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ABSTRACT

Ferroptosis plays a pivotal role in the pathogenesis of ischemia-reperfusion injury (IRI). Liraglutide, as a GLP-1
receptor (GLP-1R) agonist, has exhibited extensive biological effects beyond its hypoglycemic action. Recent
studies have shed light on the regulatory influence of Liraglutide on ferroptosis, yet the precise underlying
mechanism remains elusive. GLP-1(9-37), as a metabolite of GLP-1, has a low affinity to GLP-1R. Its effect on
ferroptosis remains unknown. In this study, we investigated the effects of Liraglutide and GLP-1(9-37) on the
ferroptosis during hepatic ischemia-repferfusion (I/R), as well as the underlying specific mechanisms. We found
that the administration of Liraglutide alleviated I/R-induced liver injury with less iron accumulation and lower
lipid peroxidation, which was not entirely dependent on the presence of GLP-1R. Similarly, GLP-1(9-37) also
exhibited these effects. Besides, both of them increased GPX4 expression and decreased COX2 expression. These
effects were reversed by a High-Iron Diet. In vitro study showed similar results. In mechanism study, we found
that both Liraglutide and GLP-1(9-37) treatment promoted the nuclear translocation of Nrf2 by inhibiting GSK-
3B, thereby reducing lipid peroxides. Furthermore, they increased FTH and FTL expression via the SMAD159/
Hepcidin pathway, which contributed to the decreased iron accumulation. In conclusion, this study determined
that both Liraglutide and GLP-1(9-37) alleviated hepatic ischemia-reperfusion injury (HIRI) by suppressing

ferroptosis via the activation of the GSK3p/Nrf2 pathway and the SMAD159/Hepcidin/FTH pathway.

1. Introduction

Ischemia-Reperfusion Injury (IRI) embodies a multifaceted patho-
logical phenomenon, characterized by the deprivation of oxygen and
depletion of ATP during the ischemic phase, coupled with the emer-
gence of a myriad of inflammatory mediators and reactive oxygen spe-
cies (ROS) during reperfusion. Within this intricate cascade, a diverse
array of cellular demise pathways are set into motion, encompassing
apoptosis, autophagy, pyroptosis, and ferroptosis, among others [1-3].
Hepatic Ischemia-Reperfusion Injury (HIRI) represents an inevitable
consequence following hepatic procedures such as partial hepatectomy
and liver transplantation [4]. Severe HIRI can lead to delayed graft

function, acute or chronic rejection, hepatic dysfunction, and even
failure, posing a serious threat to the lives of patients. However, due to
the intricate nature of the injury mechanisms, a definitive and effica-
cious preventive strategy for HIRI remains elusive [5]. Therefore, it is
necessary to understand the pathogenesis of HIRI and explore the tar-
geted therapeutic drugs.

Ferroptosis is an emerging form of programmed cell death orches-
trated by iron-dependent lipid peroxidation [6]. The substantial accu-
mulation of iron and lipid peroxidation are the primary hallmarks of
ferroptosis [7]. Cells undergoing ferroptosis exhibit distinctive
morphological features, including mitochondrial shrinkage and height-
ened mitochondrial membrane density, setting them apart from other
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modes of cell death [6,7]. Within the cellular environment, an excess of
iron triggers the activation of an array of oxidases and the production of
a substantial quantity of reactive oxygen species (ROS) through the
Fenton reaction, consequently inducing the peroxidation of poly-
unsaturated fatty acids on the cell membrane. Simultaneously, if the
antioxidant defense system is compromised, hindering the elimination
of accumulated lipid peroxides, ferroptosis will ensue [8-10]. Ferrop-
tosis plays a pivotal role in the pathogenesis of numerous diseases.
Studies indicates that an excess of iron may serve as a risk factor exac-
erbating IRI in liver transplantation [11,12]. Following
ischemia-reperfusion (I/R), mice livers demonstrate a substantial accu-
mulation of iron and lipid peroxides. Administering a high-iron diet
exacerbates the liver injury induced by I/R, whereas the application of
ferroptosis inhibitors effectively mitigates hepatic pathological damage
and lowers the levels of alanine transaminase (ALT) and aspartate
transaminase (AST) in serum [11,13]. Therefore, ferroptosis emerges as
a promising therapeutic target for ameliorating HIRI.

Liraglutide, a long-acting GLP-1R agonist, has garnered widespread
utilization in the clinical management of type 2 diabetes and obesity
attributed to its profound hypoglycemic and weight loss properties [14,
15]. Beyond these applications, recent basic and clinical studies have
highlighted the significant protective effects of Liraglutide in various
other conditions, including cardiovascular complications, kidney, liver,
and nervous system diseases [16-19]. The actions of Liraglutide are also
diverse. Studies have found that Liraglutide has obvious
anti-inflammatory and antioxidant effects. It can inhibit the activation
of the classical NF-kB inflammatory pathway and reduce the occurrence
of pyroptosis by inhibiting the NLRP3 pathway [20,21]. In addition,
Liraglutide can also promote the nuclear translocation of Nrf2, which
can increase the expression of antioxidant enzymes such as HO-1,
thereby alleviating the oxidative damage [22]. Recently, it has been
reported that long-term intraperitoneal injection of Liraglutide reduced
the iron content and changed the expression levels of transferrin re-
ceptor 1 (TfR1) and ferroportin (FPN) in the liver of type 2 diabetic mice,
suggesting that Liraglutide may have an inhibitory effect on ferroptosis
[23]. However, whether Liraglutide has an effect on the ferroptosis that
occurs during hepatic ischemia-reperfusion is still unclear.

Although Liraglutide is a GLP-1R agonist, several studies have found
that part of its effects are not mediated by GLP-1R, suggesting the ex-
istence of a GLP-1R-independent pathway for its actions [24,25]. One
possible explanation for the GLP-1R-independent effects of GLP-1R ag-
onists, like Liraglutide, is the presence of GLP-1 metabolites [24,26].
Under the action of dipeptidyl peptidase IV and neutral endopeptidase,
GLP-1 (7-37), the active form of GLP-1, can be cleaved into GLP-1
(9-37) and GLP-1 (28-37), which have a low affinity for GLP-1R
[26-28]. However, GLP-1(9-37) and GLP-1(28-37) can still attenuate
disease damage in the absence of GLP-1R [24,29]. Additionally,
compared with liraglutide, the metabolites also have the characteristics
of no weight loss and rapid action [24].

At present, the specific mechanisms by which Liraglutide and its
metabolites alleviate HIRI has not been fully elucidated. Based on the
above findings, we hypothesized that Liraglutide and its metabolites
may alleviate HIRI by inhibiting the occurrence of ferroptosis during
hepatic ischemia-reperfusion. In this study, we examined the inhibitory
effects of Liraglutide and its metabolites on ferroptosis in HIRI. Addi-
tionally, we explored whether they have regulatory effects on lipid
peroxidation and iron homeostasis, respectively.

2. Methods
2.1. Animals

Male C57BL/6 mice, six to eight weeks old, were purchased from
Beijing Vital River Laboratory Animal Technology Co., Ltd. GLP-1R

knockout mice (GLP-1R™/7) were purchased from Beijing Biocytogen
Co., Ltd, and their identification was shown in Fig. S6. All animals were
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kept in SPF conditions with a constant ambient temperature of 25 °C, a
constant humidity of 55 % and a 12-h light-dark cycle. All animals were
free for water and food. All procedures on experimental animals were
approved by the Animal Care and Use Committee of Tongji Medical
College, Huazhong University of Science and Technology. (Ethics No.:
TJH-202403008)

2.2. Cells

Hep-G2 cells were generously provided by Taize Biotechnology Co.,
Ltd. (Guangzhou, China). The cells were cultured in MEM medium (Bio-
Channel, Nanjing, China) with 10 % FBS in a cell incubator with a
constant ambient temperature of 37 °C and a stable gas composition of 5
% CO2 and 95 % air.

2.3. Reagents

Liraglutide (Novo Nordisk) was dissolved in normal saline and
administered subcutaneously to mice at a dose of 200 pg/kg. GLP-1
(9-37) (NJPeptide, Nanjing, China), ferrostatin-1 (SML0583, Sigma-
Aldrich), ML385 (CMO05324, Proteintech, Wuhan, China) and
LDN193189 (T1935, TargetMol, USA) were dissolved in DMSO for
storage and then diluted in normal saline at the time of administration.
GLP-1(9-37) (200 pg/kg) was administered subcutaneously to mice.
Ferrostatin-1 (10 mg/kg), ML385 (30 mg/kg) and LDN193189 (3 mg/
kg) were administered intraperitoneally to mice. A 2 % carbonyl iron
food (high iron diet) was purchased from Beijing Vital River Laboratory
Animal Technology Co., Ltd.

2.4. Hepatic ischemia-reperfusion model

Male C57BL/6 mice aged six to eight weeks were utilized as the
experimental animals. The HIRI model was established as previously
described [30]. The experimental mice were fully anesthetized with 1 %
sodium pentobarbital, and the abdominal surgical area was shaved and
sterilized with 75 % ethanol. The abdominal cavity was accessed
through an incision along the abdominal midline, and the hepatic artery
and portal vein supplying the left and middle lobes were clamped with a
microvascular clip, resulting in the ischemia in 70 % of the liver lobes
(the liver lobe changed from bright red to earth yellow). After 60 min of
ischemia, the clip was removed and the abdominal cavity was closed
with silk sutures. The postoperative mice were placed in an animal
incubator at 32 °C until consciousness. Mice were sacrificed for sampling
when the reperfusion time reached 6 h. The mice in the sham operation
group underwent the same surgical procedure as the model group,
except the portal vein and hepatic artery were not clamped.

2.5. Cell hypoxia and reoxygenation model

Hep-G2 cells were seeded in 6-well or 12-well plates. When the cell
density reached approximately 70%-80 %, the cells were starved in
serum-free MEM medium for 12 h to synchronize the cell state, and then
placed in a H35 hypoxic workstation (Don whitley scientific, UK) with
conditions of 1 % O, 5 % CO5 and 94 % N,. After 48 h of hypoxia, the
cells were reoxygenated under normoxia conditions, and the medium
was replaced with complete MEM medium containing PBS, Lira, GLP-1
(9-37) or Fer-1. Following 6 h of reoxygenation, the cells were collected
for subsequent assays.

2.6. Measurement of ALT, AST, and LDH

The serum levels of ALT and AST, as well as the LDH levels in the cell
culture supernatant, were quantified by an automatic biochemical
analyzer (BS-200, Mindray).
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2.7. H&E staining

Liver tissue samples of appropriate size were cut, fixed in 4 %
paraformaldehyde and embedded in paraffin. Subsequently, the tissues
were finely sectioned at a thickness of 5 pm. These sections underwent
staining with hematoxylin and eosin dyes before scrutiny under a mi-
croscope. The evaluation of mouse liver injury was conducted using
Suzuki’s liver pathological score [31]. The scoring criteria were as fol-
lows: 0, no necrotic area; 1, single cell necrosis; 2, necrosis area <30 %;
3, necrosis area was 31-60 %; 4, the necrotic area >60 %.

2.8. TUNEL staining

TUNEL staining of liver paraffin sections was performed following
the manufacturer’s instructions for the TUNEL assay kit (A113-01,
Vazyme Biotech Co.,Ltd, Nanjing, China).

2.9. Measurement of ROS in liver tissues and cells

The DHE probe (D7008-10, Sigma-Aldrich) was employed to assess
the ROS levels in liver frozen sections and the DCFH-DA probe (S0033S,
Beyotime Institute of Biotechnology) was utilized to determine the
intracellular ROS levels in Hep-G2 cells, following the guidelines pro-
vided by the respective manufacturers.

The mitochondrial ROS in Hep-G2 cells was detected with the
MitoSOX Red Kit (S0061S, Beyotime Institute of Biotechnology) in
accordance with the manufacturer’s guidelines.

2.10. Measurement of lipid peroxides, antioxidants and Fe?* in liver
tissue and Hep-G2 cells

Liver tissue and Hep-G2 cell homogenates were prepared, and the
quantification of MDA, GSH, SOD and Fe?* levels were conducted using
assay kits according to the manufacturer’s instructions. All the assay kits
for MDA, GSH, SOD and Fe’" were purchased from Elabscience
Biotechnology Co.,Ltd (Wuhan, China).

The Fe?' in Hep-G2 cells was also detected with FerroOrange probe
(F374, DOJINDO, Japan) in accordance with the manufacturer’s
guidelines.

2.11. Immunohistochemistry

After being dewaxed, hydrated and subjected to antigen retrieval,
the paraffin sections were blocked with 10 % goat serum. Subsequently,
the sections were incubated with primary antibodies against GPX4
(1:200, A11243, ABclonal Technology), COX2 (1:400, 66351-1-Ig,
Proteintech) and NRF2 (1:200, 16396-1-AP, Proteintech) overnight at
4 °C. Following this, the sections were incubated with an HRP-labeled
secondary antibody at room temperature for 1 h. Finally, after DAB
and hematoxylin staining, dehydration and sealing, the sections un-
derwent microscopic examination.

2.12. Immunofluorescence

Hep-G2 cells were seeded on cell slides for immunofluorescence.
After being fixed with 4 % paraformaldehyde and permeabilized with
0.5 % Triton-X-100, the cells were blocked with 10 % goat serum.
Subsequently, the cells were incubated with primary antibodies against
4-HNE (1:200, Ab48506, Abcam), GPX4 (1:200, A11243, ABclonal
Technology) and COX2 (1:200, 66351-1-Ig, Proteintech) overnight at
4 °C. Following this, the cells were treated with fluorescent secondary
antibodies and underwent DAPI staining. Finally, the cells were visual-
ized by a fluorescence microscopy.
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2.13. Western blot

Proteins from liver tissues and Hep-G2 cells were extracted with
RIPA lysate (POO13E, Beyotime Institute of Biotechnology, Shanghai,
China), and the cytoplasmic and nuclear proteins were extracted with
Nuclear and Cytoplasmic Protein Extraction Kit (KTP3001, Abbkine,
Wuhan, China). Subsequently, tissue proteins (80 pg) and cell proteins
(40 pg) were separated through electrophoresis and transferred to PVDF
membranes. The blots were blocked with 5 % skim milk and then
incubated overnight at 4 °C with primary antibodies against GPX4
(1:2000, A11243, ABclonal), COX2 (1:1000, 66351-1-Ig, Proteintech),
NOX4 (1:1000, A22149, ABclonal), 4-HNE (1:1000, Ab48506, Abcam),
Nrf2 (1:2000, A21508, ABclonal), NQO1 (1:2000, A22290, ABclonal),
SOD (1:2000, A0274, ABclonal), HO-1 (1 : 1000, A19062, ABclonal),
GSK3p (1:2000, A11731, ABclonal), p-GSK3p (1:2000, AP1088, ABclo-
nal), FTH (1:2000, A19544, ABclonal), FTL (1:1000, 10727-1-AP, Pro-
teintech), TfR1 (1:500, A21622, ABclonal), STAT3 (1:1000, #12640,
Cell Signaling Technology), p-STAT3 (1:2000, #9145, Cell Signaling
Technology), Hepcidin (1:1000, DF6492, Affinity Biosciences),
SMAD159 (1:1000, ab300164, Abcam), SMAD4 (1:1000, #46535, Cell
Signaling Technology), NCOA4 (1:500, DF4255, Affinity Biosciences),
LC3 (1:1000, #12741, Cell Signaling Technology), P62 (1:500, A19700,
ABclonal), IRP1 (1:1000, 12406-1-AP, Proteintech) and IRP2 (1:1000,
29976-1-AP, Proteintech). Upon incubation with HRP-labeled second-
ary antibodies, the blots were visualized with ECL solution. The gray-
scale intensities of the blots were quantified by Image J.

2.14. gPCR

The RNA from liver tissues and Hep-G2 cells was isolated using an
RNA extraction kit (220010, Fastagen, Shanghai, China). Subsequently,
the extracted RNA underwent reverse transcription into cDNA utilizing a
cDNA Synthesis SuperMix (11141 ES, YEASEN). Finally, the cDNA was
quantitatively amplified with ChamQ SYBR qPCR Master Mix (High
ROX Premixed) (Q341-02/03, Vazyme), and the mRNA levels were
analyzed based on the CT values. The specific primer sequences are
shown in Table S1.

2.15. Cell viability assay

The viability of Hep-G2 cells was assessed by a CCK8 assay kit
(40203 ES, YEASEN) following the manufacturer’s guidelines.

2.16. Transmission electron microscope (TEM)

Fresh mouse liver tissues were rapidly cut into 1 mm® cubes and
thoroughly immersed in electron microscope fixative. After fixation,
dehydration, and embedding, the samples were sectioned into 70 nm-
sized slices. Subsequently, these sections were stained with 3 % uranyl
acetate and lead citrate. Finally, the mitochondrial structure within the
sections were visualized by utilizing a transmission electron microscope.

2.17. Assessment of mitochondrial membrane potential

The JC-1 fluorescent probe (C2005, Beyotime Institute of Biotech-
nology) was utilized to assess the mitochondrial membrane potential in
Hep-G2 cells following the guidelines provided by the manufacturer.

2.18. RNA IP

The RNA Immunoprecipitation (RIP) assay was conducted utilizing
the RIP kit (Bes5101, Guangzhou Bersinbio Bioscience CO., LTD, China)
following the instructions provided by the manufacturer. Briefly, the
anti-IRP1 antibody (12406-1-AP, Proteintech) was added to the cell
lysate to immunoprecipitate IRP1. Subsequently, the RNA bound to IRP1
was isolated and quantified by qPCR. The rabbit IgG was utilized as the
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negative control. Independent-Sample T Test, with a P-value below 0.05 deemed as sta-

tistically significant. All data analysis and statistical charts were pro-

2.19. Statistical analysis

In this study, quantitative data were presented as Mean + SEM. The
differences between the two groups were analyzed using an
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Fig. 1. Liraglutide and GLP-1(9-37) attenuated hepatic ischemia-reperfusion injury in vivo.

(A) Detailed treatment in vivo. Black arrows refer to saline, red arrows refer to liraglutide (200 pg/kg), blue arrows refer to GLP-1(9-37) (200 pg/kg) and brown
arrows refer to GLP-1(28-37) (200 pg/kg). (B) The ALT and AST levels in mice with different treatment (n = 4). The liver injury was showed by the representative
H&E staining (C) and the representative TUNEL staining (D). And the size of necrotic area, the Suzuki’s score and the proportion of TUNEL positive cells were shown
(E). Data were presented by the mean + SEM. *P<0.05; **P<0.01; ***P<0.001; P<0.0001; NS refers to non-significant.




C. Lu et al
3. Results

3.1. Liraglutide (Lira) and its metabolite GLP-1(9-37) attenuated the
liver injury induced by ischemia-reperfusion (I/R) in mice

First of all, we assessed the drug toxicity of Lira and its metabolites.
The results showed that they did not cause any significant pathological
changes in major organs, including the intestine, lung, kidney, heart,

and liver, during the treatment period (Fig. S1A). Besides, they also did
not result in significant changes in injury markers, including ALT, AST,
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CK, CREA, UREA, and LDH (Fig. S1B). In terms of body weight, Lira
treatment resulted in a significant weight loss in mice, whereas its me-
tabolites did not have this effect (Fig. S1C). Subsequently, we explored
the optimal modeling condition. We assessed the liver injury in mice at
1, 3, 6, 12, 24 h of reperfusion after 1 h ischemia, respectively. Both
pathological examination and liver injury markers indicated that the
liver damage was most severe at 6 h of reperfusion (Figs. S2A and S2B).
Therefore, we chose the time point of 1-h ischemia and 6-h reperfusion
for our modeling condition.

To investigate the protective effect of Lira and its metabolites on HIRI
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Fig. 2. Liraglutide and GLP-1(9-37) alleviated the ferroptosis following hepatic I/R injury.

(A) The level of ROS production in liver tissues was performed by DHE fluorescence probe, and the fluorescence density of ROS was calculated (n = 6). (B) The lipid
peroxidation level in liver tissues was measured by C11-BODIPY probe (200 x ) and the ratio of oxidized lipids was shown (n = 3). (C) The content of MDA, GSH,
Fe?* and the activity of T-SOD in each group (n = 4-5). (D) The protein expression of GPX4, COX2, NOX4 and 4-HNE in liver tissues was measured by Western blot,
and quantitative analysis of the results was performed (n = 3). (E) The mRNA levels of PTGS2 and ALOX12 in liver tissues (n = 4). (F) Representative images of the
immunohistochemical staining of GPX4 and COX2 in liver tissues. (G) Representative TEM images of liver tissues in each group. Data were presented by the mean +

SEM. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.
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in mice, we randomly divided the mice into five groups, and the specific
grouping and dosing regimens were shown in Fig. 1A (Fig. 1A).
Biochemical results showed that compared with the Sham group, he-
patic ischemia-reperfusion significantly increased the levels of ALT and
AST in the serum of mice, which was significantly reversed by Lira and
GLP-1(9-37) preconditioning (Fig. 1B). H&E staining results showed
that I/R caused extensive hepatocyte necrosis (with necrotic areas
exceeding 40 %), hyperemia and substantial inflammatory cell
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C v
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infiltration in the injured areas, while preconditioning with Lira and
GLP-1(9-37) significantly reduced the tissue damage induced by I/R
(Fig. 1C-E). In line with the HE results, TUNEL staining of liver tissue
showed a marked increase in apoptotic positive cells in the I/R group,
while preconditioning with Lira and GLP-1(9-37) significantly
decreased the number of apoptotic cells (Fig. 1D and E). However, the
above protective effects were not observed in the GLP-1(28-37) treat-
ment group (Fig. 1B, C, D, E). These results indicated that both Lira and

1h 6h

Reperfusion 1

1 Ischemia 1
-th 0 1h 7h
C57BL/6 mice
‘ Ferrostatin-1 High-Iron Diet
i i i * h 6h .
§ Liraglutide Fe+R+Lira : ! 7 Y ] | tlschemiat Reperfusion 1
V GLP-1(9-37) h sh .
VoV ¥ ¥ b ichemial Reperfusion 1
¢ Hightronpiet  Fe*/R¥GLP-1(9-37) L e ——— -
-14d 2.5d -1.5d -0.5d 0 1h 2h 8h
30000 20000
. = < 15000
__ 400 S 20000 =]
£ _T_ = & 10000
§ 300 Emooo E
3 _l_ 2 2 5000
gzoo @ ]
3 =TT T T T T T =TT T T T T
£ 100 IR - + o+ o+ + o+ + + o+ IR - + O+ o+ + o+ + + o+
Z Ura = = % = = #+ = %+ = Gl = o o = = = B e
£ GLP-1(9-37) - - = + - - + - % GLP-1(9-37) - - -+ - - + - %
v T T - - - i - 5 5 i - - s G i i s 5 % i
NID HID S A Wl I IliiIc
ML385 - - - = - = = + o+ ML385 - - = = = = = + %
Sham IIR I/R+Lira I/R+GLP-1(9-37)
2 = & = 80 "
;‘; ™
T 60
S
ke e . E © 40
=
Fe ML385 =
2 20
I/R+Lira IIR+GLP-1(9-37) IIR+Lira IIR+GLP-1(9-37) 8
z
0 -t T T T T T
IR S r e+ o+ o+ o+ s
Lira @ = oW = W =
GLPA(937) - - — + — 4+ — %
. e e e Fe = g o= = B o® B =
ML38S - - - - - - o+ &
E Sham IIR I/R+Lira I/R+GLP-1(9-37)
__100 "
2 E—
= 80 —_—
8
2 60
'1’73
g 40
- |
R+Lira IR+GLP-1(9-37) R+Lira IIR+GLP-1(9-37) [T
2
o T T T T T T
IR s+ 4+ o+
Lira - - + - + - + -
GLPA(B37) - - - + - + - +
Fe T
ML38S - - - - - - o+ %

Fig. 3. The protective effects of Lira and GLP-1(9-37) on hepatic ischemia-reperfusion injury were related to their inhibitory effects on ferroptosis.

(A) Detailed treatment in vivo. Black arrows refer to ferrostatin-1, red arrows refer to liraglutide (200 pg/kg), blue arrows refer to GLP-1(9-37) (200 pg/kg) and green
arrows refer to High-Iron diet (2 % carbonyl iron diet). (B) The determination of total iron content in liver tissues (n = 3). (C) The ALT and AST levels in mice with
different treatment (n = 3). (D) The representative H&E staining of liver tissues and the size of necrotic area (n = 3). (E) The representative of TUNEL staining of liver
tissues and the proportion of apoptosis positive cells (n = 3). Data were presented by the mean + SEM. *P<0.05; **P<0.01; ***P<0.001.
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GLP-1(9-37) could attenuate HIRI in mice, while GLP-1(28-37) did not
have this effect. Thus, we only investigated the effects of Lira and GLP-1
(9-37) in the subsequent experiments.

3.2. Lira and GLP-1(9-37) attenuated the ferroptosis triggered by hepatic
ischemia-reperfusion

Firstly, we determined whether ferroptosis occurs in the HIRI model
used in this study. We assessed the levels of oxidized lipids as well as the
expression of GPX4 and PTGS2. The results showed that at the time point
of 6-h reperfusion, in addition to the most severe damage, there were
also the highest level of oxidized lipids, the lowest expression of GPX4,
and the highest expression of PTGS2 (Figs. S2C, S2D, S2E). Besides,
ferrostatin-1 (Fer-1), a ferroptosis inhibitor, was administered to mice as
illustrated in Fig. 3A (Fig. 3A), and the protective effect of Fer-1 on HIRI
was evaluated by measuring the liver enzyme levels. The results showed
that an intraperitoneal injection of 10 mg/kg Fer-1, administered 1 h
before surgery, significantly decreased serum ALT and AST levels, which
indicated the protective effect of Fer-1 on HIRI and confirmed the
involvement of ferroptosis in the HIRI model we used (Fig. 3C).

Next, we evaluated the effects of Lira and GLP-1(9-37) on the fer-
roptosis in HIRI by examining multiple ferroptosis-related indicators.
The ROS level in liver tissues was detected with the DHE probe. It was
found that the ROS level significantly increased after I/R, while pre-
conditioning with Lira and GLP-1(9-37) significantly reduced the I/R-
induced ROS increase (Fig. 2A). The oxidized lipids, Fe?t, MDA, GSH
and SOD levels in liver tissues were also measured. The results showed
that I/R increased the levels of oxidized lipids, Fe?t and MDA, and
decreased the levels of GSH and SOD in liver tissues, while pre-
conditioning with Lira and GLP-1(9-37) significantly reduced the
oxidized lipids, Fe?" and MDA levels and increased GSH and SOD levels
in liver tissues (Fig. 2B and C). What’s more, the levels of several
ferroptosis-related proteins were detected. The results showed a sub-
stantial reduction in the expression of GPX4 following I/R, while Lira
and GLP-1(9-37) preconditioning increased its expression. Conversely,
the expressions of COX2, NOX4, and 4-HNE were significantly increased
after I/R, and their levels were reduced by preconditioning with Lira and
GLP-1(9-37) (Fig. 2D). The immunohistochemical results of GPX4 and
COX2 in liver tissues were consistent with the Western blot findings
(Fig. 2F). At the mRNA level, PTGS2 and ALOX12, associated with fer-
roptosis, were significantly upregulated by I/R, while these increases
were blocked by Lira and GLP-1(9-37) preconditioning (Fig. 2E).
Finally, we observed the mitochondrial morphology in liver tissues and
found that I/R caused significant mitochondrial destruction, evidenced
by heightened density, shortened long diameter, and decreased mito-
chondrial cristae, which was significantly attenuated by Lira and GLP-1
(9-37) preconditioning (Fig. 2G). These results suggested that Lira and
GLP-1(9-37) could reduce the levels of free iron and lipid peroxides,
alleviate the oxidative damage in the liver tissues after I/R, and thereby
inhibit the occurrence of ferroptosis.

3.3. Lira and GLP-1(9-37) exert protective effects against HIRI by
attenuating ferroptosis

To investigate whether the protective effects of Lira and GLP-1(9-37)
on HIRI were related to their effects on inhibiting ferroptosis, we fed
mice with a high-iron diet (HID) containing 2 % carbonyl iron, which
was used to exacerbate the ferroptosis during I/R by increasing liver iron
content [11]. Subsequently, we observed whether the protective effects
of Lira and GLP-1(9-37) were affected under this condition. The detailed
experimental protocol was shown in Fig. 3A (Fig. 3A). After 14 days of
HID feeding, the total iron level in mouse liver tissues showed a signif-
icant increase (Fig. 3B). Biochemical analysis showed that HID feeding
significantly attenuated the effects of Lira and GLP-1(9-37) on reducing
the ALT and AST levels in the serum of postoperative mice (Fig. 3C).
H&E pathological staining results also revealed significantly worse liver
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injury, larger necrotic areas, and more inflammatory cell infiltration in
the Lira and GLP-1(9-37) preconditioning groups after HID feeding
(Fig. 3D). Furthermore, TUNEL staining of liver tissues demonstrated
that HID feeding resulted in a marked increase in the percentage of
apoptotic positive cells in the Lira and GLP-1(9-37) preconditioning
groups, aligning with the findings from HE staining (Fig. 3E). These
results indicated that HID feeding markedly attenuated the protective
effects of Lira and GLP-1(9-37) on HIRI, indicating a correlation be-
tween the inhibitory effects of Lira and GLP-1(9-37) on ferroptosis and
their efficacy in protecting against HIRI.

3.4. Lira and GLP-1(9-37) could inhibit the ferroptosis in hepatic
ischemia-reperfusion through a GLP-1R-independent pathway

Previous studies have found that GLP-1R agonists and metabolites
still have partial effects in GLP-1R knockout (GLP-1R™/7) mice [24,25,
32]. Thus, we explored whether the inhibitory effects of Lira and GLP-1
(9-37) on the ferroptosis in HIRI were also not entirely dependent on
GLP-1R. To investigate this, We used GLP-IR™/~ mice as the experi-
mental animals to establish the HIRI model, following the same pro-
cedure as with WT mice. The detection of ROS revealed that in
GLP-1R™/~ mice, Lira and GLP-1(9-37) still slightly decreased the ROS
levels in the liver after I/R (Fig. 4A). Additionally, the analysis of
oxidized lipids, Fe?", SOD, GSH and MDA levels in liver tissues showed
that in the absence of GLP-1R, Lira and GLP-1(9-37) preconditioning
still reduced the oxidized lipids, Fe?* and MDA levels and elevated GSH
levels, with no change in SOD levels (Fig. 4B and C). Furthermore, the
expression of ferroptosis-related proteins was also examined. It was
found that preconditioning with Lira and GLP-1(9-37) still increased the
expression of GPX4 in the liver of GLP-1R ™/~ mice, and suppressed the
expression of 4-HNE and COX2 (Fig. 4D). These results suggested that
there might be a GLP-1R-independent pathway for the inhibitory effects
of Lira and GLP-1(9-37) on the ferroptosis in HIRI.

3.5. Lira and GLP-1(9-37) attenuated the cell damage induced by
hypoxia-reoxygenation (H/R) in Hep-G2 cells

Previous research has elucidated that ferroptosis predominantly oc-
curs in hepatocytes during hepatic ischemia-reperfusion [13]. Thus, we
further investigated whether Lira and GLP-1(9-37) inhibited the fer-
roptosis in hepatocytes during HIRL In the in vitro study, a cellular
hypoxia-reoxygenation model was utilized to simulate the
ischemia-reperfusion injury in vivo, and Hep-G2 cells were utilized as a
model for human hepatocytes. After exploration, we finally determined
the experimental regimen of H/R as 48 h of hypoxia followed by 6 h of
reoxygenation. The specific experimental regimen and drug treatment
details were shown in Fig. 5A (Fig. 5A). Initially, multiple drug con-
centration gradients of Lira and GLP-1(9-37) were tested to determine
their protective effects and appropriate dose. The results of the CCK-8
assay revealed a substantial reduction in the viability of Hep-G2 cells
following H/R, which was only about half of that of the Control group.
However, as the drug concentration increased, both Lira and GLP-1
(9-37) demonstrated protective effects against H/R-induced cell dam-
age in Hep-G2 cells. The optimal and stable protective effects were
observed at a concentration of 25 pmol/L for both Lira and GLP-1(9-37)
(Fig. 5B). Consequently, 25 pmol/L was chosen as the concentration for
both Lira and GLP-1(9-37) in the subsequent cell experiments. Then, the
content of LDH in the cell culture supernatant was measured. It was
found that H/R caused a significant increase in LDH levels in the su-
pernatant, while both Lira and GLP-1(9-37) treatment at 25 pmol/L
reduced the H/R-induced increase in LDH levels (Fig. 5C). These results
demonstrated that both Lira and GLP-1(9-37) provided protective ef-
fects against the cell damage induced by H/R in Hep-G2 cells.
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Fig. 4. Liraglutide and GLP-1(9-37) also alleviated the ferroptosis in GLP-1R™/~ mice following hepatic I/R injury.
(A) The assessment of ROS levels in liver tissues of GLP-1R /™ mice was performed by DHE fluorescence probe, and the fluorescence density of ROS was calculated (n

= 5). (B) The lipid peroxidation level in liver tissues of GLP-1R ™/~

mice was detected by C11-BODIPY probe (200 x ) and the ratio of oxidized lipids was shown (n =

3). (C) The content of MDA, GSH, Fe?* and the activity of T-SOD in liver tissues of GLP-1R™/~ mice in each group (n = 3-6). (D) The protein expression of GPX4,
COX2 and 4-HNE in liver tissues of GLP-1R/~ mice was measured by Western blot, and the quantitative results were performed (n = 4). Data were presented by the
mean + SEM. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001; NS refers to non-significant.

3.6. Lira and GLP-1(9-37) attenuated the ferroptosis triggered by H/R in
Hep-G2 cells

In the in vivo study, we verified that Lira and GLP-1(9-37) pre-
conditioning could attenuate the ferroptosis triggered by hepatic
ischemia-reperfusion. In the in vitro study, we further investigated
whether Lira and GLP-1(9-37) could also mitigate the ferroptosis trig-
gered by H/R in Hep-G2 cells. First, to confirm the presence of ferrop-
tosis in the H/R model of Hep-G2 cells, Fer-1 was utilized following the
experimental regimen depicted in Fig. 5A (Fig. 5A). The results of the
CCK-8 assay showed that 3 pmol/L Fer-1 exerted a protective effect
against H/R injury in Hep-G2 cells (Fig. 5B), which suggested the
occurrence of ferroptosis in the H/R model of Hep-G2 cells.

Next, we measured the levels of lipid peroxides, free iron, and
ferroptosis-related protein expressions in the cells from each group. The
intracellular ROS levels were assessed by the DCFH-DA probe. Both flow
cytometry detection and immunofluorescence images revealed that H/R
significantly increased ROS levels in Hep-G2 cells, while both Lira and
GLP-1(9-37) treatment reduced intracellular ROS levels after H/R
(Fig. 6A, Fig. S3A). The mitochondrial ROS was observed by the Mito-
SOX probe, and the results showed that Lira and GLP-1(9-37) signifi-
cantly blocked the increase of mitochondrial ROS induced by H/R

(Fig. 6I). Meanwhile, H/R also resulted in an increase in the oxidized
lipids and MDA and a decrease in the antioxidants GSH and SOD in Hep-
G2 cells, while these effects were reversed by treatment with Lira and
GLP-1(9-37) (Fig. 6B and C). The detection of intracellular Fe?" content
showed that H/R induced the accumulation of Fe?* in Hep-G2 cells,
which was mitigated by Lira and GLP-1(9-37) treatment (Fig. 6C).
Correspondingly, the FerroOrange probe staining showed the same
result that the fluorescence intensity of Hep-G2 cells was enhanced by
H/R and weakened by Lira and GLP-1(9-37) treatment (Fig. 6D). At the
protein expression levels, H/R induced a notable reduction in GPX4
levels and an elevation in COX2 levels in Hep-G2 cells, while these
changes were reversed by Lira and GLP-1(9-37) treatment (Fig. 6E). And
the corresponding fluorescence images showed the same result
(Figs. S3B and S3C). At the mRNA level, H/R also induced an increase in
PTGS2 and ALOX15, and these increases were markedly reduced by Lira
and GLP-1(9-37) treatment (Fig. 6F). In addition, the immunofluores-
cence assay demonstrated that Lira and GLP-1(9-37) treatment signifi-
cantly decreased the H/R-induced increase in 4-HNE content in Hep-G2
cells (Fig. 6G). Finally, mitochondrial membrane potential (MMP) was
measured to evaluate the status of intracellular mitochondria. The re-
sults showed that the Control group exhibited predominantly red fluo-
rescence, whereas H/R treatment resulted in a marked reduction in red
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*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.

fluorescence and an elevation in green fluorescence, indicating a decline
in MMP and impaired mitochondrial function, which was reversed by
Lira and GLP-1(9-37) treatment (Fig. 6H). These findings demonstrated
that Lira and GLP-1(9-37) could reduce intracellular Fe?* and lipid
peroxides levels while enhancing the antioxidant capacity of Hep-G2
cells following H/R, thereby inhibiting the occurrence of ferroptosis.

3.7. Lira and GLP-1(9-37) reduced the lipid oxidation level by promoting
the nuclear translocation of Nrf2 during hepatic ischemia-reperfusion and
cell hypoxia-reoxygenation

To investigate how Lira and GLP-1(9-37) affect the ferroptosis in
HIRI, we performed RNA sequencing on the livers of mice subjected to I/
R, I/R + Lira, and I/R + GLP-1(9-37) treatments, respectively. Gene
Ontology (GO) analysis on the differentially expressed genes between I/
R and I/R + Lira groups showed that iron ion binding function and
oxidoreductase function were enriched in the top 20 terms (Fig. S4A).
Similarly, the same functions were also enriched in the GO analysis
between I/R and I/R + GLP-1(9-37) groups (Fig. S4A). Given that fer-
roptosis is characterized by massive iron accumulation and lipid per-
oxidation, culminating in severe oxidative damage, we hypothesized
that Lira and GLP-1(9-37) might inhibit ferroptosis through their ability
to regulate iron metabolism and lipid peroxidation. So we explored the

mechanisms underlying their ferroptosis-inhibiting effects through these
two aspects.

Firstly, based on the RNA sequencing results, we analyzed the gene
expression of oxidoreductases. Heatmap indicated that the gene
expression of most oxidoreductases was significantly increased after the
treatment with Lira or GLP-1(9-37) (Fig. S4B). Previous studies have
established that most of these oxidoreductases were regulated by Nrf2, a
key molecule for intracellular defense against oxidative stress [33].
Upon activation, it translocates to the nucleus, where it serves as a
transcription factor, enhancing the expression of an array of antioxidant
enzymes [33,34]. Thus, we next examined the activation of Nrf2. The
total protein level of Nrf2 in liver tissues and Hep-G2 cells was detected,
however, the results indicated that treatment with Lira and GLP-1(9-37)
did not significantly change the total protein level of Nrf2 (Fig. 7A).
Then, We further examined the nuclear translocation of Nrf2 in both the
HIRI and H/R models. After I/R, the nuclear abundance of Nrf2 was
increased, with no significant alteration in the cytoplasmic level, while
preconditioning with Lira and GLP-1(9-37) further elevated the nuclear
Nrf2 level and concomitantly reduced its cytoplasmic presence (Fig. 7B).
The immunohistochemical assay corroborated these findings, showing
an enhanced nuclear localization of Nrf2 following treatment with Lira
and GLP-1(9-37) (Fig. 7C). Similar results were obtained in vitro, where
treatment with Lira and GLP-1(9-37) significantly increased the nuclear
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Fig. 6. Liraglutide and GLP-1(9-37) alleviated the ferroptosis induced by H/R in Hep-G2 cells.

(A) Intracellular ROS of each group was measured by flow cytometry and the quantification of ROS level was performed (n = 4). (B) The oxidized lipids in cells were
detected by flow cytometry using C11-BODIPY probe and the ratio of fluorescence density was shown (n = 4). (C) The levels of Fe?*, GSH, MDA and the activity of
SOD in Hep-G2 cells with different treatment (n = 4-7). (D) The Fe?" in cells was observed by FerroOrange probe and the fluorescence density was performed (n =
5). (E) The protein expression of GPX4 and COX2 in Hep-G2 cells was measured by Western blot, and the quantitative results were performed (n = 3-4). (F) The
mRNA levels of PTGS2 and ALOX15 in Hep-G2 cells (n = 3-4). (G) The content of 4-HNE in Hep-G2 cells was measured by IF and the quantification was performed
(n = 5). (H) MMP was measured by JC-1 probe and the level of MMP was performed as red/green fluorescence ratio (n = 4). (I) Mitochondrial ROS of each group was
detected by MitoSOX Red Probe and the quantification was performed (n = 4). Data were presented by the mean + SEM. *P<0.05; **P<0.01;
*#*p<0.001; ****P<0.0001.
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Fig. 7. Liraglutide and GLP-1(9-37) attenuated the level of lipid peroxidation
by promoting NRF2 nuclear translocation both in vivo and in vitro.

(A) The total protein levels of Nrf2 in liver tissues and Hep-G2 cells were
measured by WB, and the quantitative results were performed (n = 4). (B) The
abundance of NRF2 in cytoplasm and nucleus in liver tissues was measured by
Western blot and the quantitative result was performed (n = 3). (C) The nuclear
translocation of NRF2 was observed by IHC (200 x ). (D) The mRNA levels of
NQO1, HO-1 and SOD in liver tissues were assessed by quantitative real-time
PCR (n = 3-4). (E) The NRF2 in the cytoplasm and nucleus in Hep-G2 cells
was assessed by western bolt and the quantitative results were performed (n =
4). (F) The protein abundances of NQO1, SOD and HO-1 were assessed by
Western blot and the quantification was performed (n = 3). (G) Detailed
treatment in vivo. Red arrows refer to liraglutide (200 pg/kg), blue arrows refer
to GLP-1(9-37) (200 pg/kg) and purple arrows refer to ML385 (30 mg/kg). (H)
The levels of MDA, GSH, Fe?* and the activity of T-SOD in each group (n =
4-5). (I) The lipid peroxidation level in liver tissues was detected by C11-
BODIPY probe (200 x ) and the ratio of oxidized lipids was performed (n =
3). (J) The protein expression of GPX4, COX2 and 4-HNE in liver tissues was
measured by Western blot and the quantification was performed (n = 3). (K)
The abundance of NRF2 in cytoplasm and nucleus in Hep-G2 cells with SN50
(30 pM) or Leptomycin (100 nM) treatment was detected by WB, and the
quantitative result was performed (n = 3). (L) The protein expression of GSK3p
and p-GSK3p was assessed by Western blot and the quantification was per-
formed (n = 3). (M) The levels of NRF2 in cytoplasm and nucleus after p-GSK3p
inhibition by DIF-3 (10 pM) were measured by WB, and the quantitative result
was performed (n = 3). (N) Molecular docking proposed the interaction mode
of GLP-1R and GSK3p (Docking Score: —305.8; Confidence Score: 0.9575) and
the interaction mode of GLP-1(9-37) and GSK3p (Binding Energy: —514.2 kcal/
mol). (O) The interaction between GLP-1R and GSK3p was detected by immu-
noprecipitation. Data were presented by the mean + SEM. *P<0.05, *#P<0.01
###p<0.001 versus the Sham group; "P<0.05, **P<0.01, ***P<0.001 versus
tPe 1/R group; *P<0.05; **P<0.01; ***P<0.001; NS refers to non-significant.

Nrf2 protein level in Hep-G2 cells (Fig. 7E). Meanwhile, we also exam-
ined the expression of Nrf2 downstream targets. In vivo, Lira pre-
conditioning markedly elevated the mRNA levels of NQO1, HO-1, and
SOD in liver tissues, whereas GLP-1(9-37) preconditioning increased the
NQO1 mRNA level, without statistically significant effects on HO-1 and
SOD (Fig. 7D). In vitro experiments demonstrated that both Lira and
GLP-1(9-37) elevated the protein levels of NQO1, SOD, and HO-1
(Fig. 7F). These results suggested that both Lira and GLP-1(9-37)
could facilitate the translocation of Nrf2 to the nucleus and induce the
expression of its downstream antioxidant enzymes.

Then, to investigate whether the effects of Lira and GLP-1(9-37) on
reducing lipid peroxides was related to the activation of Nrf2, we uti-
lized an Nrf2-specific inhibitor, ML385, in vivo. The specific adminis-
tration regimen was shown in Fig. 7G (Fig. 7G). We found that ML385
treatment significantly inhibited the nuclear translocation of Nrf2 pro-
moted by Lira and GLP-1(9-37), resulting in an obvious reduction of
Nrf2 in the nucleus coupled with an increase in the cytoplasm (Fig. 7B).
Additionally, ML385 treatment also conspicuously decreased the mRNA
levels of NQO1, HO-1, and SOD (Fig. 7D). These results indicated that
the activity of Nrf2 were significantly inhibited by ML385 treatment.
Biochemical assays, as well as HE and TUNEL staining, revealed that the
inhibition of Nrf2 by ML385 significantly countered the protective ef-
fects of Lira and GLP-1(9-37), resulting in increased serum ALT and AST
levels, enlarged areas of tissue necrosis and a higher proportion of
apoptosis-positive cells (Fig. 3C, D, E). Furthermore, Nrf2 inhibition also
countered the effects of Lira and GLP-1 (9-37) on oxidized lipids, SOD,
GSH, and MDA levels, leading to an elevation in oxidized lipids and
MDA levels and a reduction in GSH and SOD levels but no significant
change in Fe?* levels in liver tissues (Fig. 7H and I). What’s more,
following the inhibition of NRF2 in Lira and GLP-1(9-37) pre-
conditioning group, the expression of 4-HNE and COX2 was highly
increased, while the expression of GPX4 was significantly decreased
(Fig. 7J). These findings indicated that Lira and GLP-1(9-37) reduced
the lipid peroxidation level in HIRI by promoting Nrf2 nuclear
translocation.
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The nuclear abundance of Nrf2 is related to its nuclear import and (9-37) treatments were still able to increase the nuclear Nrf2 abundance
export processes. Therefore, to investigate the reason why Lira and GLP- after nuclear import inhibition, while this effect was blocked after nu-
1(9-37) treatments increased the nuclear Nrf2 abundance, we utilized clear export inhibition (Fig. 7K). This finding indicated that Lira and
the nuclear import inhibitor SN50 and the nuclear export inhibitor GLP-1(9-37) might increase the nuclear abundance of Nrf2 by pre-
Leptomycin B, respectively. The results showed that Lira and GLP-1 venting its nuclear export. Previous studies have identified GSK3p as a
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Fig. 8. Liraglutide and GLP-1(9-37) increased the expression of FTH and FTL in both in vivo and in vitro.

(A) The protein expression of FTH, FTL, Hepcidin and TfR1 in liver tissues. (B) The quantification of protein expression (n = 3-4). (C) The mRNA levels of DMT1,
TfR1, FPN, FTH and FTL in liver tissues (n = 4-6). (D) The protein expression of FTH, FTL and TfR1 in Hep-G2 cells. (E) The quantification of protein expression (n =
3-4). (F) The mRNA levels of DMT1, TfR1, FPN, FTH and FTL in Hep-G2 cells (n = 4-6). Data were presented by the mean + SEM. *P<0.05; **P<0.01; ***P<0.001;
NS refers to non-significant.
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pivotal upstream regulator of Nrf2 nuclear export [35]. Activated GSK3p
promotes the degradation and nuclear export of Nrf2, consequently
reducing the protein abundance of Nrf2 within the nucleus [35,36]. We
measured the phosphorylation level of GSK3p at the Ser-9 site, an
inhibitory site for the activation of GSK3p. Interestingly, we found that
Lira and GLP-1(9-37) treatments significantly increased the phosphor-
ylation level at the Ser-9 site compared to the Control and H/R groups
(Fig. 7L). To investigate whether the inhibitory effect of Lira and GLP-1
(9-37) on Nrf2 nuclear export is related to the phosphorylation of
GSK3p, we utilized DIF-3 to inhibit the phosphorylation level of GSK3p
at the Ser-9 site and the results showed that the effect of Lira and GLP-1
(9-37) on increasing Nrf2 nuclear abundance was reversed by the in-
hibition of GSK3p phosphorylation (Fig. 7M). Besides, we employed
Molecular docking to predict the binding affinity between GLP-1R and
GSK3p, as well as between GLP-1(9-37) and GSK3p. The confidence
score and binding energy indicated that both GLP-1R and GLP-1(9-37)
might have a good binding affinity to GSK3f (Fig. 7N). The potential
binding sites were shown in Fig. S7 (Figs. S7A and C). The result of IP
also indicated the interaction between GLP-1R and GSK3p (Fig. 70).
These findings suggested that the promoted nuclear translocation of
Nrf2 induced by Lira and GLP-1(9-37) might be mediated through the
modulation of GSK3p activity.

3.8. Lira and GLP-1(9-37) increased the expression of FTH and FTL in
HIRI and H/R models

Iron plays a pivotal role in the initiation of ferroptosis. Thus, besides
enhancing antioxidant capacity, reducing intracellular free iron levels
can also effectively hinder the progression of ferroptosis [37]. Intracel-
lular iron levels are regulated by the proteins associated with iron
metabolism, such as iron transporters (TfR1, DMT1, FPN) and iron
storage proteins (FTH, FTL) [38]. In this study, our results have indi-
cated that Lira and GLP-1(9-37) could significantly decrease the levels
of Fe>* in both the HIRI model and the H/R model, and the GO analysis
of both groups enriched the iron ion binding function. To explore the
underlying mechanism of the decreased Fe?* levels, we further con-
ducted a analysis of the proteins linked to iron metabolism. In mouse
liver tissues, Lira and GLP-1(9-37) preconditioning significantly
enhanced the expression of FTH and FTL at both protein and mRNA
levels in comparison to the I/R group; however, there was no alteration
in the levels of TfR1, FPN and DMT1 (Fig. 8A, B, C). Similarly, in the H/R
model, the expression trends were consistent with those observed in the
HIRI model, except for an observed increase in both the protein and
mRNA levels of TfR1 induced by GLP-1(9-37) treatment (Fig. 8D, E, F).
These results suggested that Lira and GLP-1(9-37) might reduce the
intracellular Fe?" levels by increasing the FTH and FTL expression.

3.9. Lira and GLP-1(9-37) increased the expression of FTH and FTL via
the SMAD159/Hepcidin pathway

The levels of FTH and FTL can be regulated by many factors, such as
ferritinophagy, iron-regulatory proteins (IRPs) and hepcidin, etc
[39-41]. Ferritinophagy can lead to the degradation of FTH, resulting in
an increase in Fe*" levels [39]. IRPs can bind to the 5° UTR of FTH and
FTL mRNAs and prevent their translation [40]. Hepcidin, primarily
secreted by the liver, is an iron regulatory hormone that regulates both
systemic and intracellular iron metabolism [42]. Recent studies have
demonstrated that Hepcidin can enhance the expression of FTH, thereby
inhibiting ferroptosis [41]. To explore the mechanisms by which Lira
and GLP-1(9-37) increase the expression of FTH and FTL, we examined
these three aspects respectively.

Initially, we detected the expression of NCOA4, LC3 and P62 in liver
tissues and Hep-G2 cells. Our findings suggested that the administration
of Lira and GLP-1(9-37) seemed not to result in a significant change in
ferritinophagy levels compared to the I/R or H/R groups (Figs. S5A and
S5B). A similar result was observed after inhibiting lysosomal activity by

13

Redox Biology 79 (2025) 103468

bafilomycin Al (Fig. S5E). Subsequent examination of IRP1 and IRP2
expression indicated that Lira and GLP-1(9-37) had no effect on IRP1
and IRP2 levels in liver tissues compared to the I/R group, while in Hep-
G2 cells, they increased IRP1 expression but did not affect IRP2
expression compared to the H/R group (Figs. S5C and S5D). Further-
more, We evaluated the binding activity of IRP1 to FTH and FTL mRNA
in the Hep-G2 cells treated with Lira and GLP-1(9-37). The results
showed that treatment with Lira and GLP-1(9-37) seemed to inhibit the
binding of IRP1 to FTH and FTL mRNA compared to the Control group,
but it was not statistically significant (Fig. S5F). Finally, we conducted
an analysis of Hepcidin (encoded by HAMP) at both the protein and
mRNA levels in liver tissues. The results demonstrated a reduction in
Hepcidin levels following I/R, while preconditioning with Lira and GLP-
1(9-37) significantly increased hepcidin expression (Fig. 8A, B, 9A).
This trend was consistent with that of FTH and FTL, so we speculated
that Lira and GLP-1(9-37) might promote the expression of FTH and FTL
by increasing Hepcidin expression.

To investigate whether the increased expression of FTH and FTL
induced by Lira and GLP-1(9-37) is related to the increased Hepcidin,
we utilized Hepcidin antagonist-1 to block the function of Hepcidin. The
results showed that the increases in FTH and FTL induced by Lira and
GLP-1(9-37) were significantly reversed after using Hepcidin
antagonist-1 (Fig. 9B). Meanwhile, the protective effects of Lira and
GLP-1(9-37), as well as their effects on intracellular ROS, oxidized
lipids, Fe?* and GPX4 expression were significantly countered (Fig. 9C,
D, E, F, G). These findings suggested that Lira and GLP-1(9-37) might
increase FTH and FTL expression by the increased hepcidin, thereby
improving iron metabolism and inhibiting ferroptosis.

It has been established that the activation of the STAT3 pathway and
SMAD159 (also known as SMAD158) pathway is correlated with the
increased Hepcidin expression [43]. First, we examined the activation of
the STAT3 pathway. The results revealed a significant increase in
phosphorylated STAT3 (p-STAT3) following I/R; however, there was no
statistically significant difference in p-STAT3 expression following the
preconditioning with Lira and GLP-1(9-37) compared to the I/R group
(Fig. 9H). Subsequently, we examined the activation of the SMAD159
pathway and observed a notable reduction in SMAD159 expression in
mouse liver tissues post-I/R, which was reversed by the Lira and GLP-1
(9-37) preconditioning (Fig. 91). Next, we further examined the down-
stream changes of this pathway. Following I/R, both nuclear and cyto-
plasmic SMAD4 protein levels were decreased, while the
preconditioning with Lira and GLP-1(9-37) resulted in a notable in-
crease in the nuclear SMAD4 protein levels, without affecting the
cytoplasmic SMAD4 protein levels (Fig. 9J). This result indicated that
Lira and GLP-1(9-37) promoted the nuclear translocation of SMAD4,
which was consistent with the changes observed in the activation of the
SMAD159 pathway. Finally, we examined the expression of the down-
stream genes in this pathway. In addition to HAMP, the mRNA levels of
SMAD7 and Id1 were also increased (Fig. 9K), which suggested the
activation of the SMAD159 pathway [44]. These results suggested that
the SMAD159 pathway was activated by Lira and GLP-1(9-37) treat-
ments. To investigate whether the increased hepcidin induced by Lira
and GLP-1(9-37) is related to the activated SMAD159 pathway, we then
utilized LDN193189 to inhibit the SMAD159 pathway. The specific
dosing regimen was shown in Fig. OL (Fig. 9L). The results revealed a
marked decrease in hepcidin expression with LDN193189 treatment;
meanwhile, the increased expression of FTH and FTL induced by Lira
and GLP-1(9-37) was significantly reversed (Fig. 9M). Additionally, we
also employed Molecular docking to predict the binding affinity be-
tween GLP-1R and SMAD159, as well as between GLP-1(9-37) and
SMAD159, and the confidence score and binding energy indicated that
both GLP-1R and GLP-1(9-37) might have a good binding affinity to
SMAD159 (Fig. 9N). The potential binding sites were shown in Fig. S7
(Figs. S7B and D). The result of IP also indicated the interaction between
GLP-1R and SMAD159 (Fig. 90). These findings indicated that Lira and
GLP-1(9-37) could increase the expression of FTH and FTL through the
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Fig. 9. Liraglutide and GLP-1(9-37) increased the expression of FTH and FTL by activating the SMAD159/Hepcidin pathway.

(A) The mRNA level of HAMP in liver tissues (n = 6). (B) The protein expression of FTH and FTL in Hep-G2 cells following hepcidin inhibition by hepcidin antagonist-
1 (3 pM) was measured by WB, and the quantitative result was performed (n = 3). (C) The cell viability was measured by CCK-8 kit (n = 5). (D) Intracellular ROS of
each group was measured by flow cytometry and the quantification of ROS level was shown (n = 3). (E) The oxidized lipids in cells of each group were detected by
flow cytometry using C11-BODIPY probe and the ratio of fluorescence density was shown (n = 4). (F) The Fe?" in cells was observed by FerroOrange probe and the
fluorescence density was performed (n = 3). (G) The protein level of GPX4 in cells of each group was detected and the quantification was performed (n = 3). (H) The
protein expression of STAT3 and p-STATS3 in liver tissues was measured by Western blot and the quantification was performed (n = 3-4). (I) The protein expression of
SMAD159 in liver tissues was measured and the quantification was performed (n = 3-4). (J) The protein expression of SMAD4 in cytoplasm and nucleus in liver
tissues was measured by Western blot and the quantification was performed (n = 3-4). (K) The mRNA levels of SMAD7 and Id1 in liver tissues (n = 5-6). (L) Detailed
treatment in vivo. Red arrows refer to liraglutide (200 pg/kg), blue arrows refer to GLP-1(9-37) (200 pg/kg) and yellow arrows refer to LDN193189 (3 mg/kg). (M)
The protein expression of Hepcidin, FTH and FTL in liver tissues was observed by Western blot and the quantification was performed (n = 4). (N) Molecular docking
proposed the interaction mode of GLP-1R and SMAD159 (Docking Score: —347.9; Confidence Score: 0.9813) and the interaction mode of GLP-1(9-37) and SMAD159
(Binding Energy: —441.2 kcal/mol). (O) The interaction between GLP-1R and SMAD159 was detected by immunoprecipitation. Data were presented by the mean +
SEM. ##p<0.01 versus the Sham group; TP<0.05, *"P<0.01, *+*P<0.001 versus the I/R group; *P<0.05; **P<0.01; NS refers to non-significant.

SMAD159/Hepcidin pathway. the effects of Liraglutide and GLP-1(9-37) on reducing lipid peroxides
were associated with the activation of the Nrf2 pathway. The decrease in

4. Discussion nuclear Nrf2 levels observed in the previous study may be a consequence
of improved ER stress and autophagy, rather than a direct effect of

Ferroptosis, recognized as an emerging form of cellular demise, has Liraglutide. GSK3p is an important molecule that regulates the nuclear
been implicated in a multitude of diseases. Studies have extensively export of Nrf2. Its active form (low phosphorylation at the Ser-9 site) can
documented that a substantial accumulation of iron and lipid peroxides promote the translocation of Nrf2 from the nucleus to the cytoplasm
appear in liver tissues following I/R, and that ferroptosis inhibitors can [51]. Our results indicated that the increased Nrf2 abundance in the
effectively alleviate HIRIL, indicating ferroptosis as a promising thera- nucleus induced by Liraglutide and GLP-1(9-37) might be associated

peutic target for HIRI [11-13]. In this study, we identified that both with the inhibition of GSK3p activity. Liraglutide, as a GLP-1R agonist,
Liraglutide and its metabolite GLP-1(9-37) alleviated the liver injury might be able to influence the phosphorylation of GSK3p by activating
induced by I/R in mice and improved the impaired viability of Hep-G2 GLP-1R, while GLP-1(9-37), as a metabolite with low affinity for

cells induced by H/R through the inhibition of ferroptosis. GLP-1R, might exert its effects by directly acting on GSK3p.

The excessive presence of iron and the accumulation of lipid per- The homeostasis of intracellular iron is orchestrated by iron trans-
oxides are the two primary factors precipitating the occurrence of fer- porters (TfR1, DMT1, FPN, etc.) and iron storage proteins (FTH, FTL,
roptosis. Within these two factors, the accumulation of lipid peroxides etc.). TfR1 and DMT1 can convert the Fe>* bound with transferrin into
on the plasma membrane serves as the immediate trigger for the Fe?* and transport it into the cytoplasm to form the labile iron pool
execution of ferroptosis, while the excessive iron catalyzes and accel- (LIP), while FPN can transport the excessive intracellular iron into the
erates this process, heightening the cell’s susceptibility to ferroptosis [7, extracellular milieu; FTH and FTL, as iron storage proteins, can bind to
45]. It follows that the scavenging of accumulated lipid peroxides by the Fe?* within the LIP and store it in the form of Fe>*, thereby reducing
enhancing antioxidant capacity and the reduction of excessive free iron the abundance of free iron within the cell [38]. Previous studies have
within cells can both exert an inhibitory impact on ferroptosis. In this demonstrated that increasing FTH and FTL expression can enhance the
investigation, we explored the mechanism by which Liraglutide and cellular resistance against ferroptosis [52,53]. A previous study showed
GLP-1(9-37) inhibited ferroptosis during hepatic ischemia-reperfusion. that administration of Liraglutide led to an elevation in FTH and FPN
On one hand, they enhanced the cellular antioxidant capacity via the expression and a decline in TfR1 expression, but no significant change in
GSK3p/Nrf2 pathway, leading to a decrease in lipid peroxide accumu- FTL [54]. In the present study, we also evaluated the expression of these

lation. On the other hand, they reduced the levels of free iron through proteins and observed that both Liraglutide and GLP-1(9-37) elevated
the SMAD159/Hepcidin/FTH pathway. These two effects may elucidate the levels of FTH in mouse liver tissues and Hep-G2 cells, aligning with

the inhibitory effect of Liraglutide and GLP-1(9-37) on ferroptosis. the findings from prior research. However, the level of FTL was also
However, whether these two mechanisms act independently or interact increased and the level of TfR1 remained unchanged in our investiga-
with each other remains to be investigated. tion. This inconsistency in results may be ascribed to variations in dis-

Nrf2 plays a crucial role in regulating intracellular antioxidant ca- ease models and dosage regimens employed across the distinct studies.
pacity. As a transcription factor, Nrf2 can translocate from the cyto- The intricate regulation of FTH and FTL expression involves diverse
plasm to the nucleus and then interact with the antioxidant response mechanisms, such as ferritinophagy, IRPs and hepcidin [39-41]. How-
elements to enhance the expression of antioxidant enzymes including ever, to our knowledge, the mechanism by which Liraglutide and GLP-1
HO-1, NQO1 and so on, thereby inhibiting the occurrence of lipid per- (9-37) regulate the expression of FTH and FTL has not been reported. In
oxidation [46]. Studies have shown that decreasing Nrf2 levels can our study, we found that Liraglutide and GLP-1(9-37) seemed to have no
heighten the sensitivity of cancer cells to ferroptosis inducers [47], while significant effect on ferritinophagy and IRPs, but they increased the
activating the Nrf2 pathway can prevent the occurrence of ferroptosis expression of hepcidin. It has been found in a study that hepcidin could
[46,48]. Previous research has demonstrated that Liraglutide can acti- lead to an increase in FTH expression, thereby inhibiting the occurrence
vate the Nrf2 pathway to exert antioxidant effects [49]. However, there of ferroptosis [41]. Thus, we speculated that hepcidin might be a reason
is also a report suggesting that it can reduce the aggregation of Nrf2 in for the increased expression of FTH and FTL induced by Liraglutide and
the nucleus induced by endoplasmic reticulum (ER) stress and auto- GLP-1(9-37). Further, we examined the activation of the STAT3
phagy impairments [50]. In our study, we observed that Liraglutide pathway and the SMAD159 pathway, the two major pathways regu-
enhanced the nuclear translocation of Nrf2 and increased the expression lating the expression of hepcidin [43]. We found that both Liraglutide
of downstream antioxidant enzymes in mouse livers and Hep-G2 cells, and GLP-1(9-37) activated the SMAD159 pathway, while they did not
which was consistent with the majority of previous studies. Addition- exhibit a significant impact on the STAT3 pathway. Additionally,

ally, we also found that its metabolite GLP-1(9-37) exhibited a similar LDN193189, an inhibitor of the SMAD159/Hepcidin pathway, effec-
effect. Meanwhile, the effects of Liraglutide and GLP-1(9-37) on HIRI tively counteracted the heightened expression of FTH and FTL induced
and on the reduction of lipid peroxides were weakened when ML385, an by Liraglutide and GLP-1(9-37). Hence, we believed that Liraglutide
inhibitor of the Nrf2 pathway, was utilized. Therefore, we believed that and GLP-1(9-37) increased the expression of FTH and FTL via the
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SMAD159/Hepcidin pathway, thereby regulating intracellular free iron
levels. Additionally, the present study also indicated that Liraglutide, as
a GLP-1R agonist, might be able to influence the protein level of
SMAD159 by activating GLP-1R, while GLP-1(9-37), as a metabolite
with low affinity for GLP-1R, might exert its effects by directly acting on
SMAD159.

However, the detailed mechanisms by which liraglutide and GLP-1
(9-37) affect the activities of GSK3p and SMAD159 require further
investigation. Previous studies have found that the phosphorylation of
GSK3p at the Ser-9 site could be regulated by the actions of other sites,
such as Arg-4 and Arg-141 [55,56]. Thus, based on our molecular
docking data, we speculate that activated GLP-1R and GLP-1(9-37) may
influence the phosphorylation of GSK3p by acting on the Arg4 and
Argl141 sites, respectively, thereby affecting its activity. In the present
study, we observed that Liraglutide and GLP-1(9-37) significantly
reversed the decrease in SMAD159 caused by I/R. Given that the pro-
teasomal degradation system is enhanced during I/R and that activated
GLP-1R can inhibit protein ubiquitination [57,58], we speculate that
Liraglutide may activate the SMAD159 pathway by reducing the
ubiquitin-mediated degradation of SMAD159.

Liraglutide, which shares a 97 % sequence similarity to the native
GLP-1, is supposed to exert its effects by activating the GLP-1R. How-
ever, our previous studies have revealed that Liraglutide still retains a
partially protective effect against disease in GLP-1R™/~ mice [24,59].
This phenomenon suggests that a portion of the effect of Liraglutide may
occur independently of GLP-1R. GLP-1(9-37), as a metabolite of GLP-1,
exhibits a very low affinity for GLP-1R, but still has some biological
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effects. Thus, this metabolite is thought to be one of the reasons why
Liraglutide is able to function independently of GLP-1R [60,61]. In this
study, we discovered that besides Liraglutide, GLP-1(9-37) also
exhibited an inhibitory effect on ferroptosis in HIRI. This discovery
prompted us to speculate that the effect of Liraglutide on ferroptosis
could also be mediated by a GLP-1R-independent pathway. To verify
this hypothesis, we employed GLP-1R~/~ mice and discovered that both
Liraglutide and GLP-1(9-37) still mitigated the ferroptosis in HIRI in the
absence of the GLP-1R, although the effect was attenuated. Conse-
quently, we believed that Liraglutide could inhibit the ferroptosis in
HIRI through both GLP-1R-dependent and GLP-1R-independent path-
ways. Nevertheless, the specific mechanism underlying the
GLP-1R-independent pathway remains to be investigated.

In summary, as depicted in Fig. 10, the research revealed that Lir-
aglutide and its metabolite GLP-1(9-37) inhibited the ferroptosis in HIRI
through the GSK3p/Nrf2 pathway and the SMAD159/Hepcidin/FTH
pathway, and the effect of Liraglutide was mediated by both GLP-1R-
dependent and GLP-1R-independent pathways. Although the relation-
ship between Liraglutide and ferroptosis has been explored in a few
recent literatures, the specific mechanism by which Liraglutide affects
the iron metabolism has not been explained [23,54,62]. This study
explored the mechanism behind the reduction of Fe?' levels by Lir-
aglutide and GLP-1(9-37), proposing that the enhanced expression of
FTH and FTL induced by the activation of the SMAD159/Hepcidin
pathway was one of the contributing factors.

However, this study does have some limitations. Firstly, in addition
to hepatocytes, the liver contains various other cell types, such as

Liraglutide/GLP-1(9-37)
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Fig. 10. The summary of the mechanisms by which Lira and GLP-1(9-37) attenuate the ferroptosis in HIRI.

On one hand, Lira and GLP-1(9-37) inhibit the activity of GSK3p by promoting its phosphorylation, which leads to the inhibition of Nrf2 export and its retention in
the nucleus; the increased Nrf2 in the nucleus leads to an increase of antioxidant enzymes and therefore alleviates the lipid peroxidation in HIRI. On the other hand,
they activate the SMAD159/Hepcidin pathway, resulting in an increase of hepcidin; the increased hepcidin promotes the expression of FTH and FTL, which leads to a

decrease of Fe?*
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in HIRL Through these two effects, Lira and GLP-1(9-37) attenuate the ferroptosis, thereby improving HIRI. This figure was created with BioRender.
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hepatic stellate cells and kupffer cells. However, the assessment of the
ferroptosis-related indicators from these cells was not conducted in this
study. Secondly, the specific mechanism underlying the GLP-1R-
independent effect of Liraglutide was not further explored. Thirdly, a
detailed comparison of the anti-ferroptosis effects between Liraglutide
and GLP-1(9-37) requires further study. Finally, the more detailed
mechanisms through which Liraglutide and GLP-1(9-37) influence the
activation of GSK3p and the protein level of SMAD159 remain unclear
and require further investigation.

This study determined the effects of Liraglutide and GLP-1(9-37) on
iron metabolism, which provided a new sight into their biological ef-
fects. We believed that as a drug widely used in clinical practice, Lir-
aglutide is expected to be further applied in treating liver diseases
associated with iron metabolism disorders. Additionally, GLP-1(9-37),
as a metabolite of Liraglutide, also has significant potential for clinical
transformation.
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