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Gas6/AXL Alleviates Hepatic Ischemia/
Reperfusion Injury by Inhibiting Ferroptosis  
via the PI3K/AKT Pathway
Mengting Zhan, MM,1,2 Deng Liu, MM,1,2 Lei Yao, MM,3 Weizhi Wang, BS,1,2 Ruixin Zhang, BS,1,2 Yaru Xu, MM,1,2 
Zhen Wang, MM,1,4 Qi Yan, MM,3 Qi Fang, MM,1,2 Jian Du, MD, PhD,3,5 and Lijian Chen, MD, PhD1,2

Background. Hepatic ischemia/reperfusion (I/R) injury is a major cause of complications in clinical liver surgery. AXL recep-
tor tyrosine kinase (AXL) is a member of the TAM receptor tyrosine kinase family (TYRO3, AXL, and MERTK). Our previous 
study has shown that AXL expression was markedly upregulated in liver transplantation patients. However, the underlying 
mechanism of AXL in hepatic I/R injury remains unclear. Methods. A mouse liver warm I/R model and a primary hepatocyte 
hypoxia/reoxygenation model were established to investigate the role of AXL activation and ferroptosis in hepatic I/R injury 
by pretreating with recombinant mouse growth arrest-specific protein 6 (AXL activator) or R428 (AXL inhibitor). Moreover, we 
used LY294002 (phosphatidylinositol 3-kinase [PI3K] inhibitor) to evaluate the relationship between the PI3K/AKT (the Ser 
and Thr kinase AKT) pathway and ferroptosis in hepatic I/R injury. Results. Hepatic I/R injury decreased phosphorylation 
AXL expression and enhanced ferroptosis in liver transplantation patients and hepatic I/R-subjected mice. AXL activation 
attenuated lipid peroxidation and ferroptosis in hepatic I/R injury in vivo and in vitro. Inhibition of AXL activation exacerbated 
liver pathological damage and liver dysfunction, as well as iron accumulation and lipid peroxidation in hepatic I/R injury. 
Mechanistically, activated growth arrest-specific protein 6/AXL and its downstream PI3K/AKT signaling pathway inhibited fer-
roptosis during hepatic I/R injury. Conclusions. AXL activation protects against hepatic I/R injury by preventing ferroptosis 
through the PI3K/AKT pathway. This study is the first investigation on the AXL receptor and ferroptosis, and activating AXL 
to mitigate ferroptosis may be an innovative therapeutic strategy to combat hepatic I/R injury. 

(Transplantation 2024;108: e357–e369).

INTRODUCTION
Hepatic ischemia/reperfusion (I/R) injury is one of major 
cause of complications in a range of liver surgeries, includ-
ing hepatectomy, liver transplantation, and trauma, which 
can induce severe liver dysfunction or functional failure and 
a range of multiple organ dysfunctions. Cells and factors 
involved in hepatic I/R injury include cell death, mitochon-
dria, anaerobic metabolism, oxidative stress, intracellular 
calcium overload, and inflammation. Hepatocyte death 

plays a crucial role in the occurrence and progress of 
hepatic I/R injury.1,2

Ferroptosis is a nonapoptotic regulated cell death associ-
ated with oxidative damage,3 which is characterized by the 
accumulation of redox-active iron and lipid peroxides.4,5 
Growing evidence shows that ferroptosis has been impli-
cated in the occurrence and progression of various diseases, 
such as drug-resistant cancers6 and neurodegenerative 
diseases, ischemic organ injury,7-9 and other degenerative 
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diseases associated with extensive lipid peroxidation.10 
Impaired iron homeostasis triggers ferroptosis, which plays 
a key role in the pathogenesis of various diseases. The liver 
plays a critical role in iron homeostasis, and iron is stored 
in hepatocytes as ferritin in a soluble nontoxic form, the fer-
ritin includes ferritin light chain and ferritin heavy chain 1 
(FTH1).11 Transferrin receptor 1 (TFR1) is a key regulator 
of ferroptosis,12 and increased iron uptake and decreased 
iron stores may lead to iron overload and subsequent fer-
roptosis. In addition, lipid peroxidation severely disrupts 
cell function, and the imbalance between the generation 
and degradation of lipid reactive oxygen species (ROS) 
induced the occurrence of ferroptosis.13 Ferroptosis can be 
antagonized by lipophilic radical trapping, iron depletion, 
and antioxidants by decreasing glutathione and malondial-
dehyde (MDA) levels, increasing glutathione peroxidase 4 
(GPX4) activity, or using iron chelation such as vitamin E, 
liproxstatin-1, ferrostatin-1 (Fer-1), or ubiquinone.14 Studies 
have suggested that ferroptosis plays an on-off switching 
regulatory role in I/R injury of different organs, such as 
the kidney,8 heart,15 intestines,9 and lung.16 Furthermore, a 
recent study suggested that ferroptosis plays a major role in 
postoperative liver injury compared with other programmed 
cell death pathways, such as apoptosis, necrosis, and pyrop-
tosis.17 Given that the liver is the main site for iron and lipid 
metabolism, metabolic disturbances induced by hepatic I/R 
can activate ferroptosis.17,18 Therefore, ferroptosis is consid-
ered a potential therapeutic target for hepatic I/R injury.19,20

AXL receptor tyrosine kinase (AXL) is a member of 
the TAM receptor tyrosine kinases family, which includes 
TYRO3, AXL, and MERTK.21 AXL and other TAM recep-
tor tyrosine kinases can be activated by ligands including 
growth arrest-specific protein 6 (Gas6), protein S, Tubby, 
Tubby-like protein 1, and Galectin-3, among which Gas6 
exhibits the highest affinity for the AXL receptor. AXL con-
sists of a transmembrane, extracellular, and intracellular 
kinase domain.15 The Gas6/AXL signaling pathway activates 
numerous critical downstream pathways, such as nuclear 
factor kappa B, PI3K (phosphatidylinositol 3-kinase)/
AKT (the Ser and Thr kinase AKT)/mTOR (mechanistic 
target of rapamycin), RAS/RAF/MEK (mitogen-activated 
and extracellular signal-regulated kinase)/ERK (extracellu-
lar signal-regulated kinase), and JAK (Janus kinase)/STAT 
(signal transducer and activator of transcription), which 
contribute to protumoral processes, including cancer cell 
growth, migration, survival, apoptosis, and invasion.22,23 
In our group’s previous studies, proteomic analysis through 
quantitative high-throughput mass spectrometry has shown 
that AXL expression is upregulated in human hepatectomy 
with I/R injury.2 Our recent research has suggested that 
AXL activation attenuates inflammation and apoptosis dur-
ing hepatic I/R injury.24 This is noteworthy, because recent 
study has revealed that R428, which is a specific inhibitor 
of AXL, is critical in inhibiting cell growth through ferrop-
tosis induction in metastatic melanoma cells.25 However, it 
remains unclear how ferroptosis occurs in hepatocytes dur-
ing hepatic I/R injury. Therefore, we hypothesized that AXL 
activation attenuates ferroptosis during hepatic I/R injury.

In this study, we found that AXL activation signifi-
cantly attenuated ferroptosis during hepatic I/R injury via 
the PI3K/AKT signaling pathway. The study suggests that 
AXL activation may be a novel therapeutic strategy for 
suppressing ferroptosis during hepatic I/R injury.

MATERIALS AND METHODS

Human Samples
A total of 30 liver transplant grafts were enrolled between 

September 2018 and August 2022 in The First Affiliated 
Hospital of Anhui Medical University. The human liver 
transplant grafts were biopsied after liver transplantation 
3 h after reperfusion (before abdominal closure). Control 
liver samples were obtained from patients with hepatic 
hemangiomas who underwent hepatectomy. All experi-
ments were approved by The Review Committee of the 
First Affiliated Hospital of Anhui Medical University, 
Anhui Province, China (No. 20180145). All patients and 
their family members provided written informed consent.

Animals
Male C57 mice (6–8 wk, 23–26 g) were produced by the 

Anhui Experimental Animal Center (Hefei, China). The 
mice were housed in an independent ventilation system 
with appropriate temperature, regulated light and pro-
vided adequate food and water. The Ethics Committee of 
Anhui Medical University approved the procedures for the 
care and use of experimental animals, and we followed all 
applicable institutional and governmental regulations con-
cerning the ethical use of animals.

Murine Hepatic I/R Model
The mouse liver ischemia model was established as 

previously described.26 After 60 min of liver ischemia, fol-
lowed by reperfusion at various time points. The mice were 
divided into the following groups: Sham, I/R (0 h), I/R (3 h), 
I/R (6 h), I/R (12 h), and I/R (24 h). The mice were eutha-
nized after being anesthetized, and liver tissues and serums 
were obtained for analysis. The Sham-operated mice 
underwent the same protocol except that the vessels were 
not clipped. The endogenous AXL activator recombinant 
mouse growth arrest-specific protein 6 (rmGas6) (5 μg), the 
AXL specific inhibitor R428 (125 mg/kg) and PBS (vehicle) 
were intraperitoneally injected 2 h before liver ischemia. 
Ferroptosis inhibitor Fer-1 (10 mg/kg) dissolved in a solu-
tion (5% Tween-80 + 10% dimethyl sulfoxide + 40% 
polyethylene glycol 300 + 45% saline) and was intraperi-
toneally injected 60 min before liver ischemia, and dime-
thyl sulfoxide (vehicle) was administered 1 h before liver 
ischemia, and then reperfusion for 6 h. The specific experi-
mental groups were as follows (n = 4–6): (1) Sham, I/R, I/R 
+ vehicle, and I/R + Fer-1 (10 mg/kg) and (2) Sham, I/R, I/R 
+ vehicle, I/R + rmGas6 (5 µg), I/R + R428 (125 mg/kg), 
and I/R + rmGas6 + R428. The PI3K/AKT pathway inhibi-
tor LY294002 (10 mg/kg, MedChemExpress [MCE]) was 
intraperitoneally administered 36 h before liver ischemia 
and then reperfusion for 6 h. The experimental mice were 
randomly divided into 6 groups (n = 4–6): Sham, I/R, I/R + 
vehicle, I/R + rmGas6 (5 µg), I/R + LY294002 (10 mg/kg), 
and I/R + rmGas6 + LY294002. RmGas6 (R&D Systems, 
8310-GS, United States), Fer-1 (MCE, HY-100579, United 
States), R428 (MCE, HY-15150, United States), and 
LY294002 (MCE, HY-10108, United States).

Primary Hepatocyte Hypoxia/Reoxygenation Model
Primary hepatocytes were extracted from 6- to 8-wk-

old male mice as described in previous article27 and 
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were then cultured in 1640 medium for 24 h. The pri-
mary hepatocytes were cultured in serum/glucose-free 
DMEM incubator 5% CO2 and 95% N2 at 37 °C for 
1 h and then transferred to a normal culture environ-
ment and medium for various times to determine the 
appropriate reoxygenation time point. rmGas6 or R428 
pretreatment was performed for 2 h, and LY294002 was 
added 1.5 h before rmGas6 pretreatment and then reox-
ygenated for 6 h. The primary hepatocytes were grouped 
as follows (n = 4–6): (1) Control, hypoxia/reoxygena-
tion (H/R) (0 h), H/R (3 h), H/R (6 h), H/R (12 h), and 
H/R (24 h); (2) Control, H/R, H/R + vehicle, H/R + 
rmGas6 (200 ng/mL), H/R + R428 (200 nmol/L), and H/
R+ rmGas6 (200 ng/mL) + R428 (200 nmol/L); and (3) 
Control, H/R, H/R+ vehicle, H/R+ rmGas6 (200 ng/mL), 
H/R + LY294002 (10 μM), and H/R + rmGas6 (200 ng/
mL) + LY294002 (10 μM).

Analysis of Serum Samples
The serum levels of alanine aminotransferase (ALT) and 

aspartate aminotransferase (AST) were detected by com-
mercial kit (Nanjing Jiancheng, China).

Histopathology and Immunohistochemistry
Liver sections were stained with hematoxylin and eosin. 

Immunohistochemical staining for 4-Hydroxynonenal 
(4-HNE) (R&D Systems) and phosphorylation AXL 
(p-AXL) (Cell Signaling Technology) was performed on 
the paraffin sections.

Western Blotting
Primary hepatocytes and liver tissues were lysed to 

prepare protein samples. The proteins were separated 
by SDS-PAGE and transferred to the nitrocellulose filter 
membrane. The membrane was incubated with primary 
antibody at 4 °C overnight. The antibodies are listed in 
Table 1. Then, the membrane was incubated with second-
ary antibody (1: 10000, Proteintech).

Immunofluorescence Analysis
Primary hepatocytes were exposed to hypoxia for 

1 h followed by reoxygenation for 6 h. Before hypoxia, 
the hepatocytes were pretreated with either the AXL 
activator rmGas6 or the AXL inhibitor R428 for 2 h. 
The hepatocytes were incubated with GPX4 antibody 
at 4 °C overnight, and incubated with secondary anti-
bodies for 1 h at 37 °C. The slides were imaged by 
a fluorescence microscope (Olympus DX51, Tokyo, 
Japan).

Transmission Electron Microscope
Liver samples were processed as previously described28 

and were observed using a transmission electron micro-
scope (TEM).

Measurement of MDA Levels
MDA levels in liver tissues and hepatocytes were 

assessed by an MDA Assay Kit (S0131, Beyotime, China) 
according to the manufacturer’s instructions.

Measurement of Iron Content
After hepatic I/R, fresh liver tissues were immediately 

collected, and liver iron content was measured by an iron 
assay kit (Nanjing Jiancheng, China). An iron colorimetric 
assay kit (Beijing Applygen, China) was used to measure 
levels of Fe2+ in hepatocytes.

Iron Staining
Liver tissues were stained with Prussian Blue by using an 

iron staining kit (Prussian Blue Stain, Solarbio).

Measurement of Reactive Oxygen Species
Primary hepatocytes were exposed to hypoxia for 

1 h followed by reoxygenation for 6 h, and pretreated 
with the AXL activator rmGas6 or AXL inhibitor R428 
for 2 h before H/R. The levels of ROS in hepatocytes 
were measured by the ROS assay kit (S0033, Beyotime, 
China). Hepatocytes were incubated with 10 µmol/L 
2ʹ,7ʹ-dichlorodihydrofluorescein diacetate for 30 min and 
observed by an inverted fluorescence microscope (Axio 
Observer 3, Germany).

Lipid Peroxidation Assay
Hepatocytes were cultured at 37 °C and pretreated with 

rmGas6 or R428 for 2 h before H/R. The hepatocytes were 
incubated with boron dipyrromethene C11 (ABclonal, 
RM02821) at 37 °C for 1 h, and the images were analyzed 
by measuring the excitation and emission at wavelengths 
of 460–495 nm and 510–550 nm, respectively, using flow 
cytometry (Beckman Coulter CytoFlex) and a fluorescence 
microscope (Olympus DX51, Tokyo, Japan).

Statistical Analysis
All data were presented as the mean ± SD and analyzed 

using GraphPad Prism software. Paired Student’s t test or 
unpaired 2-tailed Student’s t test were used to analyze the 
statistical significance between different groups. P ≤ 0.05 
was considered statistically significant.

TABLE 1.

The antibody information

Antibody name Brand Country Catalog number Dilution 

AXL Proteintech China 13196-1-AP 1:1000
AXL CST United States No. 8661 1:1000
p-AXL CST United States No. 5724 1:500
TFR1 Affinity China AF5343 1:1000
FTH1 Affinity China DF6278 1:1000
ACSL4 Affinity China DF12141 1:1000
GPX4 Affinity China DF6701 1:1000
SLC7A11 Duoning-BIO China AB0138101 1:500
p-PI3K Proteintech China AF3242 1:1000
PI3K Wanleibio China WL03380 1:1000
p-AKT Zenbio China 381555 1:1000
AKT Wanleibio China WL0003b 1:1000
4-HNE R&D systems United States MAB3249 1:100
β-Actin Proteintech China 66009-1-Ig 1:1000

4-HNE, 4-hydroxynonenal; ACSL4, acyl-CoA synthetase long-chain family member 4 antibody; 
AKT, the Ser and Thr kinase AKT; AXL, AXL receptor tyrosine kinase; CST, Cell Signaling Technology; 
FTH1, ferritin heavy chain 1; GPX4, glutathione peroxidase 4; p-AKT, phospho-AKT; p-AXL, phos-
phorylation AXL; PI3K, phosphatidylinositol 3-kinase; p-PI3K, phosphorylation phosphatidylinositol 
3-kinase; SLC7A11, solute carrier family 7 member 11; TFR1, transferrin receptor 1.

© 2024 The Author(s). Published by Wolters Kluwer Health, Inc.
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RESULTS

Hepatic I/R Injury Decreases p-AXL Expression and 
Enhances Ferroptosis Activation

To investigate the potential role of p-AXL in hepatic 
I/R injury, we examined the expression of p-AXL in liver 
transplant grafts from liver transplant recipients and 
healthy livers, immunohistochemistry results showed 
that the level of p-AXL expression was downregulated 
in liver transplant grafts compared with healthy livers 
(Figure 1A). Therefore, liver transplant grafts were cat-
egorized into low and high p-AXL expression groups 
based on Western blotting analysis (Figure S1A, SDC, 
http://links.lww.com/TP/D48). Furthermore, we evaluated 
the correlation between p-AXL levels and liver damage 
in human liver transplant recipients after liver trans-
plantation (n = 30). We found that serum transaminases 
(ALT, AST) within 48 h after liver transplantation were 
significantly lower in the high p-AXL group, suggesting 
less liver injury and better liver function after liver trans-
plantation (Figure S1B, SDC, http://links.lww.com/TP/
D48). These data implied that p-AXL may shed signifi-
cant light on hepatic I/R injury. Interestingly, the cohort 
with lower levels of p-AXL expression had significantly 
lower levels of ferroptosis-related proteins FTH1, GPX4, 
and solute carrier family 7 member 11. The cohort with 
higher levels of p-AXL expression had lower levels of 
ferroptosis-related proteins TFR1 and ACSL4 (Figure 1B). 
The proteins TFR1 and FTH1 are key indicators of iron 
metabolism, and ACSL4 and GPX4 are regulators of lipid 
metabolism. There is some association between p-AXL 
expression and ferroptosis in liver transplant grafts as 
shown by Western blotting. To further explore the role 
of ferroptosis in hepatic I/R injury, mice were subjected 
to hepatic ischemia for 60 min, and then followed by 
reperfusion for various times. AXL expression increased, 
whereas p-AXL levels decreased with increasing reperfu-
sion times and peaked at 6 h of reperfusion. The levels of 
ferroptosis-related proteins also changed significantly at 
6 h of reperfusion (Figure 1C). In addition, the expression 
of p-AXL markedly reduced in hepatocytes after exposed 
to H/R. Correspondingly, increase in TFR1 and ACSL4 
and decrease in FTH1 and GPX4, particularly after 6 h of 
reoxygenation, indicating that the induction of ferropto-
sis (Figure 1D). These results indicate that p-AXL may be 
involved in the pathophysiological process of hepatic I/R, 
which may be associated with ferroptosis.

Ferroptosis Is Involved in Hepatic I/R Injury
The Fer-1 treatment group exhibited a reduction in 

the area of liver necrosis and lower serum levels of ALT 
and AST after hepatic I/R injury (Figure 2A and B). The 
Western blotting results showed that TFR1 and ACSL4 
protein levels were upregulated, whereas FTH1, GPX4, 
and solute carrier family 7 member 11 were downregu-
lated in hepatic I/R mice. However, the Fer-1 treatment 
reversed these effects (Figure 2C). The levels of liver iron 
were characteristically increased in I/R mice, but this 
effect was reversed by Fer-1 (Figure 2D). To character-
ize the hallmarks of ferroptosis during hepatic I/R injury, 
the ultrastructure of liver tissue was detected by TEM. 
Cytoplasmic expansion was observed, and the cytoplasm 
became electron lucent, the cristae of mitochondria were 

destroyed and the mitochondria exhibited high electron 
density in liver tissues after liver I/R injury. However, 
those mitochondrial changes were suppressed by Fer-1 
(Figure 2E). Mitochondrial damage was consistent with 
previous reports.3 These findings suggest that ferroptosis is 
involved in the development of hepatic I/R injury.

AXL Activation Attenuates Lipid Peroxidation in 
Hepatic I/R Injury In Vivo

AXL is a member of the TAM receptor tyrosine kinases 
family, which can be activated by its high-affinity ligand 
Gas6. The expression of p-AXL was decreased in hepatic 
I/R injury (Figure 1A); therefore, we used rmGas6, the 
endogenous AXL activators, to activate AXL. Hepatic I/R 
injury caused liver damage and elevated serum levels of 
ALT and AST compared with the Sham-operated group, 
rmGas6 treatment reversed these effects. However, pre-
treatment with R428 significantly exacerbated the area of 
liver necrosis and elevated serum levels of ALT and AST 
(Figure 3A and B). Moreover, 4-HNE and MDA are both 
secondary products of lipid peroxidation. The expres-
sion of 4-HNE and the MDA content of liver tissues were 
significantly elevated in liver I/R mice, pretreatment with 
rmGas6 reversed these effects (Figure 3C and D). These 
results indicated that lipid peroxidation is involved in 
hepatic I/R injury, and the activation of AXL by rmGas6 
protects against hepatic I/R injury by attenuating lipid 
peroxidation.

AXL Activation Alleviates Iron Accumulation to 
Protect Against Hepatic I/R Injury In Vivo

Iron is an essential micronutrient for most life. However, 
iron overload can damage the organism by producing 
ROS through Fenton reactions, which can lead to cell 
death.29 Ferroptosis, an iron-dependent regulatory form 
of cell death, is characterized primarily by iron overload 
and lipid peroxidation.30 The maintenance of intracel-
lular iron homeostasis depends on the balanced expres-
sion of ferritin and TFR.31 Our results showed that the 
p-AXL expression level in the liver tissues was markedly 
decreased during hepatic I/R, accompanied by increased 
ACSL4, TFR1 and diminished FTH1, and GPX4 protein 
levels. When AXL was activated with rmGas6, the increase 
of p-AXL expression indicated that AXL was activated. 
AXL activation restored the levels of FTH1 and GPX4 
proteins while decreasing the expression of ACSL4 and 
TFR1 after hepatic I/R (Figure 4A). Furthermore, iron 
overload exacerbated ferroptosis during hepatic I/R injury. 
Thus, liver iron content of mice was detected to evalu-
ate the levels of iron overload. Liver iron contents were 
significantly elevated after liver I/R injury, which could 
be reversed by rmGas6 treatment (Figure 4B and C). In 
addition, we examined ultrastructural architecture in liver 
tissues by TEM, which is a recently identified criterion of 
ferroptosis in vivo.31 TEM results revealed that the cris-
tae of mitochondria were destroyed and the mitochondria 
exhibited high electron density after liver I/R injury, but 
rmGas6 treatment reversed this effect (Figure 4D). These 
results indicate that iron metabolism contributes a lot to 
the pathophysiological process of hepatic I/R injury, and 
AXL activation by rmGas6 partially reduces iron accumu-
lation during hepatic I/R injury.
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AXL Activation Ameliorates Hepatocyte Ferroptosis 
in H/R Injury

The expression of p-AXL was decreased in hepatocytes 
after H/R injury. When AXL was activated with rmGas6, 

the increase of p-AXL expression indicated that AXL was 
activated. rmGas6 treatment before H/R diminished the 
expression of TFR1 and ACSL4 and restored the expres-
sion levels of FTH1 and GPX4 compared with the H/R 

FIGURE 1.  Hepatic I/R injury decreases p-AXL expression and enhances ferroptosis activation. A, Immunohistochemistry was used 
to show the expression of p-AXL in human liver transplantation samples (n = 5) and healthy liver samples (n = 3). B, The expressions of 
p-AXL and ferroptosis-related proteins, including TFR1, FTH1, ACSL4, GPX4, and SLC7A11 in liver transplantation grafts were detected 
by Western blotting (n = 30). C, Western blot analysis of the expression of p-AXL and ferroptosis-related proteins levels after 1h of liver 
ischemia and subsequent reperfusion for various times in mice (n = 4–6). D, Western blot analysis of the levels of p-AXL and ferroptosis-
related proteins after 60 min hypoxia and reoxygenation for various times in primary hepatocytes (n = 4–6). ***P < 0.001; **P < 0.01; 
*P < 0.05. ACSL4, acyl-CoA synthetase long-chain family member 4 antibody; FTH1, ferritin heavy chain 1; GPX4, glutathione peroxidase 
4; I/R, ischemia/reperfusion; p-AXL, phosphorylation AXL; SLC7A11, solute carrier family 7 member 11; TFR1, transferrin receptor 1.

© 2024 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 2.  Ferroptosis is involved in hepatic I/R injury. Mice were pretreated with or without Fer-1 for 1 h by intraperitoneal injection 
and then subjected to 60 min of liver ischemia and reperfusion for 6 h. A, H&E staining showing liver damage after hepatic I/R injury with 
or without Fer-1 treatment. B, Serum levels of ALT and AST in livers of I/R mice with or without Fer-1 treatment. C, The expression of 
ferroptosis-related proteins (TFR1, FTH1, ACSL4, GPX4, and SLC7A11) in liver tissues was determined by Western blotting. D, Liver iron 
contents in mice were detected. E, Representative TEM images of mitochondria in the liver tissues of mice. A–D, Each group n = 4–6. 
***P < 0.001; **P < 0.01; *P < 0.05. ACSL4, acyl-CoA synthetase long-chain family member 4 antibody; ALT, alanine aminotransferase; 
AST, aspartate aminotransferase; Fer-1, ferrostatin-1; FTH1, ferritin heavy chain 1; GPX4, glutathione peroxidase 4; H&E, hematoxylin 
and eosin; I/R, ischemia/reperfusion; SLC7A11, solute carrier family 7 member 11; TEM, transmission electron microscope; TFR1, 
transferrin receptor 1.
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FIGURE 3.  AXL activation attenuates lipid peroxidation in hepatic I/R injury in vivo. The mice underwent 1 h of liver ischemia followed 
by 6 h of reperfusion. AXL activator rmGas6 (5 μg), AXL inhibitor R428 (125 mg/kg), and PBS (vehicle) were intraperitoneally injected 2 h 
before liver ischemia. Mice were euthanized, and liver tissues and serums were collected for analysis. A, The area of liver necrosis was 
measured by H&E staining in the Sham and treatment mice after liver I/R injury. B, Serum levels of ALT and AST in Sham and I/R mice 
with or without rmGas6 or R428 treatment. C, Immunohistochemical analysis showing the expression of 4-HNE in liver tissues after I/R. 
D, MDA levels in liver tissues were determined by an assay kit. A–D, Each group n = 4–6. ***P < 0.001; **P < 0.01; *P < 0.05. 4-HNE, 
4-hydroxynonenal; ALT, alanine aminotransferase; AST, aspartate aminotransferase; AXL, AXL receptor tyrosine kinase; Gas6, growth 
arrest-specific protein 6; I/R, ischemia/reperfusion, MDA, malondialdehyde.

© 2024 The Author(s). Published by Wolters Kluwer Health, Inc.

Copyright © 2024 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



e364	 Transplantation  ■  November 2024  ■ Volume 108  ■  Number 11	 www.transplantjournal.com

group. Conversely, inhibition of AXL activation by R428, 
a specific inhibitor of AXL, significantly reversed these 
effects (Figure 5A). Iron-catalyzed production of ROS is 

a crucial factor induced liver injury after I/R.32 ROS pro-
duction in hepatocytes were significantly increased after 
H/R, activation of AXL by rmGas6 significantly decreased 

FIGURE 4.  AXL activation alleviates iron accumulation to protect against hepatic I/R injury in vivo. A, Western blotting was used to 
assess the levels of the ferroptosis proteins TFR1, FTH1, ACSL4, and GPX4 after hepatic I/R injury in Sham and treatment groups. B 
and C, Iron stain and liver iron levels were examined by an assay kit after hepatic I/R injury in the Sham and rmGas6-treated group. 
D, TEM was used to detect the levels of mitochondrial damage after hepatic I/R injury in the Sham group and the treated group. A–D, 
Each group n = 4–6. ***P < 0.001; **P < 0.01; *P < 0.05. ACSL4, acyl-CoA synthetase long-chain family member 4 antibody; AXL, 
AXL receptor tyrosine kinase; FTH1, ferritin heavy chain 1; Gas6, growth arrest-specific protein 6; GPX4, glutathione peroxidase 4; I/R, 
ischemia/reperfusion; p-AXL, phosphorylation AXL; rmGas6, recombinant mouse growth arrest-specific protein 6; TEM, transmission 
electron microscope; TFR1, transferrin receptor 1.
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FIGURE 5.  AXL activation ameliorates hepatocyte ferroptosis in H/R injury. Mouse primary hepatocytes were exposed to hypoxia 
for 1 h followed by reoxygenation for 6 h and pretreated with the AXL activator rmGas6 or the AXL inhibitor R428 for 2 h before H/R. 
A, Western blotting was used to assess the levels of the ferroptosis factors TFR1, FTH1, ACSL4, and GPX4 after H/R in control and 
treated hepatocytes. B, ROS levels in hepatocytes were measured by upright fluorescence microscope. C, The levels of MDA in 
hepatocytes were assessed by an assay kit. D, The levels of Fe2+ in hepatocytes. E, Representative immunofluorescence images of 
the GPX4 expression in hepatocytes exposed to H/R. F and G, The accumulation of lipid peroxidation in hepatocytes was analyzed 
by BODIPY staining, followed by immunofluorescence imaging and flow cytometry analysis, respectively. A–G, Each group n = 4–6. 
***P < 0.001; **P < 0.01; *P < 0.05. ACSL4, acyl-CoA synthetase long-chain family member 4 antibody; AXL, AXL receptor tyrosine 
kinase; BODIPY, boron dipyrromethene; DAPI, 4ʹ,6-diamidino-2-phenylindole; FITC-A, fluorescein isothiocyanate-A; FTH1, ferritin heavy 
chain 1; Gas6, growth arrest-specific protein 6; GPX4, glutathione peroxidase 4; H/R, hypoxia/reoxygenation; MDA, malondialdehyde; 
p-AXL, phosphorylation AXL; rmGas6, recombinant mouse growth arrest-specific protein 6; ROS, reactive oxygen species; TFR1, 
transferrin receptor 1.
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FIGURE 6.  AXL inhibition exacerbates ferroptosis in hepatic I/R injury through the PI3K/AKT pathway. A, Western blot analysis of the 
protein expression of PI3K, p-PI3K, AKT, and p-AKT in liver tissue in the Sham group, the rmGas6-treated group and the R428 treatment 
group after liver I/R. B, Western blot analysis of the expression of PI3K, p-PI3K, AKT, and p-AKT in the control group, the rmGas6-treated 
and the R428-treated group after H/R. C, Serum levels of ALT and AST in hepatic I/R-subjected mice treated with or without the LY294002. 
D, H&E staining was used to detect liver injury in Gas6-treated or LY294002-treated mice after hepatic I/R injury. E, Western blot analysis 
of PI3K, p-PI3K, AKT, p-AKT, TFR1, FTH1, ACSL4, and GPX4 expression in Sham and treatment groups after hepatic I/R injury. F, Western 
blot analysis of PI3K, p-PI3K, AKT, p-AKT, TFR1, FTH1, ACSL4, and GPX4 expression in the control and treatment primary hepatocytes 
after H/R injury. A–F, Each group n = 4–6. ***P < 0.001; **P < 0.01; *P < 0.05. ACSL4, acyl-CoA synthetase long-chain family member 4 
antibody; AKT, the Ser and Thr kinase AKT; ALT, alanine aminotransferase; AST, aspartate aminotransferase; AXL, AXL receptor tyrosine 
kinase; FTH1, ferritin heavy chain 1; Gas6, growth arrest-specific protein 6; GPX4, glutathione peroxidase 4; H&E, hematoxylin and eosin; 
H/R, hypoxia/reoxygenation; I/R, ischemia/reperfusion; p-AKT, phospho-AKT; PI3K, phosphatidylinositol 3-kinase; p-PI3K, phosphorylation 
phosphatidylinositol 3-kinase; rmGas6, recombinant mouse growth arrest-specific protein 6; TFR1, transferrin receptor 1.
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ROS production (Figure 5B). MDA and Fe2+ levels were 
significantly increased due to H/R injury in hepatocytes 
but significantly decreased in rmGas6 treated hepatocytes 
(Figure 5C and D). Furthermore, immunofluorescence 
revealed that the expression of GPX4 was decreased in 
hepatocytes after H/R but that was significantly elevated 
in rmGas6-treated hepatocytes (Figure 5E). The imbal-
ance between the generation and degradation of lipid 
ROS induced the occurrence of ferroptosis; therefore, we 
monitored hepatocyte lipid peroxidation with boron dipy-
rromethene C11. The accumulation of lipid peroxidation 
in hepatocyte was increased after H/R. AXL activation by 
rmGas6 could significantly reduce the product of hepato-
cyte lipid peroxidation induced by H/R. Inhibition of AXL 
activation by using R428 significantly reversed this result 
(Figure 5F and G). These data indicate that AXL activation 
ameliorates hepatocyte ferroptosis during H/R injury.

AXL Inhibition Exacerbates Ferroptosis in Hepatic 
I/R Injury Through the PI3K/AKT Pathway

Previous studies have reported that the PI3K/AKT 
pathway plays a crucial role in ferroptosis.33 It is also the 
downstream pathway of the Gas6/AXL axis.34 rmGas6 
treatment rescued the expression of p-PI3K and p-AKT, 
which were inhibited by hepatic I/R injury, suggesting 
that PI3K/AKT signal pathway is downstream of the AXL 

receptor (Figure 6A and B). To further investigate whether 
this pathway affects the regulatory function of activated 
AXL on ferroptosis, mice were pretreated with the PI3K 
inhibitor LY294002. The LY294002 group exhibited the 
higher transaminase (ALT and AST) level and the greater 
degree of liver damage compared with the I/R group. In 
spite of the use of rmGas6, liver damage in the LY294002 
group was not relieved, suggesting that LY294002 abol-
ished the protective effect of rmGas6 on liver I/R injury 
(Figure 6C and D). In addition, we detected the changes 
of the PI3K/AKT pathway and ferroptosis during hepatic 
I/R injury after LY294002 pretreatment in vivo and vitro. 
Notably, the LY294002 group exacerbated ferroptosis 
compared with the I/R group. However, activation of AXL 
after LY294002 pretreatment did not improve ferropto-
sis in hepatic I/R injury or inhibit the PI3K/AKT signal-
ing pathway (Figure 6E and F). These results indicate that 
AXL activation attenuates ferroptosis by activating the 
PI3K/AKT signaling pathway (Figure 7).

DISCUSSION
Hepatic I/R injury is considered a major cause of liver 

dysfunction or failure after various liver surgeries, which 
severely affects the postoperative recovery of patients. 
Hepatocyte death caused by liver reperfusion injury is a 
feature of hepatic I/R injury.

FIGURE 7.  Gas6/AXL alleviates hepatic I/R injury by inhibiting ferroptosis via the PI3K/AKT pathway. Activated AXL attenuates iron 
overload and lipid peroxidation in hepatic I/R injury by activating the PI3K/AKT signaling pathway, thereby inhibiting ferroptosis. ACSL4, 
acyl-CoA synthetase long-chain family member 4 antibody; AKT, the Ser and Thr kinase AKT; AXL, AXL receptor tyrosine kinase; 
FTH1, ferritin heavy chain 1; Gas6, growth arrest-specific protein 6; GPX4, glutathione peroxidase 4; I/R, ischemia/reperfusion; PI3K, 
phosphatidylinositol 3-kinase; ROS, reactive oxygen species; SLC7A11, solute carrier family 7 member 11; TFR1, transferrin receptor 1.
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Recent studies have shown that the ferroptosis inhibi-
tor significantly attenuated hepatic I/R injury and renal 
I/R injury, suggesting an important pathogenic role for 
ferroptosis in I/R injury.8 In addition, it has been recently 
documented that ferroptosis is a major contributor to 
postoperative liver injury and that inhibition of ferroptosis 
protects the liver from I/R injury.17

In our previous report, proteomic analysis showed that 
AXL expression was upregulated in hepatic I/R injury.2 
Our current study confirmed that AXL protein expression 
is low in hepatocytes under normal conditions. However, 
AXL expression is significantly upregulated after hypoxia 
for 1 h and reoxygenation for 6 h in hepatocytes (as shown 
in Figure 1D). Rankin et al35 reported that hypoxia induc-
ible factor-1 and hypoxia inducible factor-2 directly bind 
to the hypoxia-response element in the AXL proximal pro-
moter, resulting in AXL activation, which may account for 
AXL expression in hepatic I/R injury. In addition, it has 
been proved that the expression of Gas6 was inhibited in 
liver I/R injury.24 Therefore, the reason for this interest-
ing phenomenon may be that the decreased expression of 
endogenous Gas6 in the AXL high-affinity ligand led to 
decreased activation of AXL in hepatic I/R injury, which 
also provides evidence for the use of rmGas6 to activate 
AXL in our subsequent study.

In this study, we found a correlation between the 
expression of p-AXL and ferroptosis-related proteins in 
transplanted liver samples. Then, we confirmed that fer-
roptosis is involved in and shed significant light on hepatic 
I/R injury. The expression of p-AXL was decreased in 
hepatic I/R injury; therefore, we used rmGas6, the endog-
enous AXL activators, to activate AXL. AXL activation 
by rmGas6 could improve hepatic I/R injury by reduc-
ing iron overload and lipid peroxidation (as character-
ized by the levels of 4-HNE and MDA). Furthermore, 
AXL activation could alleviate ferroptosis (downregula-
tion of TFR1 and ACSL4 and upregulation of GPX4 and 
FTH1) during hepatic I/R injury. In addition, AXL acti-
vation attenuated iron accumulation (the expression of 
TFR1and FTH1) and lipid peroxidation (increased ROS 
and lipid peroxidation levels) in hepatocytes after H/R. 
Therefore, we concluded that AXL activation protected 
against hepatic I/R injury by mitigating ferroptosis. 
However, the mechanisms and regulator effects of AXL 
on ferroptosis have not been clearly now.

The PI3K signaling pathway is an important cellular 
signaling system that links multiple receptors to many 
important cellular functions. AKT is an important effector 
of PI3K and plays a key role in the PI3K signaling path-
way.36 It has been reported recently that activation of the 
PI3K-AKT-mechanistic target of rapamycin signaling path-
way inhibits ferroptosis.37,38 And LY294002, an inhibitor 
of PI3K, can block PI3K pathway in hepatic I/R injury.39 In 
this study, we observed that AXL activation could activate 
the PI3K/AKT pathway. However, when using LY294002 
(the PI3K/AKT inhibitor) to block PI3K pathway during 
hepatic I/R injury, hepatic I/R-induced ferroptosis and 
liver injury were not ameliorated even in the presence of 
AXL activation. These results indicate that AXL activation 
attenuates hepatocyte ferroptosis to prevent hepatic I/R 
injury by activating the PI3K/AKT pathway.

There were some limitations in our study. Although AXL 
activation could alleviate ferroptosis during hepatic I/R 

injury, the direct molecular mechanism between AXL and 
the key regulators of ferroptosis has not been explored. In 
addition, the expression of AXL in other liver cell types 
and its effects on ferroptosis was not quantified, and these 
may need to be explored in further studies.

In conclusion, our study provides evidence that AXL 
activation can suppress ferroptosis via the PI3K/AKT sign-
aling pathway during hepatic I/R injury. The link between 
AXL receptors and ferroptosis has not been investigated 
in hepatic I/R injury. Here, this study is the first investiga-
tion on the AXL receptor and ferroptosis, and activation 
of AXL to reduce ferroptosis may be an innovative thera-
peutic strategy to combat hepatic I/R injury.
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