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Abstract: Acetaminophen (APAP) overdose has been considered responsible for the drug-induced liver injury for
many years. Ferroptosis is defined as an iron-dependent form of cell death associated with lipid peroxide accumu-
lation. Ferroptosis is involved in APAP-induced acute liver failure, and UTl is an effective drug treatment for acute
liver failure. Thus, we aimed to determine whether UTI protects the liver against APAP-induced acute liver failure
by decreasing ferroptosis-induced lipid peroxide accumulation. C57BL/6 mice and LO2 cell line were treated with
UTI before and after the exposure to APAP. Liver tissues and LO2 cells were collected for biochemical assessment
of molecular parameters. APAP-induced upregulation of ferroptotic events (iron content), lipid hydroperoxides (ROS
production, MDA, and 4-HNE), and depletion of GSH were effectively relieved by ferrostatin-1 (Fer-1), a ferroptosis
inhibitor, and UTI. UTI blocked ferroptosis-induced lipid peroxide accumulation by promoting nuclear translocation of
NRF2 to activate its downstream targets (HO-1). An increased expression or knockdown of of SIRT1 influenced the
UTI effect on the NRF2 pathway and had an impact on lipid accumulation. Overall, UTI plays a role in mitigation of
APAP-induced acute liver injury by inhibiting ferroptosis-induced lipid peroxide accumulation, and the effect of UT1

was mediated by the NRF2/HO-1 pathway and SIRT1 expression.
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Introduction

Liver is one of the most important organs of our
body which maintains metabolism, detoxifica-
tion, and secretion. Viruses, drugs, alcohol,
toxic chemicals, and nutritional supplements
can damage the liver by direct or indirect toxic-
ity. Acetaminophen (APAP) is a frequently used
antipyretic and analgesic drug widely available
throughout the world. The therapeutic dose of
APAP is effective and safe, but overdose and
long-term use will cause adverse reactions and
severe liver toxicity, including ALF and death.
APAP toxicity is responsible for 46% of ALF
cases in the United States. Previous mechanis-
tic studies indicated that the formation of a
reactive metabolite, NAPQI, is responsible for
hepatic glutathione depletion and initiation of
the toxicity that requires rapid administration of
N-acetylcysteine (NAC) as a clinical antidote.
Additionally, APAP-induced NAPQI can lead to

the inhibition of mitochondrial respiration
resulting in ROS formation [1, 2]. NAC is very
effective, especially when administered imme-
diately after the APAP overdose; however, limit-
ed efficacy and adverse effects of NAC are a
concern in late presenting patients. Thus,
investigation of a new therapy for APAP-induced
hepatoxicity is necessary.

Ferroptosis is triggered by iron-dependent lipid
peroxide accumulation and differs from other
cell death programs, such as apoptosis and
necrosis, in cytological changes [3] including
mitochondrial shrinkage and increased mito-
chondrial membrane density [4]. System X, a
membrane Na*-dependent cysteine-glutamate
exchange transporter, participates in the pro-
cess of ferroptosis by facilitating cystine trans-
location into the cytoplasm during glutathione
(GSH) synthesis [5]. Glutathione peroxidase 4
(GPX4), a GSH-dependent enzyme, plays an
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Figure 1. Ferroptosis participates in APAP-induced hepatotoxicity. C57BL/6 mice were exposed to APAP (350 mg/
kg) and treated with Fer-1. A. The line chart represents the percentage of survival of mice treated with APAP or APAP
+ Fer-1. B, C. H&E staining (representative images, magnification x200 and x400) of the saline control, APAP, and
APAP + Fer-1 groups. The bars represent the score of liver necrosis. The bars in the images of H&E staining corre-
spond to 120 ym or 30 uym. D. Iron content in mice in the saline control, APAP, and APAP + Fer-1 groups. E, F. GSH
and MDA levels in mice in the saline control, APAP, and APAP + Fer-1 groups. The data are presented as the mean

+ SD. *P < 0.05.

important role in ferroptosis by decreasing the
clearance of lipid peroxides [6]. Ferroptosis is
involved in some human diseases, including
acute kidney injury [7] and hepatic ischemia-
reperfusion injury [8, 9]. APAP-induced liver
injury is associated with GSH depletion; hence,
ferroptosis may be a factor that influences ALF.

Sirtuin 1 (SIRT1), a nicotinamide adenine dinu-
cleotide (NAD*)-dependent histone deacety-
lase, plays a role in liver injury and metabolic
and heart diseases [10-12]. SIRT1 is regarded
as a protector of the cells against oxidative
stress injury that acts by mediating the expres-
sion of Nrf2 and its downstream targets to
eliminate the effect of lipid peroxidation and
upregulate the resistance to oxidative injury
[13]. An increase in the production of ROS
may be responsible for APAP-induced hepato-
toxicity [6], and the nuclear factor erythroid
2-related factor 2 (Nrf2) activation results in
the regulation of the antioxidant defense genes
and enzymes, such as heme oxygense-1 (HO-1)
and NADPH: quinone oxidoreductase 1 (NQO-
1) [8]. Previous studies demonstrated that Nrf2
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is activated by redox status via Kelch like
ECH-associated protein 1 (Keapl) [1] and is
important for the prevention of drug-induced
hepatotoxicity [9]. However, it is not clear
whether APAP-induced acute liver injury driven
by ferroptosis relies on SIRT1-dependent
pathways.

Ulinastatin (UTI) was isolated and purified from
human urine and is a broad-spectrum serine
protease inhibitor with anti-inflammatory and
cytoprotective effects in cell and animal mod-
els [10]. UTI is used clinically to alleviate acute
pancreatitis and sepsis [11]. Additionally, UTI
was reported to have antioxidant and cy-
toprotective functions by attenuating the level
of free oxygen radicals and consumption of
superoxide dismutase [12]. Antioxidant action
of UTI can be partially explained by a reduction
in protease release; however, the mechanisms
of the effects of UTlI on APAP-induced he-
patoxicity driven by ferroptosis are unknown.
Therefore, in this study, we evaluated the pro-
tective effects of UTI on APAP-induced hepato-
toxicity driven by ferroptosis and investigated
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the molecular mechanism of UTI inhibition of
lipid peroxide accumulation induced by ferrop-
tosis in vitro and vivo.

Materials and methods
Reagents

Ulinastatin (UTI) was provided by the Techpool
Bio-pharma Co, Ltd (Guangzhou, China). APAP
and N Acetyl-L-Carnosine (NAC) (Sigma, St.
Louis, MO, USA). Primary antibodies: anti-
SIRT1, anti-GPX4, anti-GAPDH, anti-Histone-H3
(Proteintech, Wuhan, China), anti-NRF2, anti-
HO-1 (Abcam, Cambridge, MA, USA), anti-4-
HNE (R&D, America). Peroxidase conjugated
secondary antibodies: Anti-mouse and rabbit
IgG (Pioneer Biotechnology, China). MDA, GSH
test kits (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China). ROS Fluorescent
Probe-DHE (Vigorous Biotechnology, Beijing,
China). Ferrostatin-1 (Fer-1) and Resveratrol
(Res) were from MCE (China).

Animals and experimental protocol

Male C57BL/6 mice were from the Experimen-
tal Animal Center of Xi'an Jiaotong University.
The animal experiment procedures were per-
formed in accordance with the Guide of
Laboratory Animal Care and Use from the
United States National Institution of Health
and were approved by the Laboratory Animal
Care Committee (LACC) of Xi'an lJiaotong
University, China (No. XJTULAC2017-207). Mice
were initially housed for 7 days to adjust to
the environment. The experimental design
included five groups (n=10 per group): the con-
trol group included the saline control (0.9%
saline) group, and the test groups included
APAP, APAP + UTI (5x10* units/kg and 1x10°
units/kg), APAP + Fer-1 (10 mg/kg), and APAP +
Res (50 mg/kg) treatments administered by
tail vein or intraperitoneal injection. The experi-
mental design for the investigation of hepato-
protective effect of UTI on ALI mice is summa-
rized in Figure 2A. After 24 h APAP treatment,
the mice were sacrificed after anesthesia, and
serum and liver tissue samples were harvested
and used in the subsequent experiments.

Histopathological evaluation and immunohis-
tochemistry

Formalin-fixed liver embedded in paraffin was
cut into 4 um sections stained with hema-

6033

toxylin and eosin (H&E) for routine histology
and examined by using a light microscope. The
stained liver sections were scored from 1 to 4
corresponding to no damage, mild damage,
moderate damage, and severe damage, res-
pectively. IHC staining using 4-HNE was per-
formed as described previously [14]. At least
three fields of view per section were evaluated
in histological analysis.

Biochemical assays

Mouse liver and blood were collected for bio-
chemical assays. ALT and AST levels in the
serum were detected by a biochemical analyz-
er. Additionally, the changes in GSH and MDA
were assessed using commercial kits accord-
ing to the manufacturer instructions.

Cell culture conditions and experimental pro-
tocol

LO2 cells were cultured in DMEM supplement-
ed with 10% FBS, penicillin (100 U/ml), and
streptomycin (100 pg/ml) at 37°C and 5% CO,
in an incubator. Four groups were set up for
the experiment: control (PBS), APAP (10 mM
dissolved in PBS), UTI (5,000 U/ml) + APAP,
Fer-1 (8 uM) + APAP, and Res (50 uM) + APAP
groups. LO2 cells were preincubated with UTI,
Fer-1, or Res and then stimulated with or with-
out APAP for 24 h to obtain the samples.

Oil Red O

Frozen liver sections and LO2 cell samples
were prepared. Oil Red O (Heart Biological,
China) staining was performed according to the
standard protocol. Staining intensity in the
samples was quantified by using a fluorescence
microscope and NIH ImageJ software.

SiRNA transfection

SIRT1 siRNAs were obtained from Biomics
Biotechnologies (China). Cells treated with
SIRT1 siRNA and NC siRNA were cultured
according to the manufacturer’s instructions.
The siRNA sequences are listed below. Sub-
sequent procedures were performed 48 h after
the transfection.

Reactive oxygen species (ROS) production

The slides with sections of liver tissue and LO2
cells were incubated with 10 yM DHE, a ROS
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Figure 2. Mice treated with UTI were more resistant to APAP-triggered hepatotoxicity. C57BL/6 mice were treated
with APAP (350 mg/kg) with or without the treatment with UTI. A. Experimental design for evaluation of the hepato-
protective effect of UTI on APAP-induced ALI in mice. B. H&E staining (representative images, magnification x200
and x400) of samples of mice treated with various doses (5x10* U/kg and 1x10° U/kg) of UTI. The bars correspond
to 120 ym or 30 um. C, D. The effect of high and low doses of UTI on the serum AST and ALT levels in mice injected
with APAP after 24 h. E. ROS (red fluorescent signal) were detected using DHE staining (representative images,
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magnification x400) in the saline control, APAP, APAP + UTI, and APAP + Fer-1 groups. The fluorescence signal was
immediately detected by a fluorescence microscope. F. The expression of 4-HNE was examined by immunohisto-
chemistry (representative images, magnification x200 and x400) in the saline control, APAP, APAP + UTI, and APAP
+ Fer-1 groups. G. Oil Red O staining (representative images, magnification x400) in the saline control, APAP, APAP
+ UTI, and APAP + Fer-1 groups. The percentage and expression area were calculated by ImageJ. The data are pre-

sented as the mean *+ SD. *P < 0.05.

fluorescent probe, for 30 min, and the intracel-
lular ROS generation was detected. The signals
in the liver and cell samples were quantified by
fluorescence microscopy and NIH Imagel
software.

Western blot analysis

Proteins were extracted from the mouse liver
tissue or LO2 cells using radioimmunoprecipi-
tation assay (RIPA) buffer, and protein concen-
tration was measured using a BCA protein
assay (Hat Biotechnology. China). Western blot
analysis was performed as described previous-
ly [15]. The primary antibodies included anti-
SIRT1, anti-GPX4, anti-NRF2, anti-HO-1, anti-
GAPDH, and anti-histone H3. Secondary anti-
bodies included anti-mouse and -rabbit 1gGs
that were used to detect the target bands.

Statistical analysis

The data are presented as the mean + SD.
Results were acquired by three independent
experiments. Statistical significance between
multiple groups was evaluated by one-way or
two-way analysis of variance followed by
Dunnett’s post-hoc test using GraphPad Prism
5 software. P values < 0.05 were considered to
be statistically significant.

Results

Ferroptosis participates in APAP-induced hepa-
totoxicity

To determine whether ferroptosis participates
in APAP-induced ALI in mice, Fer-1, a ferropto-
sis-specific inhibitor, was used as a control. As
shown in Figure 1A, Fer-1 reduced death of
APAP-intoxicated mice and increased the sur-
vival rate. Hematoxylin-eosin (H&E) staining of
the liver samples of the APAP group was used
to demonstrate considerable disruption of liver
tissue architecture compared to that in the
Fer-1 group indicating that Fer-1 attenuated
APAP-induced liver damage (Figure 1B, 1C).
APAP increased the level of iron in the liver, and
this increase was significantly reduced by the
treatment with Fer-1 (Figure 1D). APAP treat-
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ment induced rapid GSH depletion and exces-
sive accumulation of MDA leading to oxidative
insult in the mouse liver (Figure 1E, 1F), and
these effects were reduced in the Fer-1 group.
These results indicate that ferroptosis appears
to be involved in APAP-induced ALI.

Mice treated with UTI were more resistant to
APAP-induced hepatotoxicity

Two doses of UTI were used in mice after
acute APAP treatment. As shown in Figure 2B,
the data of hematoxylin-eosin (H&E) staining
indicated that mice in the UTI group demon-
strated a considerable decrease in disruption
of liver tissue architecture compared with that
in the APAP group, and a stronger effect was
detected in the UTI group (1x10° U/kg) in-
dicating efficient attenuation of APAP-induced
liver injury by UTI. Saline control group had no
changes in the liver architecture. ALT and AST
levels in the serum inversely correlate with
hepatic function; therefore, these enzymes
were assayed in the serum. APAP exposure led
to the pronounced upregulation of ALT and AST
compared with those in mice in the saline con-
trol group. The detoxification effect of UTI
induced a decrease in the changes in ALT and
AST concomitant to an increase in the con-
centrations of UTI, and the dose of 1x10° U/kg
had the best effect (Figure 2C, 2D). According
to these results, the dose of 1x10° U/kg was
selected for subsequent experiments. Lipid
peroxidation plays a central role in ferroptosis
[3]; hence, we detected the UTI effect on lipid
peroxidation markers. ROS levels were deter-
mined using DHE staining, and a pronounced
increase in the ROS level was detected in the
APAP-treated group in contrast with the data
in the saline control group (Figure 2E). UTI effi-
ciently reversed an increase in the ROS level,
and a similar effect was detected in the Fer-1
group. Then, we assayed the level of 4-HNE (a
lipid peroxidation byproduct) using IHC (Figure
2F). The signal was strong in the APAP group
but was decreased in the UTl and Fer-1 gro-
ups. The results of Oil Red O staining (Figure
2G) showed that UTI and Fer-1 decreased the
lipid accumulation in the liver of APAP-treated
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Figure 3. The effects of UTI on APAP-induced hepatotoxicity were mediated by the NRF2/HO-1 signaling pathway.
Twenty-four hours after APAP treatment, the tissue samples were harvested and assayed. A. GPX4 expression was
detected by western blot. The bars represent the quantitation of the GPX4 protein levels in the saline control, APAP,
APAP + UTI, and APAP + Fer-1 groups. The data of immunoblots were normalized to GAPDH. B. Influence of UTI on
the NRF2 and HO-1 expression was detected in the APAP, UTI, and APAP + UTI groups. GAPDH or histone H3 were
used as the loading controls. NRF2 and HO-1 expression was quantified by densitometry. The data are presented

as the mean = SD. *P < 0.05.

mice. These results indicate that UTl and Fer-1
decrease ROS and 4-HNE levels suggesting
that UTI reduces oxidative stress and ferropto-
sis in APAP-treated mice.

The effect of UTI on APAP-induced hepatotoxic-
ity is mediated by the NRF2/HO-1 signaling
pathway

Inhibition of GPX4 is one of the effective mech-
anisms of ferroptosis [4]. An increase in the
expression of GPX4 demonstrated that GPX4
levels were only marginally different between
the groups (Figure 3A). Therefore, we deter-
mined whether UTI alleviated liver damage by
inhibiting lipid peroxidation without direct inhi-
bition of ferroptosis. A previous study demon-
strated that NRF2-regulated signaling pathway
diminished APAP-induced hepatic injury by
inhibiting oxidative stress [16]. Thus, we deter-
mined whether the effect of UTI on APAP-
induced hepatotoxicity is mediated by the
NRF2 and HO-1 pathway (Figure 3B). The
results suggested that UTI significantly
increased the nuclear translocation of NRF2
compared with that in the APAP group.
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Additionally, HO-1, the downstream component
of the NRF2 pathway, was upregulated by treat-
ment with UTI. Thus, we suggest that UTI miti-
gates the acetaminophen-induced ALl indepen-
dently of the GPX4 pathway via the NRF2/HO-1
pathway.

UTI alleviated APAP-induced hepatotoxicity in a
SIRT1-dependent manner

SIRT1 is considered an effective protector of
the cells against oxidative insult acting by tar-
geting NRF2 to regulate the expression of HO-1
[17]. The data of Figure 4A indicate that APAP
induced a decrease in the expression of SIRT1
compared to that in the saline control. We used
resveratrol (Res), a SIRT1 activator [10], to
determine the role of SIRT1 in the mechanism
of the effect of UTl against an overdose of
APAP. The data of Figure 4B indicate that UTI
restored a decrease in the SIRT1 level induced
by APAP similar to the effect of Res, indicating
that the effect of UTI is mediated by regula-
tion of SIRTA. Additionally, the target of SIRT1,
NRF2, was translocated into the nucleus to
protect the cells against lipid peroxidation in

Am J Transl Res 2021;13(6):6031-6042
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Figure 4. UTl alleviated APAP-induced hepatotoxicity in a SIRT1-dependent manner. C57BL/6 mice were treated with
Res and UTI before or after the injection with APAP (350 mg/kg). A-C. Liver samples were assayed by western blot to
evaluate the levels of SIRT1, NRF2, and HO-1. GAPDH and histone H3 were used as the loading controls. Expression
was quantified by densitometry analysis. The data are presented as the mean + SD. *P < 0.05.

APAP-induced hepatotoxicity. UTI and Res had
the same effects on the regulation of NRF2
translocation and an increase in HO-1 expres-
sion (Figure 4C) compared to those in the
APAP group. These data suggest that the NRF2/
HO-1 pathway is regulated by SIRT1 to alleviate
APAP-induced lipid peroxidation.

UTI ameliorated oxidative insult and ferropto-
sis induced by APAP in vitro

To determine whether UTI plays an important
role in ferroptosis in vitro, we challenged hepa-
tocyte cell line (LO2 cells) with UTI and Fer-1.
Under these conditions, UTI and Fer-1 mitigat-
ed ROS generation induced by APAP in LO2
cells compared with that in the APAP group
(Figure 5A). UTl and Fer-1 alleviated the lipid
deposition induced by APAP in LO2 cells de-
tected by Oil Red O staining (Figure 5B). Since
lipid peroxidation is a hallmark of ferroptosis,
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these results indicate that UTI decreases APAP-
induced ferroptosis by downregulation of lipid
accumulation in hepatocytes.

SIRT1-dependent NRF2/HO-1 pathway is res-
cued by UTl in vitro

SIRT1 protected mice from APAP-induced liver
injury via the NRF2/HO-1 pathway; hence, we
determined whether SIRT1 had a similar effect
in vitro. SIRT1 expression was downregulated
by APAP and restored by Res or UTI (Figre 6A).
UTI upregulated the NRF2 nuclear transloca-
tion and HO-1 protein expression in LO2 cells
similar to the effect of Res (Figure 6B). To vali-
date the effect of UTI on regulation of SIRT1
expression, SIRT1 expression was inhibited
with siRNA (Figure 6C). Additionally, treatment
with APAP or SIRT1 knockdown decreased the
NRF2 nuclear translocation and HO-1 protein
expression, and the protective effect of UTI was

Am J Transl Res 2021;13(6):6031-6042
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Figure 5. UTI ameliorated oxidative insult and ferroptosis induced by APAP in vitro. LO2 cells were treated with UTI or
Fer-1 prior to APAP treatment and were used for ROS and Oil Red O staining assays. A. ROS (red fluorescent signal)
were detected using DHE staining (representative images, magnification x200) in the saline control, APAP, APAP +
UTI, and APAP + Fer-1 groups. The fluorescence was immediately detected by a fluorescence microscope. B. Oil Red
O staining (representative images, magnification x400) was performed in the saline control, APAP, APAP + UTI, or

APAP + Fer-1 groups. The data are presented as the mean + SD. *P < 0.05.

abolished (Figure 6D) thus confirming our find-
ings. These data demonstrated that the effects
of UTI against lipid accumulation and ferropto-
sis are mediated by the SIRT1-dependent
NRF2/HO-1 pathway.

Discussion

Acute liver injury accounts for life-threatening
liver disease. Oral administration of APAP over-
dose in mice is a common animal model for the
investigation of potential therapeutic drugs
[18]; this model is associated with elevated lev-
els of oxidative insult in mice [19]. Therefore,
ALI can be prevented or treated by using cer-
tain drugs that decrease oxidative stress. Our
current study assessed the hepatoprotective
effect of UTI on APAP-induced ALI triggered by
ferroptosis and investigated the relevant
pathway. UTI, a urinary trypsin inhibitor, is a
widely used antidote drug that is administered
clinically to alleviate acute pancreatitis and
sepsis; the effects of UTI depend on inflamma-
tory defense and cytoprotection in experimen-
tal models [20, 21]. In previous studies, UTI
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was shown to cure several types of diseases,
such as ischemia reperfusion injury [22], myo-
cardial infarction [23], acute pancreatitis [24],
and even ovariectomy-induced bone loss [25].
UTIl influences many diseases; however, the
function of UTI in APAP-induced ALl is un-
known. In this study, UTI influenced the expres-
sion of the liver enzymes and protected hepatic
architecture against damage induced by an
overdose of APAP. In a mouse model, UTI atten-
uated excessive oxidative stress and ferropto-
sis. These functions of UTI are in agreement
with the result obtained in APAP-treated LO2
cells. Thus, we sought to identify the pathway
influenced by UTI in vitro and in vivo. The data
of the present study indicate that antiferrop-
totic and antioxidant effects of UTI protect the
liver from APAP-induced hepatotoxicity via the
SIRT1/NRF2/HO-1 pathway.

Acute liver injury (ALl) upregulates serum ALT
and AST and induces pathological tissue
damage in the liver [26]. In the current study,
APAP substantially increased the levels of
serum ALT and AST and pathological damage in

Am J Transl Res 2021;13(6):6031-6042
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Figure 6. SIRT1-dependent NRF2/HO-1 pathway is rescued by UTI in vitro. A, B. LO2 cells were exposed to Res or
UTI prior to APAP treatment and were treated with or without APAP for 24 h. The expression of SIRT1, NRF2, and
HO-1 was assessed by western blot. GAPDH and histone H3 were used as the loading controls. SIRT1, NRF2, and
HO-1 expression was quantified using densitometric analysis. C, D. LO2 cells transfected with SIRT1 siRNA were
treated with or without UTI and APAP. The expressions of SIRT1, NRF2, and HO-1 were assessed by western blot.
GAPDH and histone H3 were used as the loading controls. SIRT1, NRF2, and HO-1 expression was quantified using
densitometric analysis. The data are presented as the mean + SD. *P < 0.05.

the liver, while UTI inhibited these effects indi-
cating that UTI protects the liver from hepato-
toxicity of APAP. These findings suggest a func-
tional role of UTI in the regulation of tissue
injury. Ferroptosis was detected in the APAP-
treated group and was decreased in the UTI
and Fer-1 groups. The mechanism of ferropto-
sis was investigated in a number of diseases
[27-29]; however, types of cell death in APAP
hepatotoxicity are a matter of controversy. One
study suggested that APAP triggered necrotic
cell death based on morphological parameters,
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such as cell swelling, organelle disintegration,
protein denaturation, and neutrophil infiltration
[30]. However, other studies suggested that
apoptosis mediated APAP-induced ALl [31,
32]. Ferroptosis is a type of cell death distin-
guished by lipid peroxide accumulation [33].
Previous studies suggested that ferroptosis
plays an important role in liver diseases [34,
35]. Inhibition of glutathione peroxidase 4
(GPX4) leads to the ferroptotic cascade.
However, in our study, APAP and UTI had no
effect on the expression of GPX4 and APAP-
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induced lipid peroxidation, and glutathione
(GSH) depletion was observed. Byproducts of
lipid peroxidation, such as MDA and 4-HNE,
were upregulated by treatment with APAP and
downregulated by treatment with UTl and Fer-1.
These data demonstrated that ferroptosis pro-
motes APAP-induced hepatotoxicity. Therefore,
UTI inhibited ferroptosis and induced cell death
in APAP-treated hepatocytes by alleviating the
lipid peroxide accumulation.

SIRT1 is a known stress response protein
deacetylase that deacetylates proteins [36].
Lipid peroxidation is one of the main respons-
es in APAP-induced ALl [37, 38]. NRF2 regu-
lates the antioxidant response elements (ARE)
and coordinates the antioxidant system [39].
SIRT1 was shown to deacetylate NRF2 [40].
Activated NRF2 enhances the function of HO-1
by translocating into the nucleus [41]. HO-1
functions by reducing intracellular ROS produc-
tion [42]. A previous study demonstrated that
NRF2 contributes to mitigation of lipid peroxi-
dation and ferroptosis [10]. SIRT1 was down-
regulated in APAP-treated mice and cells to
induce cell death and lipid peroxide accumula-
tion. SIRT1 downregulation was restored by
UTI to alleviate ferroptosis. The effect of UTI on
the upregulation and translocation of NRF2
and an increase in the protein expression of
HO-1 were demonstrated. These findings indi-
cated that UTI promoted NRF2 translocation to
the nucleus and increased the expression of
HO-1 in mice and LO2 cells in APAP-induced
liver injury. Knockdown of SIRT1 downregulat-
ed the expression of NRF2 and HO-1 in APAP-
induced ALI. Thus, our study demonstrated that
UTI influences the SIRT1/NRF2/HO-1 pathway
and contributes to amelioration of lipid perox-
ide accumulation and ferroptosis.

This study mainly illustrated that UTI effectively
protected the liver from ferroptosis triggered by
APAP-induced ALI by regulating oxidative insult
in vivo and in vitro. The protective effect of UTI
on APAP-induced hepatotoxicity was investigat-
ed in a mouse model and LO2 cells. UTI is an
effective drug with potential hepatoprotective
activity mediated by activation of the SIRT1/
NRF2/HO-1 signaling pathway. Thus, the re-
sults suggest a potential mechanism of the
effect of UTI on the prevention of hepatic fer-
roptotic responses and lipid peroxide accumu-
lation in ALI. Therefore, UTI can be considered a
possible therapeutic drug for the inhibition of
APAP-induced ALI.
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