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Abstract

Background and aims: As the leading cause of chronic liver
disease globally, metabolic dysfunction-associated steatotic
liver disease (MASLD) lacks effective therapies. This study
aimed to investigate the therapeutic potential and molecu-
lar mechanisms of oxytocin (OXT) in MASLD. Methods:
Integrated bioinformatics analysis of MASLD datasets was
carried out to identify OXT-related metabolic disturbances.
Serum OXT levels were quantified using an enzyme-linked
immunosorbent assay in 113 MASLD patients and 63 healthy
controls. Mechanistic assays were conducted using oleic acid
(OA)-induced, lipid-loaded HepG2 cells and high-fat diet-fed
C57BL/6 mice, and OXT was administered intraperitoneally
in vivo and supplemented in vitro. Results: Bioinformat-
ics analysis revealed significant changes in OXT expression
levels, particularly in fatty acid metabolism. Elevated OXT
expression levels in MASLD patients were identified as an
independent prognostic factor. In vitro, OXT significantly re-
duced OA-induced lipid accumulation in HepG2 cells, while
in vivo, it decreased body weight, liver injury, and serum
cholesterol levels in high-fat diet-fed mice. Mechanistically,
OXT enhanced the expression level of phosphorylated AMP-
activated protein kinase (AMPK) and suppressed the levels
of sterol regulatory element-binding protein-1c (SREBP1c)
and fatty acid synthase (FAS). Blockade of AMPK with the
chemical inhibitor Compound C reversed the ability of OXT to
suppress the SREBP1c/FAS axis and reduce lipid accumula-
tion in hepatocytes. Additionally, OXT inhibited the nuclear
translocation of SREBP1c in OA-treated cells. Conclusions:
The findings demonstrate that OXT may serve as a poten-
tial therapeutic agent for MASLD by regulating the AMPK/

Keywords: Oxytocin; Metabolic dysfunction-associated steatotic liver disease;
MASLD; Lipid metabolism; AMP-activated protein kinase; AMPK signaling path-
way.

#Contributed equally to this work.

*Correspondence to: Jinxia Liu, Department of Gastroenterology, Affiliated
Hospital of Nantong University, Xisi Road, Nantong, Jiangsu 226001, China.
ORCID: https://orcid.org/0000-0001-8327-2228. Tel: +86-13962946607, E-
mail: liujinxia@ntu.edu.cn; Qin Jin, Department of Pathology, Affiliated Hospi-
tal of Nantong University, Xisi Road, Nantong, Jiangsu 226001, China. ORCID:
https://orcid.org/0000-0002-7246-4651. Tel: +86-13626273670, E-mail: jin-
gin79@sina.com.

SREBP1c/FAS pathway in lipid metabolism.
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Introduction

With the global prevalence of sedentary lifestyles and West-
ern dietary patterns, metabolic dysfunction-associated stea-
totic liver disease (MASLD) has emerged as the most com-
mon chronic hepatic disease. Epidemiological studies have
reported an alarming prevalence of MASLD in both devel-
oped and developing countries, with rates of 25.3% in the
United States and 29.2% in China.1.2 MASLD is characterized
by a spectrum of liver conditions, including simple steato-
sis, metabolic-associated steatohepatitis (MASH), fibrosis,
cirrhosis, and hepatocellular carcinoma.?2 MASLD, evolving
from the previous classification of nonalcoholic fatty liver
disease (NAFLD), retains the same criteria for hepatic stea-
tosis while requiring the presence of at least one cardiomet-
abolic risk factor for diagnosis. Current evidence indicates
negligible clinical discrepancies in these diagnostic entities,
thereby validating the translational relevance of historical
NAFLD research in the MASLD framework. Dietary control
and exercise remain the primary interventive strategies for
the treatment of MASLD.34 However, their efficacy is mainly
unsatisfactory due to the slow and arduous nature of these
interventions. Therefore, effective pharmaceutical interven-
tions may be highly beneficial for managing MASLD in the
general population.>.6

Accumulating evidence indicates that lipid metabolism
disorders, mitochondrial dysfunction, oxidative stress, and
gut dysbiosis participate in the pathophysiology of MASLD.”?
Among them, abnormal lipid metabolism is a fundamental
determinant of MASLD progression. Various pathological fac-
tors, such as tissue inflammation and circulating hormones,
contribute to lipid metabolism and accumulation. Oxytocin
(OXT) is a neuropeptide hormone secreted by neurocytes
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in the hypothalamic paraventricular nucleus and supraoptic
nucleus.8 OXT stimulates uterine contractions, reduces post-
partum hemorrhage, and promotes milk secretion. Addition-
ally, OXT suppresses appetite, promotes energy metabolism,
regulates peptide synthesis and secretion, and reduces in-
flammation.8-1! Exogenous OXT has been shown to exert ef-
fects on body weight, lipid levels, and glucose homeostasis,
highlighting its therapeutic potential for metabolic disorders.
However, it is vital to clarify whether endogenous OXT partic-
ipates in metabolic homeostasis. Recent research has identi-
fied OXT as an important regulator of adipose tissue lipolysis
in both mice and humans.!2 Previous bioinformatics analyses
have concentrated on the differential expression of OXT in 14
pairs of steatotic livers and healthy controls, demonstrating
the role of OXT in MASLD progression.13 Moreover, the oxy-
tocin receptor (OXTR) is detectable in the liver and cultured
hepatoma cell lines, including HepG2 and primary hepato-
cytes.1%15 However, the diagnostic and therapeutic potential
of the OXT-OXTR pathway in MASLD remains elusive.

In the present study, OXT expression levels and its related
pathways in MASLD datasets were assessed. Reduced ex-
pression levels of OXT were found in MASLD patients, oleic
acid (OA)-treated HepG2 cells, and high-fat diet (HFD)-fed
mice. Experiments were conducted to investigate the mo-
lecular mechanisms by which exogenous OXT could regulate
MASLD progression. The findings demonstrated a protective
role of OXT in MASLD progression, which was mediated by
the regulation of lipid metabolism through the AMP-activated
protein kinase (AMPK) signaling pathway. The results dem-
onstrated that OXT could exert a lipid metabolism-ameliorat-
ing effect on MASLD development, highlighting its potential
preventive and therapeutic applications for MASLD manage-
ment.

Methods

Acquisition and analysis of datasets

MASLD-related datasets were obtained from the Gene Ex-
pression Omnibus database(https://www.ncbi.nlm.nih.gov/
geo/).! In the GSE126848 dataset, five non-alcoholic fatty
liver (NAFL) male patients and 14 control subjects were se-
lected, while abnormal samples were eliminated by cluster
analysis. Samples from all groups were analyzed using a
Venn diagram and principal component analysis. Genes from
the two groups were analyzed using variance and ranked in
descending order by log,FC. In addition, the heatmap was
created using the “ComplexHeatmap” package based on
the results of gene set enrichment analysis (GSEA). In the
GSE48452 database, four NAFL patients and four MASH pa-
tients were selected. In the GSE53381 database, four stand-
ard diet-fed mice (hereinafter referred to as STD group) and
four high-fat and high-cholesterol-fed mice (HFHC group)
were chosen. In the GSE135251 dataset, 51 NAFL patients
were selected. On the basis of median OXT gene expression
level, these patients were classified into high- and low-risk
groups. Differentially expressed genes were also sorted by
log,FC. GSEA was performed for the OXT signaling pathway
from the Kyoto Encyclopedia of Genes and Genomes and
metabolism-related biological processes from Gene Ontology
using the “ClusterProfiler” R package.!3 A p-value < 0.05 was
considered statistically significant.

Reagents and antibodies

OXT for cellular experiments was obtained from Absin Bio-
science (HPLC = 95%, CAS 50-56-2, Shanghai, China).
OXT for murine experiments was purchased from GenScript
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(purity = 95%, Nanjing, China). Rabbit anti-OXT polyclonal
antibody (pAb) and OA were purchased from Absin Biosci-
ence (Shanghai, China). Anti-glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) mouse monoclonal antibody and
anti-sterol regulatory element-binding protein-1c (SREBP1c)
rabbit pAb were obtained from Servicebio (Wuhan, China).
Anti-AMPK alpha 1 and phospho-AMPK alpha pAb antibodies
were purchased from Proteintech (Wuhan, China). Anti-fatty
acid synthase (FAS) rabbit pAb antibody was obtained from
Wanleibio (Shenyang, China).

Patient samples and clinical data

The clinical data and serum samples of 113 MASLD patients
and 63 healthy controls were collected from the Affiliated
Hospital of Nantong University (Nantong, China) from Sep-
tember 2020 to December 2021. Liver tissues were obtained
from three MASLD patients by liver biopsy and from three
healthy controls by trauma surgery. Inclusion criteria were
as follows: MASLD was diagnosed in a fasting state based
on abdominal ultrasonography, which was performed by ex-
perienced and trained technicians. Diagnosis was evaluated
using four ultrasonographic features: hepatorenal echo con-
trast, liver brightness, deep attenuation, and vascular blur-
ring.16 Hepatic steatosis severity was classified into three
grades, with patients falling into grade I (mild) and grade II
(moderate). Exclusion criteria were as follows: participants
with a history of alcohol overconsumption over the past 12
months (>210 g per week for men, >140 g for women);
those on steatogenic medications (e.g., amiodarone, metho-
trexate, tamoxifen, glucocorticoids), lipid-lowering drugs,
antihypertensives, antibiotics, cortisol, oral contraceptives,
or anti-inflammatory drugs; participants with viral, genetic,
autoimmune, or drug-induced liver disease; and those with
kidney, thyroid, gastrointestinal, or autoimmune diseases,
polycystic ovary syndrome, or cancer were excluded.l7.18
Participants in the control group underwent a routine health
screening program. Informed written consent was obtained
from all participants, and the study protocol was approved
by the Institutional Review Board of the Affiliated Hospital of
Nantong University (Approval No. 2020-L097).

Cell culture

The HepG2 hepatoblastoma cell line was purchased from the
Institute of Cell Biology, Chinese Academy of Sciences. The
cell line was authenticated through STR profiling before being
sent to us. HepG2 cells were exposed to 0.5 mM OA for 24 h
to establish an in vitro steatosis model.!> For OXT treatment,
OA-treated HepG2 cells were further incubated with different
concentrations (1074, 10~%, and 10~8 M) of OXT for an ad-
ditional 24 h.15

HepG2 cells were subjected to OA-induced steatosis (0.5
mM OA, 24 h), followed by treatment with 10-8 M OXT, with
or without the addition of 10 yM Compound C (BML-275;
MedChemExpress, Monmouth Junction, NJ, USA) for an ad-
ditional 24 h. Compound C was added 1 h prior to OXT treat-
ment and maintained throughout co-incubation. Cells were
subsequently harvested for Western blot analysis.

Animal study

For this experiment, four-week-old male C57BL/6 mice (16—
20 g) were purchased from the Laboratory Animal Center
of Nantong University. All mice were maintained in standard
isolator cages at 20 £ 2 °C with a humidity of 50% + 10%
and under a 12 h/dark cycle. After two weeks of acclimation,
mice were randomly assigned to four groups. Group 1: Mice
were fed with a normal chow diet for 16 weeks and received
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a saline intraperitoneal injection for four weeks (NCD group,
n = 3). Group 2: Mice were fed with an HFD containing 45%
fat (Double Lion Experimental Animal Feed Technology, Su-
zhou, China) for 16 weeks and received a saline intraperito-
neal injection for four weeks (HFD group, n = 3). Group 3:
Mice were fed with an HFD for 14 weeks and received OXT
(50 nmol/d i.p.) intraperitoneal injection for two weeks (OXT
2W group, n = 4). Group 4: Mice were fed with an HFD for
16 weeks and received OXT (50 nmol/d i.p.) intraperitoneal
injection for four weeks (OXT 4W group, n = 4).1° Mice were
weighed individually every week until the experimental end-
point. Liver and blood samples were collected for subsequent
assays.

Biochemical analysis

Blood was obtained from the eyeballs of anesthetized ani-
mals and centrifuged at 3,000 rpm for 10 m at 4 °C. Serum
was collected and analyzed for measuring the levels of ala-
nine transaminase (ALT), total cholesterol (TC), and low-den-
sity lipoprotein (LDL) cholesterol using a biochemical auto-
analyzer (Fuji Medical System, Tokyo, Japan).

Western blotting

Tissue and cell samples were lysed with RIPA lysis buffer
(PO013B, Beyotime) supplemented with 1x protease inhibi-
tor cocktail (A32963, Thermo Fisher Scientific) and 1 mM
phenylmethylsulfonyl fluoride using Dounce homogenizers.
The lysates were incubated on ice for 30 m, followed by cen-
trifugation at 13,000 g for 10 m at 4 °C. The supernatant was
transferred and subjected to the BCA protein assay (Thermo
Fisher Scientific, Waltham, MA, USA). Equal amounts of pro-
tein samples were separated on 10% sodium dodecyl! sul-
fate—polyacrylamide gel electrophoresis and then transferred
onto polyvinylidene difluoride membranes (Bio-Rad, Hercu-
les, CA, USA), followed by blocking with TBST containing
5% skim milk for 1.5 h. Thereafter, the membranes were
incubated with primary antibodies at 4 °C overnight and
subsequently incubated with a secondary antibody for 2 h.20
Protein bands were visualized by a bioimaging system (Bio-
Rad) with an enhanced chemiluminescent kit (NCM Biotech,
Suzhou, China). GAPDH was used as an internal control.

RNA extraction and reverse transcription quantita-
tive polymerase chain reaction (PCR)

Total RNA samples were extracted using TRIzol reagent (Am-
bion, Austin, TX, USA) and reversely transcribed using the
first-strand cDNA synthesis kit (Vazyme, Nanjing, China)
following the manufacturer’s instructions. The expression
levels of target genes were quantified and analyzed using a
SYBR Green PCR master mix (Qiagen, Hilden, Germany) on
a Roche LightCycler 480 system (Roche Holding AG, Basel,
Switzerland). 18S RNA was employed as an internal con-
trol.21 Primer sequences were obtained from Sangon Biotech
Co., Ltd. (Shanghai, China). The primers used for reverse
transcription quantitative PCR are listed in Supplementary
Table 1.

Enzyme-linked immunosorbent assay (hereinafter
referred to as ELISA)

Serum concentration of OXT was measured using a Hu-
man OXT ELISA kit (Shanghai Fusheng Industrial Co., Ltd.,
Shanghai, China).

Oil Red O staining

Cells were first fixed with 4% paraformaldehyde for 30 m.
Thereafter, cells were stained with a Modified Oil Red O Stain-

ing Kit (Beyotime Biotechnology, Shanghai, China) for 20 m
in the dark. Cell samples were briefly washed using 60%
isopropanol, rinsed with phosphate-buffered saline (PBS),
and examined under an inverted microscope (magnification,
100x). Liver sections were stained with modified Oil Red O
reagent for 10 m, washed with 60% ethanol, rinsed with dis-
tilled water, and dyed with hematoxylin for 90 s. The sections
were sealed with 50% glycerol, followed by observation un-
der a light microscope (magnification, 400x).21 Two tissues
with six non-overlapping fields were randomly selected from
each group of animals to quantitatively analyze the degree of
lipid accumulation using Fiji software.

Immunofluorescence

Frozen sections were immersed in blocking buffer for 30 m.
Thereafter, sections were incubated with the primary anti-
body against OXT (Abcam, Cambridge, UK, 1:500) over-
night at 4 °C and fluorescein-conjugated secondary antibody
(ABclonal Technology, Woburn, MA, USA) for 2 h at room
temperature. Sections were sealed with mounting solution
containing 5 M DAPI for nuclear counterstain and examined
under an inverted fluorescence microscope (magnification,
400x; Olympus, Tokyo, Japan). Cells growing on glass cover
slides were rinsed with PBS once, fixed with 4% paraform-
aldehyde for 15 m, permeabilized with 0.2% Triton X-100
for 10 m, and blocked with 5% bovine serum albumin buffer
at 4 °C overnight. Subsequently, cells were incubated with
an anti-SREBP1c antibody (Santa Cruz Biotechnology, Dal-
las, TX, USA; 1:50) for 12 h. After three washes, the slides
were incubated with corresponding fluor-labeled secondary
antibodies (ABclonal Technology), followed by nuclear stain-
ing with 5 uM DAPI. The slides were mounted and examined
using a confocal laser-scanning microscope (LSM900; Zeiss,
Oberkochen, Germany).2t

Immunohistochemistry analysis

Paraffin-embedded tissue sections were dewaxed with xy-
lene and then dehydrated using a gradient ethanol series,
followed by antigen retrieval using EDTA buffer (pH 9.0). Af-
ter blocking endogenous peroxidase activity using 3% hy-
drogen peroxide at room temperature for 15 m, the sections
were blocked with blocking buffer (10% goat normal serum,
1% bovine serum albumin in PBS) and incubated with an
anti-OXT primary antibody (1:6,000, Abcam). Subsequent-
ly, incubation was conducted using a secondary horserad-
ish peroxidase-conjugated goat anti-rabbit IgG antibody
(Zhongshan Jingiao Biotechnology, Beijing, China). OXT im-
munoreactivity was visualized using a 3,3’-diaminobenzidine
reagent (Dako, USA).22 Finally, after sealing with neutral
resin, all sections were observed under a light microscope
(magnification, 100x; Leica) and quantitatively analyzed us-
ing Fiji software.

Hematoxylin and eosin (H&E) staining

H&E staining was performed to determine histopathologi-
cal changes using a standard H&E staining protocol.2! H&E-
stained sections were independently and blindly evaluated by
two experienced pathologists who were unaware of the clini-
cal information and grouping. Steatosis was scored based
on the percentage of hepatocytes containing lipid droplets
as follows: 0 (<5%), 1 (5-33%), 2 (34-66%), 3 (>66%).%3

MASLD activity score

Mouse liver sections were assessed by the MASLD activity
score (NAS, 0-8), in terms of the combination of severity of
steatosis (0-3), hepatocellular ballooning (0-2), and lobular
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inflammation (0-3).24 The stages of MASLD were classified
based on the total NAS scores as follows: <3, not-MASH; =5,
definite-MASH; 3-4, borderline-MASH.

Statistical analysis

Statistical analysis was conducted using GraphPad Prism 9
software (GraphPad Software Inc., San Diego, CA, USA).
Continuous variables were expressed as mean + standard
deviation, while categorical variables were presented as fre-
quency and percentage. An unpaired Student’s t-test was
used to make comparisons between two groups. For com-
paring multiple groups with a single factor, statistical analysis
was performed using one-way analysis of variance followed
by Dunnett’s post hoc test. Binary logistic regression analysis
generated odds ratios with 95% confidence intervals, adjust-
ing for clinically relevant confounders, including age and gen-
der. Stepwise multivariate logistic regression analysis was
employed to identify independent predictors, with variables
retained in the final model demonstrating statistical signifi-
cance at p < 0.05. Significant differences were indicated as
follows: ****p < 0.0001; ***p < 0.001; **p < 0.01; *p <
0.05; ns, not significant.

Results

OXT expression level in MASLD datasets

To decipher the role of OXT in MASLD progression, the ex-
pression level of OXT among non-NAFL, NAFL, and MASH sub-
jects was evaluated. To this end, data of five NAFL patients
and 14 healthy controls were obtained from the GSE126848
dataset (Fig. 1A). The principal component analysis indicated
that the NAFL and control groups were remarkably separated
(Fig. 1B). As shown in Figure 1C, OXT-associated pathways
were significantly enriched in the control group compared
with the NAFL group, as evidenced by GSEA (NES = —-1.72,
FDR = 0.005). In line with the GSEA results, OXT expres-
sion level was markedly downregulated in the NAFL group
compared with the control group in the heatmap (Fig. 1D).
Furthermore, OXT expression level was significantly reduced
in the human MASH group (n = 4) compared with the NAFL
group (n = 4, p < 0.05), implicating that OXT loss was posi-
tively correlated with the severity of hepatic steatosis (Fig.
1E). Furthermore, OXT expression level was significantly
lower in HFHC mice (n = 4) than that in the STD group (n =
4) (Fig. 1F). Further GSEA of the GSE48452 dataset revealed
significantly positive enrichment of the AMPK signaling path-
way in the OXT high-expression cohort (Supplementary Fig.
1A). Key genes of this pathway exhibited clustered enrich-
ment at the leading edge of the OXT-correlated gene ranking,
as indicated by a prominent peak in the enrichment score
curve. This provides robust bioinformatic support for our
mechanistic concentration on the AMPK signaling pathway
and its downstream lipogenic SREBP1c/FAS axis. These data
explicitly indicate that OXT expression level was progressive-
ly reduced during MASLD development.

OXT downregulation was associated with worsened
progression of MASLD

To validate the results obtained from publicly available data,
the expression level of OXT in liver and serum samples of
our cohort was assessed. As predicted, hepatic OXT expres-
sion level was significantly downregulated in MASLD patients
compared with that in healthy controls (Fig. 2A). Further-
more, significantly decreased serum OXT level was identi-
fied in clinical MASLD patients in comparison with healthy
controls (Fig. 2B).

Xu Y. et al: Oxytocin attenuates MASLD

The demographic data of MASLD patients and healthy con-
trols are summarized in Supplementary Table 2. Body mass
index (BMI), serum levels of gamma-glutamyl transferase,
ALT, aspartate transaminase, TC, triglyceride (TG), and LDL
were significantly higher in the MASLD group than those in
the healthy control group. However, high-density lipoprotein
level was significantly lower in the MASLD group than that
in the healthy control group (Fig. 2C). After adjusting for
age and sex, non-conditional logistic regression analysis in-
dicated that weight, BMI, and serum levels of ALT, aspartate
transaminase, TC, TG, high-density lipoprotein, LDL, gly-
cosylated hemoglobin type Alc, and fasting blood glucose
were significantly associated with an increased risk of MASLD
(Supplementary Table 2, p < 0.05). However, no significant
difference was noted in height or serum levels of gamma-
glutamyl transferase, blood uric acid, blood urea nitrogen,
and creatinine between the two groups. Stepwise logistic re-
gression analysis demonstrated that BMI, ALT, TG, and OXT
expression level served as independent indicators of MASLD
progression (Table 1, p = 0.025).

To validate the relationship between OXT expression level
and MASLD progression, liver tissues from 16 MASLD pa-
tients were analyzed across different steatosis grades and six
healthy controls. H&E staining confirmed minimal lipid accu-
mulation in control livers (score = 0), while MASLD patients
exhibited progressive steatosis (Supplementary Fig. 1B). Im-
munohistochemistry revealed significantly attenuated OXT
expression level (quantified by MOD) in the livers of MASLD
patients compared with healthy controls (Supplementary Fig.
1B; p < 0.01). Representative cases from steatosis grades 1
(MASLD 1), grade 2 (MASLD 2), and grade 3 (MASLD 3) are
illustrated in Supplementary Figure 1B. Crucially, correlation
analysis revealed a significant negative correlation between
hepatic steatosis scores and OXT expression level (Supple-
mentary Fig. 1C; R = —0.9336, p < 0.01). These findings
further solidify that decreased intrahepatic OXT expression
level was closely associated with disease severity (steatosis)
in clinical MASLD patients, positioning OXT as a potential bio-
marker for stratifying MASLD severity.

OXT ameliorated lipid accumulation in OA-treated
HepG2 cells

Next, it was attempted to investigate whether OXT could par-
ticipate in the regulation of lipid metabolism in hepatocytes.
Using OA-exposed HepG2 cells as an in vitro steatosis model,
it was revealed that OXT expression level was markedly re-
duced following hepatic steatosis (Fig. 3A and B, p < 0.01).
Moreover, this study examined whether OXT treatment could
influence hepatic lipid accumulation. HepG2 cells were ex-
posed to different concentrations (10~4, 10-5, and 10-8 M) of
OXT for 24 h according to previous studies.>19:.20 Qijl Red O
staining indicated apparent accumulation of lipid droplets in
OA-treated cells (Fig. 3C and D). Notably, when assessing the
effect of OXT exposure on OA-induced lipid storage in HepG2
cells, OXT supplementation significantly attenuated lipid ac-
cumulation in OA-treated HepG2 cells (Fig. 3C). Of great in-
trigue, it was revealed that physiologically relevant OXT con-
centration (10-8 M) elicited a better effect in the amelioration
of lipid accumulation than higher OXT concentrations (10~4
and 10-% M), highlighting the therapeutic potential of low-
dose OXT administration in MASLD management.25:26

OXT administration alleviated hepatic steatosis in
MASLD mice

Furthermore, this study clarified whether OXT administration
could ameliorate MASLD progression in vivo. A rodent MASLD
model was successfully established with HFD feeding (Fig.
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Fig. 1. Bioinformatics analysis of OXT expression levels in MASLD. (A) Sample clustering of NAFL patients and healthy controls from the publicly available
GEO dataset GSE126848 (Control, n = 14; NAFL, n = 5). Abnormal samples were excluded through sample-level clustering analysis. (B) Principal component analysis
(PCA) of the control and NAFL samples after removing the outlier. (C) Gene set enrichment analysis (GSEA) of the OXT signaling pathway using the KEGG database.
(D) Heatmap of genes involved in the OXT signaling pathway between the control group and the NAFL group. OXT was highlighted in red. (E) Comparison of serum
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between STD- and HFHC-fed mice in the GSE53381 dataset (STD, n = 4; HFHC, n = 4). p < 0.05 was considered statistically significant. MASLD, metabolic dysfunction-
associated steatotic liver disease; NAFL, non-alcoholic fatty liver; GEO, gene expression omnibus; GSEA, Gene set enrichment analysis; KEGG, kyoto encyclopedia of
genes and genomes; MASH, metabolic-associated steatohepatitis; STD, standard diet; HFHC, high fat high cholesterol; OXT, oxytocin.

4A). Beginning at week 12 of HFD feeding, mice received ei-
ther vehicle control or OXT (50 nmol/kg/day) for two or four
weeks, at a dose previously reported in the literature.2” OXT
expression level was significantly reduced in the HFD group
compared with the NCD group (Fig. 4B, p < 0.01). Average
body weight was significantly elevated in the HFD group after
12 weeks of feeding compared with the NCD group. However,
OXT treatment resulted in notable weight loss in the OXT 2W
and OXT 4W groups compared with the HFD group (Fig. 4C).
Notably, OXT administration significantly reduced serum lev-
els of ALT, TC, and LDL cholesterol in HFD-fed animals (Fig.
4D). With exogenous OXT injection, OXT expression level
in the livers of the HFD-fed group was restored to a level
comparable with the NCD group, as revealed by immunohis-
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tochemistry staining (Fig. 4E). H&E and Oil Red O staining
indicated that OXT supplementation significantly diminished
lipid accumulation in HFD mice (Fig. 4E). NAS score further
confirmed that OXT intervention significantly alleviated the
severity of MASLD (Fig. 4F). Collectively, these findings pro-
vided solid evidence that OXT administration could mitigate
hepatic lipid accumulation and MASLD progression in the ex-
perimental animal model.

OXT inhibited lipogenesis via the AMPK signaling
pathway

Bioinformatics analysis of human MASLD datasets indicated
that OXT was potentially involved in fatty acid metabolism
(Fig. 5A). The mRNA levels of SREBP1c, FAS, ATP citrate
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Fig. 2. Expression levels of OXT in MASLD patients. (A) Immunofluorescence staining of OXT (red) in liver tissues of MASLD patients and healthy controls (magni-
fication, 400x). (B) ELISA of serum levels of OXT in MASLD patients and healthy controls. (C) Serum levels of BMI, GGT, AST, ALT, TG, TC, HDL-C, and LDL-C in MASLD
patients (n = 113) and healthy controls (n = 63). ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05. MASLD, metabolic dysfunction-associated steatotic liver
disease; ELISA, enzyme linked immunosorbent assay; BMI, body mass index; GGT, serum levels of glutamyl transferase; AST, aspartate transaminase; ALT, alanine
aminotransferase; TG, triglyceride; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; OXT, oxytocin.

lyase (ACLY), acetyl-CoA carboxylase (ACC) 1, stearoyl-
CoA desaturase (SCD) 1, liver X receptor alpha, and CD36
were significantly downregulated following OXT treatment in
OA groups (Fig. 5B). Of note, SREBP1c, a key transcription
factor of lipogenic gene induction, exhibited the most sig-

Table 1. Multivariate analysis of independent factors for the relation-
ship of MASLD

Factors Odds ratio (95% CI) P-value
BMI 1.145 (1.027-1.276) 0.015
ALT 1.025 (1.007-1.043) 0.006
TG 4.923 (2.296-10.553) <0.001
Oxytocin 0.986 (0.974-0.998) 0.025

Variables of FBG and HbAlc were excluded from the final stepwise logistic re-
gression analysis for high incidence of missing data (42/176, 98/176, respec-
tively). MASLD, metabolic dysfunction-associated steatotic liver disease; BMI,
body mass index; ALT, alanine aminotransferase; TG, triglyceride.

nificant reduction among all genes examined. Notably, the
nuclear translocation of SREBP1c was inhibited by OXT sup-
plementation in OA-treated cells (Fig. 5C). Furthermore, OXT
treatment significantly increased the phosphorylated AMPK
(p-AMPK)/total-AMPK ratio and decreased the overall ex-
pression levels of SREBP1c and FAS in OA-treated cells (Fig.
5D). Consistently, it was revealed that the expression levels
of p-AMPK, SREBP1c, and FAS followed the same trend in
the livers of the OXT-administered animal model (Fig. 5E).
Moreover, animals receiving OXT supplementation for four
weeks exhibited higher molecular alterations than those with
two-week OXT administration.

To validate the causal role of AMPK activation in OXT's pro-
tective effects, the specific AMPK inhibitor Compound C was
employed to assess its impact on the OXT-initiated AMPK/
SREBP1c/FAS signaling axis. As displayed in Supplementary
Figure 1D, Western blot analysis revealed that Compound C
treatment significantly attenuated OXT-induced AMPK phos-
phorylation (p-AMPK/GAPDH ratio), and SREBP1c and FAS
downregulation compared with the OA + OXT group. These
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Glyceraldehyde 3-phosphate dehydrogenase; OXT, oxytocin.

results demonstrated that AMPK activation was critically re-
quired for OXT to suppress the SREBP1c/FAS signaling axis
and mitigate lipid accumulation in hepatocytes. Collectively,
these results revealed that OXT ameliorated MASLD through
activation of the AMPK signaling pathway.

Discussion

MASLD is one of the most common metabolic disorders and
is closely associated with the epidemic of obesity and type
2 diabetes mellitus.28 It encompasses a wide spectrum of
pathological changes, ranging from simple steatosis to stea-
tohepatitis, fibrosis, and eventually advanced cirrhosis.?°
Early intervention is crucial for preventing the progression
of MASLD.21 However, there are few available interventions,
and no pharmacological agents have been broadly adopted in
clinical practice for this severe chronic condition.30

Data obtained from public datasets and our cohort both
revealed that OXT expression level was negatively correlated
with MASLD progression. Notably, stepwise logistic regres-
sion analysis of clinical data indicated that OXT was an inde-
pendent prognostic factor of MASLD. This is consistent with
previous studies, demonstrating that OXT downregulation is
a critical event and diagnostic biomarker of steatosis.!3 How-
ever, whether OXT directly participates in metabolic control
during the development of MASLD remains elusive. A recent
study demonstrated that administration of long half-life OXT
peptide analogs at nmol/kg doses exerted dose-dependent
antidiabetic and anti-obesity effects on rodents, highlighting
a beneficial influence of OXT in preventing metabolic disor-
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ders.3! The dosage for OXT intraperitoneal injection in mice
was determined based on relevant literature, which indicated
a significant reduction in fatty liver under this dose range
(10-8-10-% M).19.27 Consistently, results of the present study
also showed that intraperitoneal injection of OXT (50 nmol/d,
i.p.) significantly reduced fatty liver in mice. Hence, it can be
preliminarily concluded that the concentrations of OXT (10-6
M and 10-8 M) are appropriate for further studies. Nanomo-
lar concentrations of OXT treatment also directly stimulate
insulin and glucagon secretion from primary islets and in-
duce lipolysis, PGE2, and leptin secretion from 3T3-L1 adi-
pocytes.? These findings are consistent with our data, sug-
gesting that nanomolar concentrations of OXT exposure can
improve hepatic lipid and glucose metabolism in vivo and in
vitro, highlighting a strong potential for using this dosage of
OXT for interventive approaches in the treatment of MASLD.

Serving as a hypothalamic hormone, OXT has been re-
ported to be involved in various physiological processes and
pathological conditions. Various roles of OXT in the liver have
been revealed through investigations conducted over the
past decades. OXT can promote weight loss without caus-
ing excessive muscle and bone loss.26 OXT has been shown
to ameliorate hepatocyte injury following experimental renal
ischemia-reperfusion.23 Recent research has indicated that
OXT could alleviate liver fibrosis through liver macrophag-
es.22 Additionally, OXT administration has been demonstrat-
ed to elevate glucagon levels in both normal and strepto-
zotocin-induced diabetic rats.32 Studies have revealed that
OXTR is present in various metabolism-associated tissues,
including the pancreas and the liver, where it is specifically
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expressed in hepatocytes.33:34 In the pancreatic islets, OXTR
protein has been exclusively found in both islet a and B cells.
Therefore, it can be speculated that OXT may directly regu-
late liver metabolism via the hepatocyte OXTR pathway.

Accumulating evidence demonstrates that, in addition to
its well-established roles in promoting parturition and lacta-
tion, OXT also plays significant metabolic roles in both sex-
es.35 It has been previously reported that OXT can improve
fatty liver, which impairs glucose and lipid metabolism,
thereby promoting type 2 diabetes, metabolic syndrome,
and cardiovascular disease, as well as increasing the risk of
cirrhosis and liver cancer.36 Studies have revealed that OXT
partially counteracts the inactivation of glycogen synthase
in the presence of insulin. The current study demonstrated
that OXT supplementation reduced body weight, blood lipid
levels, and liver injury in HFD-fed mice. OXT treatment also
significantly decreased intracellular lipid accumulation and
hepatic steatosis in OA-treated HepG2 cells. These results
highlight a potential role of OXT administration in amelio-
rating lipid metabolism and NAFLD progression, confirming
the merit of OXT-based therapies for metabolic disorders.
Previous research has indicated that OXT-induced weight
loss may be partly attributed to increased energy expendi-
ture and/or lipolysis.3” Moreover, OXT enhanced lipolysis in
3T3-L1 differentiated adipocytes by increasing autocrine/
paracrine actions of prostaglandin and leptin.® OXT signaling
restricts food ingestion in both human and animal models.38
Intranasal OXT exerted a notable inhibitory impact on ap-
petite in young men, especially for sweets.3° In male rats,
central OXT signaling inhibited the activity of ventral teg-
mental area dopamine neurons induced by food cues and
modulated behaviors motivated by the reward of palatable
foods.40 Additionally, OXT administration in the hypothala-
mus could promote short-term energy intake and sponta-
neous physical activity.*! Furthermore, OXT contributes to
the ability of B-adrenergic agonists to adequately promote
lipolysis. OXT from the peripheral nervous system is an en-
dogenous regulator of fat and systemic metabolism.12 OXT
improved insulin sensitivity and glucose tolerance in HFD-
fed rats after a 14-day infusion.!® The bioinformatics analy-
sis also demonstrated that OXT could potentially change fat-
ty acid metabolism in the human GSE135251 dataset. This
study employed GSEA and found significant enrichments in
the fatty acid metabolism pathways in the high OXT expres-
sion group (Fig. 5A). According to the literature, fatty acid
synthesis can be disrupted by the AMPK-SREBP1c signaling
pathway. Phosphorylation of ACC1 and SREBP1c by AMPK
reduces the activity of these key enzymes involved in lipid
synthesis, leading to a significant reduction in hepatic lipid
accumulation. Collectively, the present study, for the first
time, indicated that OXT played an effective role in the treat-
ment of MASLD both in vitro and in vivo by regulating lipid
metabolism.

Notably, this study revealed that OXT administration
downregulated mRNA expression levels of liver X receptor
alpha, ACLY, ACC1, SREBP1c, FAS, SCD1, CD36, and espe-
cially SREBP1c. SREBPic is an isoform of the SREBP fam-
ily and serves as a master transcription factor that activates
lipogenic genes, leading to hepatic lipid accumulation, insulin
resistance, and dyslipidemia.#2 SREBP1c activation directly
upregulates the expression levels of its downstream target
molecules, including ACC1, ACLY, FAS, and SCD. The nuclear
translocation of SREBP1c indicates its activation and matu-
rity, promoting lipid uptake, as well as triglyceride and cho-
lesterol synthesis through binding to sterol regulatory ele-
ments.4! Moreover, this nuclear translocation increases lipid
accumulation and accelerates the development of MASLD-
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related hepatocellular carcinoma.43 In the present study,
SREBP1c was translocated from the cytoplasm to the nucleus
following OA exposure in HepG2 cells, which could be re-
versed by OXT intervention. Here, SREBP1c was considered
one of the most important target genes modulated by OXT in
MASLD progression.

Previous research revealed that SREBP1c was negatively
correlated with the AMPK signaling pathway.** AMPK is con-
sidered a promising therapeutic target in metabolic disorders
because of its positive effects on cytoprotective properties
under circumstances of inflammation, oxidative stress, and
endoplasmic reticulum stress.*> AMPK mediates suppression
of the mTOR/SREBP1 signaling pathway and phosphorylates
ACC1 and ACC2 to regulate intracellular lipid metabolism.46
Its activation suppresses steatosis and inflammation in the
livers of obese mice.4” In the present study, OXT treatment
significantly increased the p-AMPK/total-AMPK ratio and de-
creased the overall expression levels of SREBP1c and FAS
in OA-treated cells. Previous research has shown that the
OXT signaling system activated downstream effectors such
as NR4A1 via OXTR-mediated calcium influx, functioning as a
phenotypic switch.22 Moreover, calcium influx has been well
documented to activate AMPK and lipid metabolic pathways
to alleviate liver steatosis.*® Because OXTR is detectable in
various metabolism-associated tissues, including the liver,
pancreatic islets, and adipose tissues,3433:34 it was hypoth-
esized that OXT could exert its effects on the AMPK signaling
pathway through OXTR activation and calcium influx.

Before considering OXT as a therapeutic agent for NAFLD,
it is essential to assess its safety in adults, particularly re-
garding its long-term administration. Clinical trials have
demonstrated that OXT is generally safe for prolonged use in
patients with NAFLD, with no evidence of drug resistance. In
one study, participants used three sprays per nostril (24 IU)
four times daily (20-30 m before meals and at bedtime) for
eight weeks.4® The safety data were reassuring, indicating
no serious adverse events between those receiving OXT and
those receiving a placebo, although there were more reports
of nasal irritation with OXT. In this clinical trial, subjects were
randomized to receive intranasal OXT (40 USP units/mL, 4
IU/spray), and the trial results indicated that intranasal OXT
has minimal adverse effects in patients.50

However, the limitations of this study should be pointed
out. Despite involving more than one hundred subjects, the
clinical data were collected from a single center. Future re-
search will expand MASLD clinical data to large-scale multi-
center studies across various regions. In addition, primary
hepatocytes and OXT knockout mice employed for in vitro
and in vivo experiments might provide better assessments
for OXT treatment in MASLD. While the findings strongly
demonstrate OXTR-mediated mechanisms, future studies
employing tissue-specific OXTR knockout models will be es-
sential to conclusively establish receptor specificity and ex-
clude potential off-target effects. These investigations will
serve as the foundation for ongoing research. OXT is a po-
tential predictive marker and a novel therapeutic agent for
MASLD. Future clinical use of OXT should address potential
issues such as resistance to long-term use and the possibility
of multisystem effects, particularly when administering OXT
to children and adolescents.

Conclusions

The present study demonstrates that OXT treatment amelio-
rates lipid accumulation and accelerates lipid metabolism by
regulating the AMPK/SREBP1c/FAS axis in MASLD progres-
sion. OXT is a potential indicator of disease progression and a
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promising therapeutic agent for MASLD. The findings provide
a new direction for the potential clinical applications of OXT.
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