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Introduction and Objectives: Liver plays a key role in sepsis, a systemic inflammatory response syndrome
caused by infection. Ferroptosis is involved in sepsis-induced liver injury. We aimed to assess the changes in
ferroptosis in cecal ligation and puncture (CLP)-induced septic mice, and determine the role of lipocalin-2
(LCN2) in liver ferroptosis.
Materials and Methods: CLP was used to induce sepsis in mice. The morphological changes in liver tissues and
mitochondrial structure were observed using hematoxylin and eosin staining and transmission electron
microscopy. The levels of serum alanine transaminase, aspartate aminotransferase, superoxide dismutase,
and malondialdehyde were detected using the corresponding kits. The changes of reactive oxygen species
level in liver tissues were detected using dihydroethidium as a fluorescence probe. LCN2, cysteine-glutamate
reverse transport system, and dihydroorotate dehydrogenase protein levels in the liver were detected by
western blotting. The ferroptosis inhibitor ferrostatin-1 (Fer-1), iron chelator dexrazoxane (DXZ), iron-dex-
tran, and LCN2 knockdown studies were performed to determine role of ferroptosis and LCN2 in liver injury
during sepsis.
Results: Ferroptosis levels increased in the liver tissues of CLP-induced septic mice. Both Fer-1 and DXZ sup-
pressed ferroptosis and attenuated liver injury following sepsis challenge, whereas iron-dextran increased
ferroptosis and liver injury in mice with sepsis. LCN2 knockdown suppressed ferroptosis and reduced oxida-
tive stress in the liver.
Conclusions: Ferroptosis inhibition attenuates septic liver injury. LCN2 knockdown alleviates sepsis-induced
liver injury by inhibiting ferroptosis and reducing oxidative stress.

© 2024 Fundacién Clinica Médica Sur, A.C. Published by Elsevier Espafia, S.L.U. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Sepsis is a potentially life-threatening systemic inflammatory

Abbreviations: AAV, adeno-associated virus; ALT, alanine transaminase; AST, aspar-
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dihydroorotate dehydrogenase; DMSO, dimethyl sulfoxide; DXZ, dexrazoxane; Fer-1,
ferrostatin-1; FSP1, ferroptosis suppressor protein 1; GPX4, glutathione peroxidase 4;
GSH, glutathione; H&E, hematoxylin and eosin; LCN2, lipocalin-2; LIP, labile iron pool;
MDA, malondialdehyde; NCRNA, negative control RNA; PDFF, proton density fat frac-
tion; PVDF, polyvinylidene difluoride; ROS, reactive oxygen species; SDS-PAGE, sodium
dodecyl sulfate-polyacrylamide gel electrophoresis; SOD, superoxide dismutase; Tf,
transferrin; TfR1, transferrin receptor 1; XCT, cysteine-glutamate antiporter
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response syndrome caused by the spread of pathogens (such as bac-
teria or viruses) and their toxins in the blood, and can result in septic
shock and multiple organ dysfunction syndrome in severe cases [1].
As an important metabolic organ in the body, the liver plays a central
role in metabolic and immune homeostasis, and is closely associated
with immune homeostasis imbalance [2]. Clinical evidence shows
that liver dysfunction is an important reason for poor prognosis in
patients with sepsis-induced multiple organ failure [3]. During sepsis,
the liver undergoes inflammation, oxidative stress damage, and cell
death [4]. Therefore, it is crucial to identify protective mechanisms
against sepsis-induced liver injury to restore liver function and
reduce liver mortality.
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Ferroptosis, an iron-dependent regulatory cell death mode, is
mainly induced by free iron and reactive oxygen species (ROS) [5],
leading to the inactivation of the antioxidant defense system in cells.
Transferrin receptor 1 (TfR1) is a major regulator of iron uptake in
cells and serves as a carrier protein for transferrin (Tf) [6]. Increased
TfR1 expression is considered to be an important factor in the dysre-
gulation of cellular iron homeostasis [7]. The cysteine/glutathione
(GSH)/glutathione peroxidase 4 (GPX4) axis is the main cellular path-
way that mediates ferroptosis [8]. GPX4 is a key enzyme required to
clear lipid ROS from the body, and its activity depends on the activa-
tion of cysteine-glutamate anti transporter XCT [9]. Therefore, xCT
protein levels reflect the occurrence of ferroptosis. Wang et al. and
our group previously reported that GPX4 protein expression is
decreased during sepsis-induced liver injury. However, changes in
the other iron metabolism-related proteins have not been deter-
mined [10]. Dihydroorotate dehydrogenase (DHODH) functions as an
antioxidant to inhibit ferroptosis in a GSH-independent manner. Inhi-
bition of DHODH promotes ferroptosis by increasing lipid peroxida-
tion in the mitochondria, providing a new strategy for cancer
treatment [11]. Recently, our group reported that GPX4 and ferropto-
sis suppressor protein 1 (FSP1)-mediated ferroptosis are involved in
the development of septic liver injury [12]; however, whether the
mitochondrial DHODH-mediated ferroptosis inhibition mechanism is
involved in the pathogenesis of septic liver injury remains unclear.

Mitochondrial DHODH, a rate-limiting enzyme of de novo biosyn-
thesis of pyrimidine [13], plays a pivotal role in cellular metabolic
balances. During ferroptosis, DHODH reduces ubiquinone (also
known as coenzyme Q, CoQ) to dihydroubiquinone (CoQH2) in the
mitochondrial inner membrane and inhibits ferroptosis by prevent-
ing lipid peroxidation, providing a potentially new target for the
treatment of breast, colorectal, lung, and other cancers [14,15]. Many
studies have shown that ferroptosis is involved in cancer, neurode-
generative diseases, myocardial injury, acute lung injury, and other
diseases [16,17], including septic liver injury. Wang et al. reported
that the expressions of liver ferroptosis-related proteins GPX4, solute
carrier family 7 member 11 (SLA7A11), and ferritin heavy chain poly-
peptide 1 (FTH1) was significantly reduced in mice with septic liver
injury [18]. However, the changes and mechanisms of other key mol-
ecules and pathways in ferroptosis, and whether DHODH inhibition
mediates ferroptosis remain unclear.

Lipocalin-2 (LCN2) is a secreted glycoprotein that induces a vari-
ety of chemokines to participate in inflammatory responses, and
plays a key role in various biological processes [10]. LCN2 serves as a
biomarker for the severity of renal injury and hepatic ischemia-reper-
fusion injury [19,20]. Clinical studies have revealed that serum LCN2
(also named NGAL) levels are markedly elevated in various types of
liver diseases [21], and LCN2 is a predictor for mortality and bacterial
infection in patients with liver cirrhosis, suggesting that LCN2 is asso-
ciated with bacterial infection in liver cirrhosis [22]. LCN2 is upregu-
lated under various cellular stress conditions, and is an important
regulator of iron metabolism, oxidative stress, and inflammation in
mammals [23,24]. In acute respiratory distress syndrome, LCN2
knockdown reduced iron content and Tf levels in and out of cells,
increased FTH1 and GPX4 levels, and decreased ROS levels, suggest-
ing that LCN2 inhibition may reduce inflammation and oxidative
stress by reducing ferroptosis [25]. Our previous showed that LCN2
protein levels were increased in mice with septic myocardial injury
[26], however, the changes of LCN2 in septic liver injury, and whether
LCN2 is involved in the occurrence of ferroptosis have not been inves-
tigated.

Therefore, we used the cecal ligation and puncture (CLP)
method to induce sepsis in mice to observe the cellular changes
during liver injury. In addition, we used the ferroptosis-specific
inhibitor ferrostatin-1 (Fer-1) and iron chelator dexrazoxane
(DXZ) to analyze the roles of ferroptosis and LCN2 in septic liver
injury. Furthermore, we knocked down LCN2 expression through
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AAV9-ShLCN2 to elucidate its possible regulatory role. The objec-
tive of the study was to provide novel insights into the mecha-
nisms underlying septic liver injury.

2. Materials and Methods
2.1. Animals

Male C57BL/6 mice (6—8 weeks old, body weight 20—25 g) were
purchased from Henan SkBys Biotechnology Co., LTD (Henan, China).
The animals were maintained in a clean environment at a constant
temperature (22—25 °C) with a 12-h dark/light cycle with free access
to food and water.

To examine the effect of ferroptosis in sepsis-induced liver injury,
we randomly assigned the mice to six groups (10 mice/group) as fol-
lows: Sham, CLP, CLP + DMSO (lysis medium), iron overload (iron-
dextran, mice were injected intraperitoneally with iron-dextran at
1000 mg/kg [27]), CLP + ferroptosis inhibitor Fer-1(mice were
injected intraperitoneally with Fer-1 [5 mg/kg] 2 h before CLP [28]),
CLP + iron chelator DXZ (mice were injected intraperitoneally with
DXZ [50 mg/kg] 2 h before CLP [29]). To examine the mechanisms
underlying LCN2 silencing-mediated protective effects against sepsis
liver injury, mice were assigned to four groups (10 mice/group) as
follows: Sham, CLP, CLP + NCRNA (negative control, transfected with
the empty sequence), and CLP + ShRNA-LCN2 (knockdown LCN2
expression).

2.2. CLP mouse model

A mouse model of sepsis was established using CLP. All ani-
mals were fasted for 12 h prior to surgery. Mice were continu-
ously anesthetized with isoflurane mixed with pure oxygen using
an inhalation anesthesia machine. The abdomen was disinfected
and a longitudinal incision of 1 cm was made at the midline of
the abdomen. The peritoneum was cut open, and the cecum was
carefully separated to avoid vascular injury. After the distal 1/3 of
the cecum was ligated, both sides of the cecum were punctured
twice with an 18-G needle and a small amount of intestinal con-
tent was squeezed out. The cecum was returned to the abdominal
cavity and the abdomen was sutured with sterile sutures after
disinfection. The mice were resuscitated by subcutaneous injec-
tion of prewarmed normal saline (37 °C, 1 mL/20 g). Mice in the
Sham group underwent the same procedure as described above,
except that the cecum was not ligated or perforated. After 24 h,
detection and analyses were performed [6].

2.3. Adeno-associated virus(AAV) infection of LCN2

To knockdown LCN2 in vivo, we transduced mice with AAV sero-
type 9 encoding a green fluorescent protein reporter together with
either short hairpin RNAs targeting LCN2 (ShRNA-LCN2) or an empty
vector (NCRNA) [30] in the liver. ShRNA sequences targeting mouse
LCN2 were cloned into AAV by Genechem Co., Ltd. (Shanghai, China).
Three weeks prior to the establishment of the CLP model, mice were
injected with AAV carrying ShRNA targeting LCN2 or vehicle alone
(1 x 10" viral particles/mouse) via tail vein once.

24. Liver function analyses

Blood samples were collected, incubated at room temperature for
2 h, and then centrifuged at 3000 rpm at 4 °C for 15 min to isolate the
serum. Serum alanine transaminase (ALT) and aspartate aminotrans-
ferase (AST) levels were measured using the corresponding commer-
cial Enzymatic Assay Kits (Cat# C0092-1 and Cat# C010-2-2,
respectively; Jiancheng, Nanjing, China).
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2.5. Measurement of lipid peroxidation indicators in liver tissue

Liver tissue samples were collected from the mice, and tissue
homogenates were prepared according to the instructions in the cor-
responding assay kit. The lipid peroxidation products malondialde-
hyde (MDA; Cat# M496, Dojindo, Shanghai, China) and superoxide
dismutase (SOD; Cat# A001-3, Jiancheng, Nanjing, China) in the liver
tissue were measured using the corresponding assay Kits.

2.6. Hematoxylin and eosin (H&E) staining

Fresh liver tissue samples were collected, washed in PBS, fixed
with 4 % paraformaldehyde for 24 h, dehydrated in ethanol gradient,
and embedded in paraffin. Sections of the fixed liver tissue were
stained with H&E. Changes in liver tissue structure were analyzed
under a light microscope (Nikon Eclipse E100).

2.7. Transmission electron microscopy (TEM)

Liver tissue samples were fixed with 2.5 % glutaraldehyde in phos-
phoric acid buffer for 2 h, followed by post-fixation with 1 % osmium

Sh;

A
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acid for 2 h. The tissue samples were sectioned and stained. The sec-
tions were dehydrated in ethanol, embedded in acetone, polymerized
and stained. Ultrastructural images of the liver were visualized by
TEM (HT7800, Hitachi).

2.8. Detection of ROS levels in liver tissue

ROS levels in the liver tissues were measured using a dihydroethi-
dium (DHE) fluorescence probe. Fresh liver tissue samples were col-
lected, embedded in OCT, frozen at —80 °C, and cut into 10 um thick
sections. The tissue sections were stained with 10 pwmol/mL DHE (Cat#
S0063, Beyotime, Shanghai, China) and 5 pmol/mL diaminophenyl
indole staining (DAPI, Cat# S0063, Beyotime) for 30 min at 37 °C pro-
tected from light. The fluorescent images were captured using the Live
Cell Imaging Workstation (Cat # TY2014009656, Zeiss). The results
were analyzed using the Zen image analysis software (Zeiss).

2.9. Western blot analysis

Total proteins were extracted from liver tissues using lysis buffer
containing protease inhibitors. Protein concentration in each sample
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Fig. 1. CLP induces liver damage in mouse by activating ferroptosis in the liver tissue.A: Representative images of H&E shown in different groups. B: The serum levels of ALT and AST
in each group. C: Representative images showed by TEM. The red arrow indicates representative mitochondria in mice liver treated by CLP or not. D: Representative images of the
Western blot results. E: Changes in the protein expressions of TfR1, xCT, DHODH, LCN2 and GPX4. Data are presented as Mean =+ SD (n = 6). **P < 0.01, ***P < 0.001 vs Sham group.
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was determined using the bicinconinic assay method. Proteins were
denatured by adding 5 x protein loading buffer, and then separated
by 10 % sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) (Cat# PG112, Epizyme Biomedical Technology Co., Ltd,
Shanghai, China). Following electrophoresis, the proteins were trans-
ferred to a polyvinylidene difluoride (PVDF) membrane (Cat#
IPVH00010, Millipore Sigma, USA). The membrane was blocked with
5 % skim milk for 2 h, washed with tris-buffered saline (TBS)/Tween
(TBST), and then incubated overnight with primary antibodies
against LCN2 (1:1000, Cat# AF1857, R&D system, USA), DHODH
(1:6000, Cat# 14877-1-AP, Proteintech, China), xCT (1:5000, Cat#
ab175186, Abcam, USA), TfR1 (1:1000, Cat# 13-6800, ThermoFisher,
USA), GPX4 (1:3000, Cat# ab125066, Abcam, USA), GADPH (1:6000,
Cat# 60004-1-lg, Proteintech, China). The next day, the membranes
were washed three times with TBST, incubated with goat anti-rabbit
(Cat# BLOO3A, Biosharp, China), goat anti-mouse (Cat# BLOO1A, Bio-
sharp, China), or rabbit anti-goat (Cat# BA1060, Boster Bio, China)
secondary antibodies for 2 h, and washed four times with TBST. The
protein bands were detected using chemiluminescence (Cat# Fluo-
rChem M; ProteinSimple, USA). Protein levels in the samples were
analyzed using the Image] software.

2.10. Statistical analysis
All data are expressed as the mean =+ standard deviation. The
groups were compared using one-way analysis of variance and

Tukey’s test. Statistical significance was set at P < 0.05. All results
were plotted using the GraphPad Prism 9 software.

2.11. Ethical statements

This study was approved by the Animal Ethics Committee of
BengBu Medical University (Ethics Number: [2023] No. 523). Care

A Sham ) i CLP
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and handling of the animals were carried out in strict accordance
with the Regulations on the Management of Laboratory Animals.

3. Results

3.1. CLPinduced liver damage in mouse by activating ferroptosis in the
liver tissue

H&E staining showed that the hepatocytes in the Sham group
were arranged neatly, with normal hepatic lobule structure, and no
significant change in their morphology. Compared to the Sham group,
the CLP group showed severe structural damage, erythrocyte exuda-
tion, large amount of spot necrosis, and inflammatory cell infiltration
(Fig. 1A) Serum levels of ALT and AST were increased in the CLP group
(Fig. 1B). TEM was used to assess mitochondrial morphology to deter-
mine whether the aggravated liver injury was mediated by ferropto-
sis. Sepsis induced significant morphological changes in the
mitochondria, including smaller mitochondria and reduced cristae
(Fig. 1C). Analysis of the levels of key ferroptosis-related protein
showed that the expression levels of TfR1 and LCN2 increased,
whereas those of the anti-ferroptotic proteins GPX4, xCT, and
DHODH decreased during sepsis (Fig. 1D and E). In summary, our
results suggested that LCN2 is involved in ferroptosis during sepsis-
induced liver injury in mice.

3.2. Ferroptosis inhibition alleviates liver damage caused by sepsis

Next, we examined the effect of ferroptosis inhibition on liver
damage caused by sepsis. We used ferroptosis inhibitors and iron-
dextran to confirm the role of ferroptosis in the development of CLP-
induced liver injury. Fer-1 and DXZ were used to inhibit ferroptosis,
whereas iron-dextran was used to induce ferroptosis. As shown in
Fig. 2, the CLP and iron-dextran groups showed liver structural dam-
age, hepatocyte necrosis, and inflammatory cell infiltration. However,

CLP+DMSO

B

Serum ALT [U/L]

CLP+DXZ

Serum AST [U/L]

Fig. 2. Ferroptosis inhibition alleviates liver damage caused by sepsis.A: Representative images of H&E shown in different groups. B: The serum levels of ALT and AST in each group.
Data are presented as Mean =+ SD (n = 6). **P < 0.01, ***P < 0.001 vs Sham group; #P < 0.05, **P < 0.01 vs CLP+DMSO group, ns: CLP vs CLP+DMSO not significant.
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after treatment with Fer-1 and DXZ, the extent of liver injury was
obviously attenuated (Fig. 2A). Compared with the Sham group, the
serum levels of ALT and AST were significantly increased in the CLP
and iron-dextran groups, whereas after treatment with Fer-1 and
DXZ, the serum levels of ALT and AST were decreased compared to
those in the CLP group. No significant difference was noted in the
CLP + DMSO group (Fig. 2B).

3.3. Inhibition of ferroptosis regulates sepsis-induced liver injury by
reducing lipid peroxidation and iron overload

Sepsis-induced liver injury is often accompanied by oxidative
stress dysfunction, which leads to accumulation of lipid ROS [31], and
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production of membrane lipid peroxides, and continued oxidative
stress causes hepatocyte death [32]. Our results showed that CLP sig-
nificantly increased ROS levels in the liver. After treatment with Fer-
1 and DXZ, ROS (Fig. 3A, B) and MDA (Fig. 3D) levels decreased and
SOD level (Fig. 3D) increased. Iron-dextran caused an increase in SOD
and MDA levels, but ROS levels were not significantly different from
those in the Sham group. TEM revealed that CLP and iron-dextran
caused significant increase in aberrant mitochondria, including
shrunken mitochondria, reduction/loss of mitochondria cristae, and
rupture of mitochondrial outer membrane. However, following inter-
vention with Fer-1 or DXZ, the mitochondrial morphology returned
to almost normal (Fig. 3C). These results showed that the CLP group
did not differ significantly from the CLP + DMSO group. Measurement
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Fig. 3. Inhibition of ferroptosis regulates sepsis-induced liver injury by reducing lipid peroxidation and iron overload.A: Representative images of fluorescence probe for ROS in liver
tissues (magnification x 100, Scale bar = 100 x.m). B: The ROS fluorescence in each group (n = 6). C: Representative images showed by TEM. D: Changes of hepatic MDA and SOD lev-
els in different group (n = 5). E: Representative images of the Western blot results. F: Changes in the protein expressions of TfR1, xCT, DHODH and LCN2 (n = 6). Data are presented as
Mean =+ SD. *P < 0.05, **P < 0.01, ***P < 0.001 vs Sham group, *P < 0.05, **P < 0.01 vs CLP+DMSO group, ns: CLP vs CLP+DMSO not significant, NS: Iron-dextran vs Sham not signifi-

cant.
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of ferroptosis-related protein levels revealed that iron-dextran exac-
erbated liver ferroptosis, whereas Fer-1 and DXZ inhibited ferropto-
sis, with increased levels of TfR1 and LCN2 proteins, and decreased
levels of xCT and DHODH proteins (Fig. 3E and F). These results indi-
cate that ferroptosis occurs during sepsis and plays a destructive role
in sepsis-induced liver injury.

3.4. LCN2 knockdown attenuates liver damage caused by sepsis

To examine the role of LCN2 in septic liver injury, mice were
injected with AAV9-ShLCN2 to knockdown LCN2 expression. Mice in
the CLP group showed severe structural damage and increased serum
ALT and AST levels, whereas mice in the ShRNA-LCN2 + CLP group
showed improved liver dysfunction when compared with mice in the
NCRNA + CLP group. H&E staining results showed more intact liver
lobules, lower inflammatory infiltration, erythrocyte exudation, and
decreased levels of ALT and AST in the ShRNA-LCN2 + CLP group
(Fig. 4).

3.5. LCN2 knockdown protects mice against sepsis by inhibiting lipid
peroxidation and ferroptosis

To determine whether LCN2 knockdown suppresses ferroptosis,
we examined ferroptosis-associated proteins in AAV9-ShLCN2-
injected mice. Both serum ROS and liver MDA levels were markedly
increased in the ShRNA-LCN2 + CLP group compared with those in

‘ Sham
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the NCRNA + CLP group (Fig. 5A and B). TEM showed smaller and dis-
ordered mitochondria, reduced mitochondrial cristae, and rupture of
the mitochondrial outer membrane in the ShRNA-LCN2 + CLP group
(Fig. 5C). Furthermore, SOD levels were lower in the liver tissue in
the ShRNA-LCN2 + CLP group (Fig. 5D) when compared with that in
the NCRNA + CLP group. TfR1 and LCN2 protein levels were increased
in CLP mouse liver, but reduced in mice with LCN2 knockdown,
whereas XCT and DHODH protein levels were decreased in CLP
mouse liver, but increased in mice with LCN2 knockdown (Fig. 5D
and E). These data indicated that LCN2 knockdown suppresses sep-
sis-induced lipid peroxidation and ferroptosis.

4. Discussion

The liver is an important organ in immune defense, and vul-
nerable to sepsis-induced damage. Clinical studies have shown
sepsis-induced liver injury is closely associated with increased
mortality. Excessive inflammatory response and oxidative stress
damage are important causes of this complication [33]. In the
present study, CLP was used to induce septic liver injury in mice.
The results showed that sepsis caused severe pathological
changes in the liver, manifesting as liver tissue edema and necro-
sis, significantly increased serum AST and ALT levels, increased
ROS and MDA levels in the liver tissue, and decreased SOD activ-
ity, suggesting that sepsis causes oxidative stress and injury in
the liver of the CLP mouse model.
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Fig. 4. LCN2 knockdown attenuates liver damage caused by sepsis.A: Representative images of H&E shown in different groups. B: The serum of ALT and AST levels in each group.
Data are presented as Mean = SD (n = 6). ***P < 0.001 vs Sham group, **P < 0.01, **#P < 0.001 vs NCRNA+CLP group, ns: CLP vs NCRNA+CLP not significant.
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(magnification x 100, Scale bar = 100 ;«m). B: The ROS fluorescence in each group (n = 6). C: Representative images showed by TEM. D: Changes of hepatic MDA (n = 5) and SOD lev-
els in different group (n = 6). E: Representative images of the Western blot results. F: Changes in the protein expressions of TfR1, xCT, DHODH and LCN2 (n = 6). Data are presented as
Mean =+ SD. **P < 0.01, ***P < 0.001 vs Sham group, **P < 0.01, **#P < 0.001 vs NCRNA+CLP group, ns: CLP vs NCRNA+CLP not significant.

Iron overload and ferroptosis are inseparable, excessive free iron
catalyzes the Fenton reaction to produce a large number of oxygen
free radicals, causing severe oxidative stress. Liver iron overload may
lead to liver fibrosis, cirrhosis, and hepatocellular carcinoma by pro-
moting hepatocyte death [34,35]. In the present study, we observed

that TfR1 protein level increased, whereas that of xCT and DHODH
proteins decreased in sepsis and iron overload-induced liver injury,
indicating that ferroptosis is involved in sepsis and iron overload-
induced liver injury through different ferroptosis pathways. Huang et
al. used LPS/D-GalN to induce acute liver failure in mice, and found
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that the levels of GPX4 and xCT expressions were decreased, DHODH
expression was also inhibited, and TfR expression was increased [36].
Their results are consistent with the results of the present study, sug-
gesting that different ferroptosis inhibition pathways cooperate to
protect the hepatocytes from injury. However, the specific underlying
mechanisms require further investigations.

The ferroptosis inhibitor Fer-1 and mitochondrial permeable iron
chelator DXZ inhibit lipid peroxidation and ferroptosis, and maintain
normal mitochondrial function by scavenging oxygen free radicals
and iron accumulated in the mitochondria [37,38]. To further analyze
the role of ferroptosis in liver injury in septic mice, we used Fer-1
and DXZ intervention, and found that Fer-1 and DXZ reduced liver
oxidative stress and lipid peroxidation, improved liver tissue injury
and inflammatory response, decreased TfR1 protein expression, and
increased xCT and DHODH protein expression in CLP mice. These
results indicated that the inhibition of ferroptosis and chelation of
iron ions alleviate lipid peroxidation and liver injury caused by sep-
sis.

Ferroptosis is closely associated with LCN2. As an iron transporter,
LCN2 transport siderophore-bound iron to cells and increases the
cytoplasmic labile iron pool (LIP) [39], leading to ferroptosis. Studies
have shown that LCN2, a bacteriostatic factor, inhibits bacterial
growth by binding to siderophores and preventing bacterial acquisi-
tion of iron, and thus plays a protective role in infectious and inflam-
matory bowel diseases [40]. However, LCN2 may induce ferroptosis
by increasing the LIP in neurodegenerative diseases, kidney diseases
and cancer [41]. LCN2 knockout reduced myocardial ferroptosis and
improved cardiac function in mice with septic cardiomyopathy.
Silencing LCN2 improved the viability [42] of cardiomyocytes under
iron overload conditions by reducing mitochondrial dysfunction and
apoptosis. In the present study, we observed that LCN2 protein
expression was increased in the liver tissue of septic mice, suggesting
that increased LCN2 expression may be an important cause of liver
injury in septic mice. To further determine the role of LCN2 in liver
injury during sepsis, mice were injected with AAV9-shLCN2 to knock-
down LCN2. The results showed that LCN2 knockdown attenuated
sepsis-induced liver damage, reduced oxidative stress, and increased
the expression of anti-ferroptosis proteins XCT and DHODH, suggest-
ing that LCN2 is associated with the occurrence of ferroptosis in sep-
tic liver injury, and that LCN2 knockdown reduces ferroptosis in the
liver of septic mice. Considering the multiple functions of LCN2 in
inflammatory injury and tumorigenesis, the relationship between
LCN2 and ferroptosis in sepsis-induced liver injury requires further
investigation.

In summary, LCN2 signaling is activated in the model of sepsis-
induced liver injury, thereby increase the cytoplasmic LIP and facili-
tating cell ferroptosis of hepatocyte, which eventually exacerbates
liver injury. Inhibition of LCN2 expression is thus expected to provide
a new strategy for the clinical treatment of liver injury in sepsis and a
theoretical basis for the prevention and treatment of sepsis.

5. Conclusions

During liver injury in septic mice, inhibition of ferroptosis and
iron overload may alleviate liver injury, and reduced LCN2 expression
may protect the liver against sepsis-induced damage by reducing fer-
roptosis mediated by xCT and DHODH. Ferroptosis may be the key to
improving sepsis-induced liver injury, and LCN2 represents a poten-
tially effective target for its treatment. However, the underlying
mechanism needs to be investigated further.
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