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Abstract

Objective: This study examined the potential of liraglutide to attenuate ferroptosis in an
in vitro model of metabolic dysfunction-associated steatotic liver disease (MASLD).
Methods: HepG2 cells were allocated into three groups: control (Con), free fatty acid
(FFA)-treated, and FFA with liraglutide treatment (FFA+LI). After 48 hours of treatment,
intracellular triglyceride (TG), glutathione (GSH), malondialdehyde (MDA), and iron
levels were quantified using commercially available kits. Superoxide dismutase (SOD)
activity was also measured. Lipid accumulation was visualized via Oil Red O staining.
Expression of ferroptosis-associated genes was assessed through quantitative RT-PCR
and western blotting.

Results: FFA treatment induced significant lipid accumulation, elevated TG, MDA, and
iron levels, and reduced SOD activity and GSH levels compared to the Con group (all p
< 0.05). Additionally, FFA exposure increased the expression of 7FRI and
downregulated SLC7411, NRF2, and GPX4 (p < 0.05 for all comparisons vs. Con).
Liraglutide treatment partially reversed these changes, as evidenced by reduced MDA
levels and iron content, downregulation of 7FR/, and upregulation of NRF2 and GPX4
(FFA+LI vs. FFA, all p <0.05).

Conclusion: Liraglutide demonstrated the ability to mitigate lipid accumulation,
oxidative stress, and iron overload in HepG2 cells subjected to FFA-induced injury. These
effects were associated with modulation of ferroptosis-related gene expression,
suggesting a mechanistic basis for the potential protective role of liraglutide in MASLD.
Keywords: Ferroptosis; free fatty acid; liraglutide; metabolic dysfunction-associated

steatotic liver disease; oxidative stress.
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Introduction

Metabolic dysfunction-associated steatotic liver disease (MASLD) is characterized by
excessive hepatic fat accumulation attributable to nonalcoholic and nonviral etiologies
and represents a significant risk factor for irreversible conditions, including insulin
resistance, diabetes mellitus, and liver cirrhosis [1]. The global prevalence of MASLD is
estimated to be approximately 25.24%, with a significantly higher prevalence of about
52.27% reported among overweight or obese populations in Asia [2,3].

The imbalance of oxidative stress and related lipid peroxidation play a key role in
MASLD [3]. Ferroptosis is a recently characterized form of programmed cell death driven
by intracellular iron overload, resulting in oxidative stress and lipid peroxidation [4].
Significant evidence has indicated that ferroptosis plays a key role in the pathogenesis of
MASLD [5]. When the expression of GPX4 and GSH anti-oxidative stress proteins is
decreased, and the activity of SOD is decreased, the level of cellular lipid peroxidation
and MDA will increase, leading to the death of hepatocytes [6]. SLC7A11 plays an
important role in cellular anti-oxidation. The decrease of its expression will lead to the
decrease of cellular antioxidant capacity and the increase of lipid peroxidation [7]. Nrf2
is one of the regulators of intracellular redox homeostasis and inhibits the occurrence and
progression of ferroptosis by reducing the level of intracellular oxidative stress [8].
Patients with MASLD demonstrate hepatic iron accumulation, and the use of iron
chelators improves liver pathological changes associated with MASLD [9].

Liraglutide, a glucagon-like peptide-1 receptor agonist, has been reported to ameliorate
MASLD in both human and animal studies by reducing hepatic steatosis, inflammation,
and fibrosis, as well as by improving insulin sensitivity and oxidative stress markers

[10,11]. In vitro, liraglutide has been observed to reduce lipid content in hepatocytes
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exposed to free fatty acids (FFA), thereby decreasing oxidative stress and limiting the
progression of steatosis [ 12]. Also, as a hypoglycemic agent, liraglutide has demonstrated
efficacy in alleviating ferroptosis in liver tissue of diabetic models [13,14]. However, the
effect of liraglutide on ferroptosis in an in vitro model of MASLD remains largely
unexplored.

Therefore, this study aimed to examine the role of liraglutide in modulating ferroptosis in
palmitic acid/oleic acid (PA/OA)-treated HepG2 cells, whether liraglutide exerts
beneficial effects by inhibiting ferroptosis, thereby providing more direct evidence of its

effects on MASLD.

Materials and methods

Cell culture

Human hepatocytes (HepG2) were purchased from Shanghai Zhong Qiao Xin Zhou
Biotechnology Co., Ltd (SFM0022). Cells were seeded in 6-well plates at a density of 2
x 10* cells/cm? (approximately 4 x 10°cells/well in 6-well plates; corresponding densities
were used for other plate formats) and cultured in Minimum Essential Medium (MEM)
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin at
37°C in a humidified atmosphere containing 5% CO-. Upon reaching 80% confluence,
cells were subjected to the following experiments. Collagen coating was not used for any
culture vessels. To determine the optimal concentrations of free fatty acids (FFAs) and
liraglutide, cells were exposed to varying concentrations of FFAs (Cat: KT003-004, Xi'an
Kunchuang Technology Co., Ltd., China) with an OA:PA ratios of 2:1 (0, 50/25, 100/50,
200/100, 300/150, and 400/200 puM) and liraglutide (Novo Nordisk, Denmark) at

concentrations of 0, 50, 100, 200, 300, and 500 nmol/L for 24 or 48 h. Cell viability was
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assessed using the MTT assay. Based on the MTT results, 200 pM PA and 100 uM OA
were selected for steatosis induction, and 100 nM liraglutide was selected for subsequent
experiments. For FFA preparation, palmitic acid (200 uM) and oleic acid (100 uM) were
complexed with 10% fatty acid-free bovine serum albumin (BSA) at a 5:1 molar ratio
(FFA:BSA) at 37°C for 1 h before dilution in complete culture medium. The final BSA
concentration in the working medium was approximately 0.67% (w/v). This conjugation
method is based on established protocols for FFA-induced lipotoxicity in hepatocyte
models. For steatosis induction, HepG2 cells were treated with FFAs (200 uM PA / 100
uM OA) for 24 h. During steatosis induction, the culture medium consisted of MEM
supplemented with 10% FBS, containing 0.67% BSA (from the FFA-BSA complex) and
the indicated concentrations of FFAs. The 10% FBS concentration remained constant
throughout all experimental conditions. Steatosis induction was confirmed by Oil Red O
staining and elevated triglyceride levels. After FFA treatment, cells were co-treated with
or without liraglutide for an additional 24 h according to the experimental design. Cells
were allocated into the following three groups: (1) Control group (Con): cultured in MEM
supplemented with 10% FBS and vehicle (BSA + ethanol); (2) Free fatty acid-treated
group (FFA): cultured in medium containing 200 uM PA and 100 uM OA; (3) Free fatty
acid + liraglutide treatment group (FFA+LI): cultured in medium containing 200 uM PA,
100 uM OA, and 100 nM liraglutide.

MTT assay for cell viability

HepG2 cells were cultured in 96-well plates at a density of 1 x 10* cells/well. Following
treatment, 20 uL. of MTT stock solution (Cat: G020-1-1; Nanjing Jiancheng
Bioengineering Institute, China) was added to each well. Cells were incubated at 37 °C

for 4 hours. The medium was subsequently removed, and dimethyl sulfoxide was added
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to dissolve the formazan crystals. Absorbance was measured at 490 nm using a microplate
reader to assess cell viability.

Oil red O staining

Lipid droplets were visualized and quantified using an Oil Red O (ORO) staining kit (Cat:
G1262; Beijing Solarbio Science & Technology Co., Ltd, China), following the
manufacturer’s instructions. Briefly, cells were fixed with ORO fixative for 20 minutes
and stained with freshly prepared ORO staining solution for an additional 20 minutes.
After washing with 60% isopropanol, cells were counterstained with Mayer’s
hematoxylin for 2 minutes. Lipid droplets were then observed and imaged using a
microscope.

TG measurement

Intracellular triglyceride (TG) levels were measured using a reagent kit (Cat: A110-1-1;
Nanjing Jiancheng Bioengineering Institute, China), following the manufacturer’s
instructions. Assay reagents were prepared accordingly. Cells were lysed in lysis buffer,
and the lysates were centrifuged to collect the supernatant. The supernatant was then
mixed with the working solution and incubated at 37 °C for 10 minutes. Absorbance was
measured at 500 nm, and TG concentrations were calculated.

GSH level, SOD activity and MDA content measurement

The levels of glutathione (GSH), superoxide dismutase (SOD) activity, and
malondialdehyde (MDA) content in cells were measured using commercial assay kits,
following the manufacturer’s protocols (Cat: G0206F, GO101F, GO109F; Suzhou Grace
Biotechnology Co., Ltd, China).

Iron content measurement
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Intracellular iron concentration was measured using an Iron Assay Kit (Cat: G1212F;
Suzhou Grace Biotechnology Co., Ltd, China), following the manufacturer’s instructions.
Under acidic conditions, iron dissociates from the complex and is then reduced to divalent
iron by reducing agents, which reacts with ferrozine to form a purplish red product. It has
a characteristic absorption peak at 562nm in microplate reader, and the iron content can
be calculated by measuring the absorbance. Briefly, cells were lysed on ice, and the
supernatants were collected after centrifugation at 3,000 rpm for 10 minutes. The
supernatants were then incubated with 520 uL. of Reagent 1 and 40 uLL of Reagent 2 at
37 °C for 15 minutes. Absorbance was measured at 562 nm using a microplate reader.
Real-Time PCR

Total RNA was extracted from cells using TRIzol reagent. Complementary DNA (cDNA)
synthesis was performed using the GoScript Reverse Transcription System (Promega,
USA) according to the manufacturer’s instructions. Quantitative gene expression was
assessed by real-time PCR using the CFX96 Touch Deep Well Real-Time PCR Detection
System (BIO-RAD, USA). Target genes were amplified with the primers listed in Table
1, and S-actin was used as an endogenous control. Each 20 pL reaction mixture consisted
of 10 uL of 2x GoTaq qPCR Master Mix (Promega, USA), 2 uL of cDNA, 0.8 pL. of PCR
primers, and nuclease-free water. All reactions were performed in triplicate. Gene
expression levels were normalized to S-actin, and the 2° 22“* method was used for
quantitative analysis.

Western blot

Proteins were extracted using RIPA lysis buffer supplemented with protease inhibitors
(NCM Biotech, China). Total protein lysates were used for all Western blot analyses,

including NRF2 detection. Protein concentrations were determined using the BCA
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Protein Assay Kit (Biological Industries, Israel). Equal amounts of protein were separated
by 10% SDS-polyacrylamide gel electrophoresis and transferred onto PVDF membranes.
Membranes were blocked for 1 hour using a solution containing 0.1% Tween-20 and 5%
bovine serum albumin in TBS, followed by overnight incubation at 4 °C with specific
primary antibodies against SLC7A411 (1:1000, 26864-1-AP, Proteintech, Wuhan, China),
Nrf2 (1:5000, 16396-1-AP, Proteintech, Wuhan, China), GPX4 (1:1000, 14432-1-AP,
Proteintech, Wuhan, China), TFR1 (1:5000, 10084-2-AP, Proteintech, Wuhan, China),
and p-actin (1:20000, 66009-1-Ig, Proteintech, Wuhan, China). Subsequently,
membranes were incubated with Dylight800-conjugated secondary antibodies (goat anti-
rabbit or anti-mouse IgG, 1:7000, A23910, Abbkine Scientific, Wuhan, China) at 37 °C
for 2 hours. Protein bands were visualized using the Odyssey fluorescence imaging
system, and densitometric analysis was performed using ImageJ software. f-actin was
used as an internal control. All Western blot experiments were independently repeated
three times (n = 3), and data are presented as mean + SD.

Statistical analysis

Statistical analysis was conducted using SPSS version 22.0. All experiments were
performed in triplicate (technical replicates). Data are presented as mean + standard
deviation. Differences between the two groups were assessed using the Student’s #-test,
while one-way analysis of variance was used for comparisons among three groups.
Following one-way analysis of variance, post-hoc comparisons among the three
experimental groups were conducted using Tukey's honestly significant difference (HSD)
test (when equal variances were assumed) or the Games-Howell test (when equal

variances were not assumed). A value of p < 0.05 was considered statistically significant.
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Results

Effects of Different concentrations of palmitic/oleic acid and liraglutide on the
viability of HepG2 Cells

Cell viability was significantly reduced following treatment with 300/150 uM
palmitic/oleic acid at both 24 and 48 hours (p < 0.05), as well as with liraglutide
concentrations starting from 200 nmol/L at both time points when compared to the Con
group (p <0.05). From these findings, treatment with 200/100 pM palmitic/oleic acid and
100 nmol/L liraglutide for 24 hours was selected for subsequent experiments (Fig. 1A and
B).

Liraglutide alleviated lipid accumulation caused by palmitic /oleic acid

Compared with the Con group, FFA treatment resulted in noticeable lipid accumulation
(Fig. 2A) and a significant increase in intracellular TG levels (p < 0.05; FFA vs. Con)
(Fig. 2B). Treatment with liraglutide attenuated both lipid accumulation and TG levels
induced by FFA (p < 0.05; FFA+LI vs. FFA), indicating that liraglutide effectively
reduced lipid accumulation caused by palmitic/oleic acid (Fig. 2A and B).

Liraglutide improved oxidative stress induced by palmitic/oleic acid

SOD activity and GSH levels were significantly decreased, while MDA levels were
significantly increased in HepG2 cells treated with FFA (p < 0.05 for all; FFA vs. Con),
indicating that FFA treatment induced oxidative stress in hepatocytes when compared to
the Con group. These changes were partially reversed by liraglutide treatment, as
evidenced by improved SOD activity and GSH levels, along with reduced MDA levels
(p <0.05 for all; FFA+LI vs. FFA), indicating that liraglutide mitigated oxidative stress
and lipid peroxidation (Fig. 3A, B, and C).

Liraglutide reduced iron overload induced by palmitic /oleic acid
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When compared to the Con group, FFA treatment significantly increased intracellular
iron content in HepG2 cells (p < 0.05; FFA vs. Con), indicating that FFA induced iron
overload in hepatocytes. This iron accumulation was partially alleviated by liraglutide
treatment (p < 0.05; FFA+LI vs. FFA), suggesting that liraglutide attenuated intracellular
iron overload (Fig. 4).

The effect of liraglutide on ferroptosis-related genes expressions

As shown in Fig. 5A, FFA treatment significantly downregulated SLC7411 mRNA
expression compared to the Con group (*p* < 0.05). Additionally, 7FR/ mRNA
expression was significantly increased, while NRF2 and GPX4 mRNA expression were
significantly decreased in the FFA-treated group (*p* < 0.05 for all; FFA vs. Con).
Upregulation of TFRI suggests enhanced cellular iron uptake capacity, a key step in
initiating ferroptosis. Conversely, downregulation of NRF2 and its target GPX4 indicates
impaired antioxidant defense, which increases susceptibility to lipid peroxidation and
ferroptosis.

As shown in Fig. 5B, densitometric analysis (normalized to B-actin, which was consistent
across all groups) confirmed that FFA treatment decreased GPX4 and NRF2 protein
expression while increasing TFR1 expression compared to the Con group. These changes
were partially reversed by liraglutide treatment, except for SLC7A11, which did not show
a significant change at the protein level (*p* > 0.05; FFA+LI vs. FFA). Taken together,
these findings suggest that liraglutide may mitigate FFA-induced ferroptosis in HepG2

cells by promoting an anti-ferroptotic gene expression profile (Fig. 5A and 5B).

Discussion
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MASLD is a common liver disorder, affecting approximately 25.24% of the global
population, with a reported prevalence of about 29.81% in China [3,15]. The pathogenesis
of MASLD is complex and involves multiple mechanisms, including lipid accumulation,
oxidative stress, and inflammation [18]. Recent studies have indicated that iron overload
and ferroptosis are involved in the development of MASLD [19]. In this in vitro study,
FFA treatment was observed to induce oxidative stress, iron overload, and ferroptosis in
hepatocytes, and these changes were largely alleviated following liraglutide treatment.

Ferroptosis, an iron-dependent form of regulated cell death characterized by lipid
peroxidation, has been previously identified in in vivo fatty liver models, including ob/ob
mice and high-fat diet (HFD)-fed mice [20,14]. A study conducted by Yang et al. in HFD-
treated ApoE~/~ mice reported that, within liver tissue, expression of the iron transporter
TFRI was upregulated, whereas the expression of ferroptosis-inhibitory genes NRF2,
SLC7A11, and GPX4 was suppressed [19]. Currently, in vitro data regarding ferroptosis
in MASLD remain limited [19,21]. In this study, we found that FFA treatment enhanced
cellular iron uptake through upregulation of 7FRI and impaired the antioxidant defense
system by downregulating NRF2, SLC7A411, and GPX4, resulting in increased oxidative
stress and iron accumulation. Upregulation of 7FR/ suggests enhanced cellular iron
uptake capacity, a key step in initiating ferroptosis. Conversely, downregulation of NRF?2
and its target GPX4 indicates impaired antioxidant defense, which increases susceptibility
to lipid peroxidation and ferroptosis. These findings indicate that fatty acids can induce
iron overload and ferroptosis in hepatocytes in vitro. Additionally, iron overload has been
reported to promote fatty acid uptake and lipid accumulation in hepatocytes, while
ferroptosis in hepatocytes may aggravate lipid accumulation, inflammation, and fibrosis

by enhancing oxidative stress and lipid peroxidation [22-24]. Therefore, FFA-induced
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iron overload and ferroptosis may further exacerbate hepatocellular lipid accumulation
and injury.

Liraglutide has been widely used in the management of T2DM and obesity. In recent
years, beneficial effects of liraglutide on MASLD have been reported in both individuals
with T2DM and T2DM-related animal models [25-30]. These effects are partially
attributed to the alleviation of hepatocyte ferroptosis [13,14]. However, studies exploring
the effects of liraglutide on MASLD in non-diabetic settings remain limited. Liraglutide
improves hepatic lipid markers in a hereditary hemochromatosis mouse model, and
findings by Ji et al. demonstrated that liraglutide treatment improved liver function and
reduced reactive oxygen species levels in HFD-fed mice [31,32]. Recent research by
Chen et al. has provided novel insights into the therapeutic mechanisms of liraglutide in
metabolic dysfunction-associated steatotic liver disease (MASLD). These findings
suggest that liraglutide ameliorates MASLD through a multi-pathway network involving
ferroptosis inhibition, offering a systematic molecular basis for its clinical application in
MASLD treatment[33]. Liraglutide may suppress ferroptosis through a dual mechanism:
transcriptionally by reactivating the Nrf2/GPX4 axis to alleviate lipid peroxidation, and
via GLP-1 receptor (GLP-1R)-mediated signaling. Activation of GLP-1R stimulates the
PI3K/AKT pathway, which can inhibit GSK-3B through phosphorylation, thereby
promoting Nrf2 nuclear translocation and upregulating downstream antioxidant genes,
including GPX4 and HO-1 [34,35]. Similarly, a recent study in obese rats confirmed that
liraglutide restored the SLC7A11/HO-1/GPX4 axis in a dose-dependent manner[36]. In
this study, liraglutide alleviated oxidative stress and ferroptosis induced by FFA in
hepatocytes in vitro. Prior studies have indicated that liraglutide can upregulate NRF?2

expression and enhance its activity in hepatocytes [12]. Consistently, our study showed
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that liraglutide treatment partially reversed the FFA-induced downregulation of NRF2
and GPX4, as well as the upregulation of TFR1.

Regarding SLC7A11, we observed that FFA significantly downregulated its expression,
but liraglutide did not restore it. We speculate that SLC7A11 suppression in MASLD may
be primarily driven by lipotoxicity rather than by GLP-1 receptor signaling. The inability
of liraglutide to restore SLC7A11 may indicate that its anti-ferroptotic effects are
mediated through SLC7AT11-independent pathways, such as the Nrf2/GPX4 antioxidant
axis, or that SLC7A11 represents a downstream target of lipotoxic injury that lies beyond
the regulatory reach of GLP-1R activation. Therefore, the effects observed in this study
may be associated with the ability of liraglutide to enhance cellular antioxidant defense
mechanisms and regulate ferroptosis-related pathways.

Several limitations should be acknowledged. First, biochemical measurements (TG, GSH,
SOD, MDA, and iron) were not normalized to total cellular protein content. Second,
quantitative analysis of Oil Red O staining was not performed. Third, a GLP-IR
antagonist was not used to confirm target specificity. Fourth, we did not perform NRF2
knockdown or GPX4 inhibition to confirm pathway dependency. Fifth, iron metabolism
analysis focused only on TFR1, omitting ferritin and ferroportin. Sixth, the in vitro nature
and use of HepG2 cells limit generalizability to in vivo pathophysiology. Seventh, full-
length Western blot membranes with molecular weight markers were not retained at the
time of experimentation due to limited documentation practices during the pandemic
period. However, three independent replicates were performed with consistent results,
and densitometric quantification is provided in Figure 5B. Future studies using in vivo

models, primary hepatocytes, and mechanistic tools are needed.
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Conclusion
Liraglutide improved cellular oxidative stress, iron overload, and ferroptosis induced by

FFA in hepatocytes, which may contribute to its beneficial effects on MASLD.
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Fig 1. The effect of different concentrations of PA/OA and liraglutide on HepG2
cells

Cells were treated with different concentrations. Data represent the mean + SD of three
independent experiments (n = 3).
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Fig 2. The effects of liraglutide on lipid metabolism
Liraglutide treatment significantly reduced lipid content (A) and triglyceride content (B)
caused by PA/OA in HepG2 cells. Data represent the mean + SD of three independent

experiments (n = 3).
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Fig 3. The effect of liraglutide on cell oxidative stress

Liraglutide improved the anti-oxidative stress ability of HepG2 cells induced by PA/OA
and reduced lipid peroxidation. Data represent the mean + SD of three independent
experiments (n = 3).
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Fig 4. Liraglutide reduced iron overload

Liraglutide reduced iron overload in HepG2 cells induced by PA/OA. Data represent the
mean + SD of three independent experiments (n = 3).
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524  Fig 5. The effects of liraglutide on ferroptosis-related gene expression.

525  FFA treatment caused significantly decreased Nrf2 and GPX4 expression, while

526  increased TFR1at mRNA (A)and protein levels(B), and liraglutide treatment could

527  improve FFA-induced ferroptosis in HepG2 cells by promoting an anti-ferroptotic gene
528  profile. Data represent the mean + SD of three independent experiments (n = 3).

529  Compared with control group, “P<0.05, “*P<0.01, **P<0.001, “**P<0.0001, ns (P>0.05)

530

531 Table 1 The sequences of the primers
Gene Forward primer Reverse primer
SLC7A11 5'-GTCCTTTCAAGGTGCCACTG-3' 5'-GTGATGACGAAGCCAATCCC-3'
GPX4 5'-ATACGCTGAGTGTGGTTTGC-3' 5'-GCGGCGAACTCTTTGATCTC-3'
Nrf2 5'-GCGACGGAAAGAGTATGAGC-3' 5'-GGGCAACCTGGGAGTAGTT-3'
TFR1 5'-GGTGTAGTGGAAGTATCTGCTATGG- 5'-GAAGTCCTCTCCTGGCTCCTC-3'
3

532 SLC7ALI1, solute carrier family 7 member 11; GPX4, glutathione peroxidase 4; Nrf2,
533 nuclear factor erythroid-2-related factor 2; TFR1, transferrin receptor 1.



