT

RT-qPCR, Real-Time Quantitative Polymerase Chain Reac-
tion; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
TNF-α, tumor necrosis factor alpha; IL-6, interleukin-6; IL-
1β, interleukin-1 beta.

Table 2. RT-qPCR primers of ovarian tissue.
Genes Primers Sequence 5′-3′

NF-κB
Forward CTCTGGCACAGAAGTTGGGT
Reverse TCCCGGAGTTCATCTCATAGT

TLR4
Forward TCCCTGCATAGAGGTAGTTCC
Reverse TCAAGGGGTTGAAGCTCAGA

TNF-α
Forward ACCCTCACACTCACAAACCA
Reverse ATAGCAAATCGGCTGACGGT

IL-1β
Forward TGCCACCTTTTGACAGTGATG
Reverse AAGGTCCACGGGAAAGACAC

IL-6
Forward TTCCATCCAGTTGCCTTCTTGG
Reverse ACAGGTCTGTTGGGAGTGGTATC

MYD88
Forward GCATATGCCTGAGCGTTTCG
Reverse ATCCGGCGGCACCCAC

β-actin
Forward CCACTGTCGAGTCGCGTC
Reverse ATTCCCACCATCACACCCTGG

NF-κB, nuclear factor kappa-B; TLR4, Toll-like receptor 4;
MYD88, myeloid differentiation factor 88.

Taq™ 2X qPCR MasterMix kit (G891, Abm, Zhenjiang,
China). The 2−∆∆Ct technique was utilized for determin-
ing relative gene expression. Tables 1,2 exhibit the primers.

Western Blotting

The proteins were solubilized in a sodium dode-
cyl sulfate lysis solution with 10% phosphatase and pro-
tease inhibitors obtained from Solarbio (P1260, Beijing,
China). Following the determination of protein concen-
tration (ZJ102, EpiZyme, Shanghai, China), protein sepa-
ration was carried out using electrophoresis on a dodecyl
sulfate-polyacrylamide gel. Polyvinylidene fluoride mem-
branes (Millipore, Burlington, MA, USA) were employed
for protein blotting, with a duration of 1 to 1.5 hours and
an electrical current of 290 mA. This duration and cur-
rent were chosen to facilitate the binding of proteins to the
membrane. The membranes were blocked with a 5% non-
fat milk solution in phosphate-buffered solution-Tween-20
for one hour at 25 °C. Following this, an overnight incu-

bation was conducted at 4 °C with the following primary
antibodies: myeloid differentiation factor 88 (MYD88)
(1:8000 dilution, 67969-1-Ig, Proteintech, Rosemont, IL,
USA), α-Tubulin (1:50,000 dilution, 66031-1-Ig, Protein-
tech, Rosemont, IL, USA), phospho-NF-κBp65 (p-NF-κB-
p65) (1:1000 dilution, 3033, Cell Signaling Technology,
Danvers, MA, USA), NF-κB p65 (1:4000 dilution, 80979-
1-RR, Proteintech, Rosemont, IL, USA), TLR4 (1:4000
dilution, 66350-1-Ig, Proteintech, Rosemont, IL, USA),
and GAPDH (1:5000 dilution, E-AB-40337, Elabscience,
Wuhan, China). Then, the secondary antibodies (diluted
at 1:5000, E-AB-1001, E-AB-1003, Elabscience, Wuhan,
China) were applied to the membranes at room tempera-
ture, subsequent to being conjugated with horseradish per-
oxidase for one hour. The chemiluminescence technique
was employed for detecting the signals (GGNOME-XRQ-
NPC, GeneGnome, Hongkong, China), and the gray value
was measured using Image J software (National Institutes
of Health, Bethesda, MD, USA).

Data Analysis
GraphPad Prism (version 9.0, GraphPad Software,

Inc., San Diego, CA, USA) executed all analytical pro-
cesses. T-tests were used for statistical analysis to com-
pare experiments involving two groups. A one-way analy-
sis of variance followed by Tukey’s multiple comparisons
test was used for experiments containing more than two
groups. Data presented as mean± standard deviation (SD).
The threshold of p < 0.05 was considered statistically sig-
nificant.

Results

Ghrelin Attenuated the mRNA Expression of
LPS-induced Inflammation-Related Factors in KGN
Cells

The inflammatory response of KGN cells was as-
sessed via RT-qPCR after LPS treatment. As shown in
Fig. 2A–C, IL-6, IL-1β, and TNF-α mRNA expression ex-
hibited significant elevations among LPS-treated cells com-
pared to the control cells (p < 0.05). IL-6, IL-1β, and
TNF-α expression values of mRNA were significantly di-
minished after pretreatment with ghrelin compared to the
cells treated with LPS (p < 0.05). As shown in Fig. 2D–F,
the administration of TAK242 effectively suppressed IL-6,
IL-1β, and TNF-α mRNA upregulation produced via LPS
among KGN cells. Moreover, IL-6 mRNA expression was
dropped after pretreatment with 100 and 200 ng/mL ghre-
lin (p < 0.05). The mRNA expression of IL-1β was also
decreased after pretreatment with 100 ng/mL ghrelin (p <

0.05). The IL-6, IL-1β, and TNF-α mRNA expressions of
other ghrelin groups were lower than the TAK242 group;
however, there was no statistical difference (p > 0.05).
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Fig. 2. Ghrelin attenuated IL-6, IL-1β, and TNF-α mRNA expression of KGN cells based on RT-qPCR (n = 3). (A–C) 1 µg/mL
lipopolysaccharide (LPS) treatment for 24 h was employed following different ghrelin measurements (0, 100, 200, 300, or 400 ng/mL)
could be utilized for treating KGN cells for 24 h. (D–F) The previous intervention with TAK242 and similar ghrelin concentrations, was
followed by a similar LPS administration regimen. ##, ### and ####: p < 0.01, 0.001 and 0.0001 vs. control group; *, **, *** and ****:
p < 0.05, 0.01, 0.001 and 0.0001 vs. LPS group; ∆: p < 0.05 vs. LPS+TAK242 group; ns: no statistical difference vs. LPS+TAK242
group. IL-6, interleukin-6; IL-1β, interleukin-1 beta; TNF-α, tumor necrosis factor alpha.

Fig. 3. Ghrelin attenuated IL-6, IL-1β, and TNF-α expression of KGN cells based on ELISA (n = 3). The amount of (A) IL-6,
(B) IL-1β, and (C) TNF-α detected in the supernatant of KGN cells pretreated with 24 h ghrelin (0, 100, 200, 300, or 400 ng/mL) and
exposed to LPS for 24 h (1 µg/mL). ### and ####: p < 0.001 and 0.0001 vs. control group; *, ** and ***: p < 0.05, 0.01 and 0.001 vs.
LPS group. ELISA, Enzyme-linked immunosorbent assay.

Ghrelin Attenuated the Protein Levels of
LPS-Induced Inflammation-Related Factors in KGN
Cells

The presence of inflammatory cytokines in KGN cells
was assessed via ELISA. As shown in Fig. 3A–C, IL-6, IL-

1β, and TNF-α protein levels were significantly elevated
among LPS-treated cells than in control cells (p < 0.05).
The ghrelin-treated groups had reduced IL-6, TNF-α, and
IL-1β protein values than LPS-treated cells (p < 0.05).
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Fig. 4. Western blotting-based KGN cell-related NF-κB-p65, TLR4, and MYD88 protein expression (n = 3). (A–D) 1 µg/mL LPS
treatment employed following different ghrelin measurements (0, 100, 200, 300, or 400 ng/mL) for 24 h could be utilized for treating
KGN cells for 24 h. (E–H) The previous intervention with TAK242 and similar ghrelin concentrations was followed by a similar LPS
regimen. #, ##, ### and ####: p < 0.05, 0.01, 0.001, and 0.0001 vs. control group; * and ***: p < 0.05 and 0.001 vs. LPS group; ∆, ∆∆

and ∆∆∆ vs. LPS+TAK242 group. MYD88, myeloid differentiation factor 88.

Ghrelin Affected TLR4, NF-κB p65, and MYD88
Protein Expressions

Western blotting was used to assess the LPS-mediated
MYD88, TLR4, and NF-κB p65 expression among KGN
cells. MYD88, TLR4, and NF-κB p65 expression among
KGN cells was elevated by LPS (p < 0.05), as shown
in Fig. 4A–D. Nevertheless, ghrelin administration before
the LPS exposure significantly mitigated this impact (p <

0.05). However, the administration of TAK242 resulted
in substantial suppression of both TLR4, NF-κB p65, and
MYD88 expression, and ghrelin administration led to fur-
ther reductions in MYD88 and NF-κB p65 levels (p <

0.05), as shown in Fig. 4E–H.

PCOS Model Confirmation
As described in previous studies, PCOSmice are char-

acterized by disturbance of the estrous cycle and insulin re-
sistance [26,27]. A vaginal smear test was conducted to
monitor the estrous cycle during the experimental period
to assess the formation of the PCOS model. The control
group exhibited normal estrus, but the PCOS group had a
predominance of mice in the metestrus and diestrus stages
(Fig. 5A), which is a characteristic pathological manifesta-
tion of PCOS. As shown in Fig. 5B–D, blood glucose and
insulin levels exhibited a statistically significant increase
in mice with PCOS (p < 0.05). The HOMA-IR index ex-

hibited a remarkable rise in mice with PCOS (p < 0.05),
suggesting that the PCOS model was effectively produced.

Ghrelin Slowed Weight Gain
The mice underwent weekly weighing (Fig. 6A). At

the start of the trial, there was an absence of mice body
weight disparity. Within the experimental six weeks, a no-
table rise in body weight could be seen in the mice with
PCOS compared to the controls. As shown in Fig. 6B, in
contrast to the PCOS group, the ghrelin exhibited a propen-
sity for body weight reduction (p < 0.05). The mice in the
PCOS group had a greater nasoanal length than the mice
control and the ghrelin groups (p < 0.05), as shown in
Fig. 6C. No discernible differences were seen among the
control, PCOS, and ghrelin groups (p > 0.05), as shown in
Fig. 6D.

Ghrelin Improved the Ovarian Function of PCOS
Mice

The cycle phases of the mice in each group were con-
ducted daily throughout the last week of the experiment.
It was observed that the mice belonging to the control and
ghrelin groups mostly exhibited a consistent estrous cycle,
whereas those in the PCOS one consistently remained in the
diestrus condition (Fig. 7A). Ovarian pathological alterna-
tions were examined via HE staining (Fig. 7B). Compared

https://www.discovmed.com/


952

Fig. 5. PCOS mouse model establishment (Control group: n =
8; PCOS group: n = 16). (A) The mice’s estrous cycle was ob-
served via the vaginal smear approach. M,Metestrus; D, Diestrus;
P, Proestrus; E, Estrus. Each group’s estrous cycle on the third
week for seven consecutive days. (B) After fasting overnight, the
glucose oxidase approach was employed to measure the mice’s
blood glucose. (C) ELISA-based mice serum insulin levels after
fasting overnight. (D) Following serum mice insulin and glucose
levels, HOMA-IR was estimated. *** and ****: p < 0.001 and
0.0001 vs. control group. PCOS, polycystic ovary syndrome; IR,
insulin resistance.

with the control group, the PCOS group had more cystic
and immature follicles. However, the number of cystic and
immature follicles in the ghrelin group was less than that in
the PCOS group. The data shown in Fig. 7C demonstrates
a considerable decrease in the number of corpora lutea in
mice with PCOS (p < 0.05). In contrast, the ghrelin group
had a progressive augmentation in the quantity of corpora
lutea (p < 0.05).

Ghrelin Enhanced PCOS Mice Abdominal Fat
Weight and Size of Adipocytes

Fig. 8A–C demonstrates that the application of HE
staining revealed an increase in both the diameter and area
of adipocytes in the PCOS group compared to controls (p
< 0.05). Nevertheless, administration of ghrelin effectively
counteracted this observed trend (p < 0.05). Fig. 8D indi-
cates a remarkable rise in abdominal fat within the PCOS
group compared to the control and ghrelin groups (p <

0.05).

Ghrelin Regulated PCOS by Improving Sex Hormone
Levels

To assess the effects of ghrelin in mitigating PCOS,
quantities of E2, T, LH, and FSH were quantified in each
experimental group of mice via ELISA (Fig. 9). In contrast
to controls, PCOS-treated cells had a drop in E2 concen-
tration and increased T and LH concentrations (p < 0.05).
There was no remarkable difference in FSH concentration

between the controls and the group with PCOS (p > 0.05).
Nevertheless, the LH/FSH ratio in the PCOS group exhib-
ited a remarkable increase compared to the controls (p <

0.05). Compared with the PCOS mice, the mice treated
with ghrelin had a higher concentration of E2 and a lower
concentration of T (p< 0.05). No discernible disparity was
seen in the LH and FSH levels between the groups admin-
istered with ghrelin and PCOS group (p > 0.05). The ratio
of LH to FSH was remarkably more diminished within the
ghrelin-treated than in the PCOS group (p < 0.05).

Ghrelin Reduced Insulin Resistance in PCOS Mice
The insulin concentration in mice blood was quanti-

fied by ELISA. This measurement aimed to examine the
insulin resistance (IR) index within the PCOS model and
investigate ghrelin’s impact on IR (Fig. 10). In contrast to
the control group, the PCOS mice exhibited remarkably el-
evated levels of insulin content and HOMA-IR indices (p
< 0.05). However, administration of ghrelin effectively
mitigated this observed trend (p < 0.05). The findings of
this study suggest that ghrelin might mitigate IR related to
PCOS. Then, we used GraphPad Prism software to calcu-
late the area under the curve (AUC) of ITT and IPGTT-
related FBG. The results show an increase in the PCOS
group compared with the control group (p < 0.05). How-
ever, after treatment with ghrelin, these parameters exhib-
ited a significant reduction (p < 0.05).

Ghrelin Improved Lipid Metabolism in PCOS Mice
An automated biochemical analyzer was employed to

identify four serum lipid biochemical markers in mice to
further validate alterations in blood lipid levels. As shown
in Fig. 11A–D, TG, CHO, LDL-C, and HDL-C levels were
elevated in the PCOS compared to controls (p < 0.05).
Ghrelin-treated TG, LDL-C, and HDL-C concentrations
were lower than the PCOS group (p < 0.05). CHO con-
centrations were not significantly different (p > 0.05).

Ghrelin Alleviated Inflammation in PCOS Mice
To assess the impact of ghrelin on ovarian inflam-

mation, RT-qPCR was used to measure the inflammation
markers-related mRNA expression values in ovarian tis-
sue. The results are shown in Fig. 12A–C. IL-6, IL-1β,
and TNF-α mRNA expression values were considerably
elevated among PCOS cells than controls (p < 0.05) and
were remarkably reduced in the mice treated with ghrelin,
as compared to those in the PCOS group (p < 0.05).

Moreover, ELISA kits were utilized to quantify al-
terations in these markers within the serum of mice, aim-
ing to investigate the potential association between PCOS
and markers associated with an inflammatory environment
(Fig. 12D–F). IL-6, IL-1β, and TNF-α concentrations were
elevated with PCOS (p< 0.05) compared to controls. How-
ever, after treatment with ghrelin, these concentrations ex-
hibited a significant reduction (p < 0.05).
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Fig. 6. Ghrelin impact on body weight and nasoanal length (n = 8). (A) The pattern of body weight fluctuations in the mice during
six consecutive weeks within each experimental group. The diagrams of (B) body weight difference diagram, (C) nasoanal length, and
(D) Lee’s index are all in the sixth week for the three groups. **, *** and ****: p< 0.01, 0.001 and 0.0001 vs. control group; similarly,
##, ###, and ####: p < 0.01, 0.001 and 0.0001 vs. PCOS group.

Fig. 7. Ghrelin regulated the PCOS-related estrous cycle dis-
order and improved ovarian pathological characteristics. (A)
Mice estrous cycle within the three groups on the sixth week for
seven consecutive days. (B) HE-stainedmouse ovaries of themice
in the three groups (scale bar: 200 µm, the arrow indicates corpus
luteum). (C) The corpus luteum counts of the mice in the three
groups (n = 8). **: p < 0.01 vs. control group; #: p < 0.05 vs.
PCOS group. HE, Hematoxylin-eosin.

Ghrelin Might Ameliorate Mice PCOS through the
Signaling Pathway TLR4/NF-κB

Within mice ovarian tissues, RT-qPCR was employed
for assessing TLR4, NF-κB, and MYD88 genetic expres-
sion values associated with the TLR4 signaling pathway.
As shown in Fig. 13A–C, the mRNA expression of TLR4,
NF-κB, and MYD88 was not different among the PCOS

and control groups (p > 0.05). However, the treated group
exhibited lower expression levels than the PCOS group (p
< 0.05).

Moreover, western blotting was utilized for semi-
quantifying MYD88, p-NF-κB-p65, NF-κB-p65, and
TLR4 protein expression in ovarian tissues. This was done
to provide further confirmation about the protein alter-
ations related to the TLR4/NF-κB pathway. As shown in
Fig. 13D–H, compared with controls, PCOS-treated mice
exhibited more elevated MYD88, TLR4, and p-NF-κB-
p65 expression (p < 0.05). Moreover, the expression of
MYD88, TLR4, and p-NF-κB-p65 protein was lower with
ghrelin (p < 0.05). However, there was no significant al-
teration in NF-κB-p65 expression (p > 0.05).

Discussion

PCOS is a prevalent gynecological disorder that af-
fects women throughout their adolescence and reproduc-
tive years. This condition significantly impacts individuals’
emotional and physical well-being, leading to a substan-
tial burden [28–30]. Hence, identifying a pharmaceutical
compound that exhibits exceptional therapeutic effective-
ness and limited adverse reactions has considerable impor-
tance.

Ghrelin is an endogenous peptide consisting of 28
amino acids, which can induce growth hormone secretion.
Furthermore, ghrelin has a role in several neuroendocrine
mechanisms, such as the synthesis of prolactin and adreno-
corticotropin [31]. Previous studies have shown that ghrelin
elicits several effects, such as hypotension, suppression of
inflammation, and increased apoptosis [32–34]. In a study
conducted by Ge et al. [35], it was shown that the adminis-
tration of ghrelin prior to treatment enhanced the beneficial
effects of conditioned media produced from bone marrow-
derivedmesenchymal stem cells in mitigating the detrimen-
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Fig. 8. Abdominal fat weight and adipocyte size improvements via ghrelin in PCOS mice (n = 8). (A) Mice adipose tissue HE
sections (scale bar: 100 µm). (B) Area of adipocyte in abdominal adipose tissue. (C) Diameter of adipocyte in abdominal adipose tissue.
(D) Abdominal fat weight. * and ****: p < 0.05 and 0.0001 vs. control group; # and ####: p < 0.05 and 0.0001 vs. PCOS group.

Fig. 9. Ghrelin impacts on sex hormones in PCOS mice (n = 8). Serum sex hormones were detected by ELISA. (A) Testosterone. (B)
Estradiol. (C) Luteinizing hormone. (D) Follicle-stimulating hormone. (E) LH/FSH ratio. *, **, and ****: p < 0.05, 0.01, and 0.0001
vs. control group; # and ###: p < 0.05 and 0.001 vs. PCOS group.

tal effects of LPS-induced damage to the underlying en-
dothelium. Furthermore, Yin et al. [36] have shown that
ghrelin might inhibit Kupffer cell M1 polarization and miti-
gate the development of nonalcoholic steatohepatitis caused
by continuous low-grade inflammation. Carneiro et al. [37]
confirmed the inhibitory impact of ghrelin on insulin pro-
duction in obese Zücker rats.

In our investigation, a KGN cell inflammation model
was applied via the administration of LPS. This resulted in
an upregulation of mRNA expression and subsequent IL-
1β, TNF-α, and IL-6 protein synthesis. The potential miti-
gation of these consequencesmight be achievedwith the ad-
ministration of ghrelin. Subsequent experiments revealed

that the application of TAK242, a TLR4 inhibitor, prior to
exposing KGN cells led to suppressing the inflammation
generated by LPS. Furthermore, ghrelin administration has
shown an additional capacity to reduce the production of
inflammatory markers.

To further confirm the therapeutic impact of ghre-
lin on PCOS, we employed a high-fat diet and DHEA-
generated PCOS mouse model. The findings demonstrate
that PCOS models with obesity, IR, and irregular ovula-
tion may be influenced via a high-fat diet and DHEA.When
Zhang et al. [38] administered 60 mg/kg/d DHEA to mice
for three weeks, they created a PCOS model character-
ized by weight gain, high estrogen levels, hyperandrogen-
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Fig. 10. Ghrelin impacts on PCOS mice-related insulin resistance. (A) Glucose oxidase-based blood glucose measurement in mice
following overnight fasting (n = 4). (B) ELISA-based mice serum insulin level following overnight fasting (n = 4). (C) HOMA-IR was
estimated after detecting the mice’s blood insulin and glucose values (n = 4). (D) IPGTT AUC values (n = 4). (E) ITT AUC values (n
= 4). (F) Blood glucose values after intraperitoneal injection of glucose at 0, 15, 30, 60, 90, 120 min (n = 4). (G) Blood glucose values
after intraperitoneal injection of insulin at 0, 15, 30, 60, 90, 120 min (n = 4). *, **, *** and ****: p < 0.05, 0.01, 0.001, and 0.0001
vs. control group; similarly, #, ## and ####: p < 0.05, 0.01, and 0.0001 vs. PCOS group. IPGTT, intraperitoneal glucose test; AUC, area
under the curve; ITT, insulin tolerance test.

Fig. 11. Ghrelin impacts lipid metabolism in PCOS mice (n = 4). Automatic biochemical analyzer-based measurements of blood
lipid metabolism indicators. (A) TG. (B) CHO. (C) LDL-C. (D) HDL-C. * and **: p < 0.05 and 0.01 vs. control group; # and ##: p <

0.05 and 0.01 vs. PCOS group. TG, triglyceride; CHO, cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density
lipoprotein cholesterol.

emia, and an elevated LH/FSH ratio. This model also re-
sulted in a disruption of the estrous cycle, which mostly
manifested as an estrus cycle distribution. Li et al. [39]
produced a PCOS-IR model via a high-fat diet and letro-
zole, which was characterized by hyperinsulinemia, hyper-

androgenemia, an increased LH/FSH ratio, and aberrant
lipid metabolism (greater CHO, TG, and LDL-C and de-
creasedHDL-C). Our research also showed that PCOSmice
had an irregular estrous cycle, increased body fat, hyper-
androgenism, and an abnormally high LH/FSH ratio. Es-
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Fig. 12. Ghrelin impacts on inflammation indicators (n = 4).
(A) IL-6, (B) IL-1β, and (C) TNF-α, mRNA expression within
mice ovarian tissues were detected by RT-qPCR. Serum levels of
(D) IL-6, (E) IL-1β, and (F) TNF-αmeasured by ELISA. **, ***,
****: p< 0.01, 0.001, and 0.0001 vs. control group; #, ##, ### and
####: p < 0.05, 0.01, 0.001, and 0.0001 vs. PCOS group.

Fig. 13. Ghrelin impacts on the TLR4/NF-κB signaling path-
way (n = 4). TLR4, NF-κB, and MYD88 mRNA expression
within mice ovarian tissues was measured via RT-qPCR. (A)
TLR4. (B) NF-κB. (C) MYD88. (D–H) Western blotting-based
measurement of TLR4, p-NF-κB-p65, NF-κB-p65, and MYD88
protein expression. ** and ****: p < 0.01 and 0.0001 vs. con-
trol group; similarly, #, ##, ### and ####: p < 0.05, 0.01, 0.001 and
0.0001 vs. PCOS group.

trous stagnation was most noticeable during metestrus and
diestrus, and estrogen levels were more diminished than

among controls. Our model mice similarly had an aber-
rant lipid metabolism, although their HDL-C levels were
better than those of the control animals. Mice in our re-
search still exhibited IR, reproductive abnormalities, and
lipid metabolism abnormalities despite our PCOS model
being remarkably different from the one utilized by Zhang
et al. [38] and Li et al. [39]. PCOS mice treated with
ghrelin for threeweeks showed substantial improvements in
IR, reproductive abnormalities, lipid metabolic abnormali-
ties, and inflammation. Nonalcoholic fatty liver disease is
treated with ghrelin because it reduces insulin resistance, as
shown by Gong et al. [40]. Tsaban et al. [41] found that
ghrelin reflected insulin sensitivity. Moreover, treatment
with EXT418, a long-acting ghrelin, reduced inflammation
in mouse skeletal muscles, as shown by Kerr et al. [42].
Our results show that once a PCOS model was established,
ghrelin administration substantially reduced serum inflam-
matory marker expression, INS levels, HOMA-IR indices,
IPGTT and ITT AUC values, and mRNA and protein lev-
els of inflammatory component expression within ovarian
tissues. Moreover, the estrous cycles of PCOS mice re-
verted to near-normal levels, and the high LH/FSH ratio and
hyperandrogenemia improved. These findings suggest that
ghrelin might help treat PCOS by correcting metabolic and
reproductive problems associated with insulin resistance,
inflammation, and lipid metabolism.

Several diseases and their association with TLR sig-
naling pathways have been established. TLRs are type 1
transmembrane proteins that detect and react to pathogen-
associated molecular patterns (PAMPs) [43]. TLR4may at-
tractMYD88, a signalingmolecule, and activate it to trigger
the release of cytokines with subsequent NF-κB phospho-
rylation [44]. There is evidence linking the TLR4 signaling
pathway to PCOS pathophysiology. Hu et al. [45] found
that PCOS patients have greater TLR4 and NF-κB pro-
tein concentrations than controls. Ren et al. [46] revealed
that TLR4 signaling pathway expression was enhanced in
PCOS-like rats, indicating that the TLR4 signaling path-
way could be implicated in PCOS. TLR4 was also involved
in alterations to the gut microbiota of rats with letrozole-
induced PCOS, as was discovered by Wang et al. [47].
We examined the signaling pathway TLR4/NF-κB within
KGN cells and mice ovarian tissues, analyzing protein and
mRNA expression parameters. NF-κB, TLR4, andMYD88
expression were increased in KGN cells in response to LPS,
whereas ghrelin pretreatment suppressed this effect. Higher
NF-κB and TLR4 mRNA levels could be seen within the
PCOS model, and their expression was suppressed in re-
sponse to ghrelin treatment. In addition, ghrelin adminis-
tration decreased p-NF-κB and TLR4 protein expression.
Subsequently, it is evidenced that ghrelin may have a role
in PCOS through the TLR4/NF-κB signaling pathway.

Our investigation is the first to explain ghrelin’s ben-
eficial impacts on PCOS in animal models and KGN cells.
However, our findings are limited to studies conducted in
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animal and cell cultures. Further clinical research is re-
quired to confirm the causal connection between ghrelin
and PCOS.

Conclusions

Ghrelin might ameliorate inflammation, insulin re-
sistance, and reproductive abnormalities in PCOS mice
brought on by DHEA and a high-fat diet through the
TLR4/NF-κB signaling pathway. Ghrelin is promising as
a potential new medication for PCOS. Further research is
needed to determine whether other processes contribute to
its therapeutic benefits.
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