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Abstract

Background: Acetaminophen-induced acute liver injury (AlLI) is one of the
common causes of abrupt liver failure in numerous nations. Several previous
studies revealed that tiliroside, a glycoside flavonoid, exerts neuroprotective
and renal protective effects. However, whether it has hepatoprotective
effects is not known. The objective of this research is to examine whether
tiliroside can protect against AlLI.

Methods: AILI mouse and cell models were performed to evaluate the
protective effects of tiliroside. Molecular docking, cellular thermal shift assay,
immunoprecipitation, and RNA-seq were performed to analyze the possible
mechanisms of tiliroside.

Results: In vivo, tiliroside attenuated AILI in mice significantly, as evi-
denced by lower ALT and AST levels. Molecular docking, cellular thermal
shift assay, and RNA-seq analysis revealed that tiliroside promoted the
activation of nuclear factor erythroid 2-related factor 2 (NRF2) and
the expression of its downstream genes through disruption of the
NRF2-KEAP1 protein-protein interaction to inhibit KEAP1-mediated
ubiquitination and degradation of NRF2, thereby inhibiting oxidative stress
in the livers of AILI mice. Furthermore, hepatocyte-specific knockout of
NRF2 greatly attenuated the hepatic-protective effects of tiliroside in
mice. In vitro, tiliroside protected against acetaminophen-induced
oxidative stress on cultured hepatocytes through activation of NRF2. In
addition, NRF2 knockout markedly blunted the protection effects of tiliro-
side, suggesting that NRF2 mediates the hepatic-protective effects of
tiliroside.

Abbreviations: 4-HNE, 4-hydroxynonenal; AlLI, APAP-induced liver injury; APAP, acetaminophen; GPX4, glutathione peroxidase 4; GSH, glutathione; GSSG,
glutathione disulfide; MDA, malondialdehyde; NRF2, nuclear factor erythroid 2-related factor 2; PPI, protein-protein interaction; ROS, reactive oxygen species;
TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling.
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of AlLL.

INTRODUCTION

Acetaminophen (APAP) is one of the most common
analgesic and antipyretic drugs used worldwide. However,
an overabundance of APAP can cause hepatocytes in the
hepatic lobule to necrotize, which can result in severe
acute liver failure.l'2 N-acetyl-p-benzoquinone imine is
the principal metabolite of APAP in hepatocytes.’!
Glutathione (GSH) conjugation is a detoxification method
for N-acetyl-p-benzoquinone imine. Acute liver injury and
hepatocyte death, on the other hand, are caused by the
overabundance of N-acetyl-p-benzoquinone imine, which
causes hepatic GSH depletion, leading to an over-
abundance of reactive oxygen species (ROS) production
and mitochondrial dysfunction.24  APAP overdose
accounts for ~46% of drug-induced liver damage.b!
N-acetylcysteine (NAC) is the only drug that has been
approved to treat acute liver injury. Nonetheless, NAC
needs to be administered within 8 hours of APAP
ingestion, and there is a restricted therapeutic window.[!
There are adverse reactions, such as allergic reactions
and fluid overload.”! Even within the recommended dose
range, some patients will experience liver damage. In
addition, the efficacy of NAC on APAP-induced liver
inflammation is still unclear.’®! Therefore, the search for
new and more effective therapeutic approaches is urgent.

Oxidative stress significantly contributes to APAP-
induced hepatotoxicity. Mitigating oxidative stress is
regarded as a promising approach for the treatment of
APAP-induced acute liver injury (AILI).2- "% NRF2 (nuclear
factor erythroid 2-related factor 2) is a key intracellular
antioxidant that fights oxidative stress in cells. NRF2
combines with promoters containing antioxidant response
elements to enhance cellular antioxidant capacity by
activating downstream gene transcription, such as that of
antioxidant enzymes (superoxide dismutase, GSH) and
detoxification molecules when cellular oxidative stress
occurs."12 To avoid unnecessarily activating these
defense genes, ubiquitin-mediated proteasome degrada-
tion normally maintains low NRF2 protein levels.['3'4 The
ubiquitination of NRF2 is catalyzed by Kelch-like ECH-
associated protein 1 (KEAP1), the adaptor protein for
NRF2. Oxidative stress causes KEAP1’s cysteine resi-
dues to oxidize, which causes NRF2 to dissociate and
stabilize NRF2. The expression of NRF2's downstream

Conclusions: Our study demonstrated that tiliroside could protect against
AILI by activating the KEAP1/NRF2 pathway, which primarily inhibits
the processing of oxidative stress and cell death. Our results suggest
that tiliroside could serve as a potential agent for the clinical treatment
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genes is then triggered when it enters the nucleus.['319] |t
has been proposed that targeting the NRF2 signaling axis
is used to treat liver disease.'™'8l Consequently, a
workable prospective target to mitigate APAP-induced
hepatotoxicity is activating the NRF2 signaling pathway.

Notably, many natural compounds have shown
efficacy in alleviating liver disease, and their active
ingredients have hepatoprotective effects to some
extent.['920] Accordingly, natural products capable of
activating the NRF2 signaling pathway are potential
resources for the development of therapeutic APAP
overdose treatments. Several edible plants, including
Rosaceae and certain plant parts (roots, fruits, or leaves),
contain a kind of glycoside flavonoid called tiliroside.2"
Previous research has demonstrated that by activating
AMP-activated protein kinase (AMPK), tiliroside, which
possesses antioxidant, antihyperglycemic, and anti-
inflammatory properties, can improve insulin resistance
in diet-induced obese mice.?224 Through NRF2 activa-
tion, tiliroside and its derivatives have been demonstrated
in recent research to protect nerves and have anti-
neuroinflammatory actions.[2325 Recently, we found
tiliroside protects against acute kidney injury through
NRF2 activation.28! However, it is yet unclear if tiliroside
protects against acute liver injury, so more research is
required. In this study, we aimed to assess whether
tiliroside affords protection against AlLI in vivo and in vitro.

METHODS
Cell culture and treatment

The Transformed Human Liver Epithelial-2 cell line
(THLE-2) , a well-established normal human hepatocyte
cell line, was obtained from the Chinese Academy of
Sciences Cell Bank. APAP was acquired from Aladdin
in Shanghai, China, with a purity >99.99%. Tiliroside,
with a purity of 99.78%, was obtained from APExBIO
(N2081). Various levels of tiliroside (suspended in
DMSO) were applied to cells for 1 hour once cell
density reached around 60%-70%. Following that, a
concentration of 10 mM APAP was introduced into the
medium where the cells were then left to incubate for a
period of 24 hours.
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NRF2-knockout cells

CRISPR/Cas9 gene-editing method was used to create
NRF2-knockout cells, as previously reported in the
literature.2”! In summary, NRF2 sgRNAs were cloned
and put into the PX458 vector (Addgene plasmid
#48138) using the sequences indicated in Supplemen-
tal Table S1, http://links.lww.com/HC9/B908. The NRF2
sgRNA plasmids were introduced into cells, followed by
sorting GFP-positive cells using flow cytometry. The
successful knockout of NRF2 was confirmed by western
blotting.

Animal models

Male C57BL/6 mice, around 6-8 weeks of age, were
purchased from GemPharmatech in Nanjing, China.
They were kept in a laboratory setting witha 22 + 1°C
temperature and a 12-hour light/dark cycle. Animals
were given 5, 10, 20, or 30 mg/kg of tiliroside
(dissolved in 0.5% methylcellulose) or vehicle daily
by gavage for 48 hours, after which the animals were
sacrificed to test whether tiliroside activated NRF2 in
the liver. Seven groups of mice (n=6) were randomly
assigned to investigate the effect of tiliroside in the
APAP-induced AILI mouse model: vehicle, tiliroside
(20 mg/kg/d), tiliroside (30 mg/kg/d), vehicle + APAP
(400 mg/kg), tiliroside (10 mg/kg/d) + APAP (400 mg/
kg), tiliroside (20 mg/kg/d) + APAP (400 mg/kg), and
tiliroside (30 mg/kg/d) + APAP (400 mg/kg). As
Figure 2A illustrates, vehicle or tiliroside was admin-
istered daily by gavage to the mice. Mice were fasted
overnight before i.p. injection of APAP. Blood samples
and liver tissues were obtained 24 hours after the
APAP injection for further analysis. The serum ALT
and AST levels were determined in accordance with
the manufacturer’s instructions using a reagent Kkit.
The Institutional Animal Care and Use Committee of
Nanjing Medical University accepted the ARRIVE
criteria, which were followed in all animal welfare
and experimental operations.

Generation of hepatocyte-specific NRF2
knockout mice

To create hepatocyte-specific Cas9 expression mice,
Rosa26-floxed STOP-CRISPR/Cas9 knock-in mice
were crossed with Albumin-Cre mice, as previously
reported.[?8] The successful hepatocyte-specific NRF2
knockout mice were generated by i.v. injection
of lentivirus carrying NRF2-sgRNA (Supplemental
Table S1, http://links.lww.com/HC9/B908, displays
the sequences). We simultaneously injected lentivirus
carrying an empty vector into hepatocyte-specific
Cas9 transgenic mice to serve as a control. For the

ensuing tests, male knockout mice aged 6-8 weeks
were acquired.

Cell viability

The Cell Counting Kit-8 (CCK8) test was used to
measure the vitality of the cells. After treatment, 10 L of
CCKS8 reagent (Sigma) was added to the medium, and it
was incubated for 1-2 hours. The Titertek Multiskan
MCC/340 microplate spectrophotometer was used to
measure the optical density at a wavelength of 450 nm.

Real-time quantitative PCR assay

Total RNA was extracted from either raw liver tissues or
cultivated cells using TRIzol (Invitrogen). In addition,
gRT-PCR was carried out as follows: 45 seconds at 95°
C and 1 minute at 55°C with 35-40 amplification cycles.
95°C was used to construct the melting curve, and then
65°C. Using the 2722C€T method, the target genes’
relative mRNA levels were ascertained and calibrated
against the loading control actin levels (Supplemental
Table S1, http:/links.lww.com/HC9/B908, lists all the
primers).

Protein preparation and immunoblotting

The protocol for western blotting was followed by other
studies.”®! To summarize, Radio Immunoprecipitation
Assay lysis buffer mixed with 1 mM Phenylmethane-
sulfonyl fluoride was used to collect and homogenize
liver tissues and THLE-2 cells. Antibodies included anti-
NRF2 (Proteintech, 16396-1-AP), anti-Lamin B1 (Pro-
teintech, 12987-1-AP), anti-MPO (RD, AF3667), anti-
KEAP1 (Proteintech, 60027-1-Ig), anti-GPX4 (Protein-
tech, 14432-1-AP), anti-Cas9 (Cell Signaling Technol-
ogy, 19526), and anti-p-actin (Proteintech, 66009-1-Ig).
The membranes were observed using a Tannon
ChemDoc imaging system in China the day after they
had been washed 3 times with tris-buffered saline with
tween 20 and subjected to secondary antibodies
conjugated to horseradish peroxidase for 1 hour.

Protein ubiquitination assay

Cells were treated with the proteasome inhibitor MG132
(20 pM) for 6 hours after being exposed to either a
vehicle or tiliroside (5 pM) for 24 hours. Cells were
collected and lysates were then extracted with protein
lysis buffer. Overnight at 4°C, 1 mg of isolated total
protein was combined with NRF2 antibody. The next
day, the cell lysates were treated with protein A/G
agarose beads (sc-2003, Santa) for 2 hours at 4°C.
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After additional washing, the samples were boiled in a
sodium dodecyl sulfate-loading buffer to prepare them
for western blot analysis.

The cellular thermal shift assay

To investigate tiliroside’s direct binding to KEAP1, as
reported in an earlier investigation,[3°] cellular thermal
shift assay was carried out. In summary, cells were
subjected to treatment with either vehicle or ftiliroside
(5 uM), and then they were resuspended in PBS.
Separating the suspension into equal aliquots (2x10°
cells/aliquot), each was heated for 3 minutes at a
different temperature (42, 44, 46, 48, 50, and 52°C).
After adding 0.5% NP-40 and a protease inhibitor,
freeze-thaw cycles were used to lyse the cells. Western
blotting was used to evaluate the supernatants.

Histology and staining with TUNEL

Hematoxylin and eosin staining was used to visualize
the histological damage in the mouse livers. To
summarize, liver tissues were sectioned into 4 pm-
thick slices, embedded in paraffin, fixed with 4%
paraformaldehyde, and stained with hematoxylin and
eosin. Following the manufacturer's instructions, a
TUNEL BrightGreen detection kit (Vazyme) was used
to visualize the APAP-induced cell death in liver
tissues.

Immunohistochemistry

Sections of the liver (4 pm thick) were hydrated,
blocked, and deparaffinized. The liver slices were then
treated with antibodies against NRF2 (Proteintech,
16396-1-AP, 1:100) or 4-HNE (R&D Systems,
MAB3249-SP, 1:150) for 12 hours at 4°C. The following
day, the liver slices were washed 3 times with Tris-
Buffered Saline with Tween before being incubated for
1 hour with a horseradish peroxidase—conjugated
secondary antibody. Using a DAB kit (Zsbio, ZLI-
9018), the liver slices were stained. Every segment
was examined, and pictures were captured using a Carl
Zeiss optical microscope. For quantification, 4-5 ran-
dom immunohistochemistry images of each mouse
were selected and analyzed by ImageJ (1.51) according
to a previous study.3"

Immunofluorescence staining
After being seeded on a 12-well culture plate using cell

slides, cells were fixed in 4% paraformaldehyde for
20 minutes at room temperature (RT). Utilizing 0.1%

Triton X-100, the cells were made permeable. The
slides were then stained with anti-NRF2 (Proteintech,
16396-1-AP, 1:100) antibody for a whole night at 4°C.
The nuclei were costained with DAPI (Beyotime,
P0131), and the next day, the slides were incubated
with a secondary antibody (Thermo Fisher
Scientific Inc., #A21207) tagged for Alexa Fluor 488.
Pictures were taken with a Zeiss LSM710 confocal
microscope (Carl Zeiss).

Transmission electron microscopy

The liver tissues from the mice that received different
treatments were analyzed by using a transmission
electron microscope according to a standard method.
For every sample, the proportion of damaged
mitochondria was measured across 5 randomized
fields of view.

MDA, GSH, and GSSG detection

By first homogenizing the collected liver tissues in PBS
and then centrifuging the mixture to extract the
supernatant. The MDA detection kit’s instructions were
followed to quantify the malondialdehyde (MDA) levels
in the collected supernatant (Beyotime, S0131). The
levels of oxidized glutathione disulfide (GSSG) and
GSH in liver tissues or THLE-2 cells were evaluated
using a GSH/GSSG Assay Kit (Beyotime, S0053). The
manufacturer’'s instructions were followed for every
experimental operation.

Mitochondria ROS

MitoSOX Red Mitochondrial Superoxide Indicator
(Thermo Fisher, M36009), a specialized probe for the
detection of superoxide in mitochondria, was used to
quantify the generation of ROS in human hepatocyte
(THLE-2 cells) mitochondria. After being subjected to
tiliroside (5 yM) or APAP (10 mM) for a full day, cells
were stained with the MitoSOX probe for 45 minutes at
37°C in the absence of light. After that, the nuclei were
stained with Hoechst 33342, and images were captured
using confocal microscopy.

Mitochondrial membrane potential

Tetramethylrhodamine methyl ester (Thermo Fisher,
134361) was incubated for 40 minutes at 37°C on THLE-
2 cells treated with tiliroside (5 uM) or APAP (10 mM) to
measure the mitochondrial membrane potential (A¥m).
Following that, confocal microscopy (LSM710, Carl
Zeiss) was used to observe the cells.
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Lipid peroxidation analysis

Thermo Fisher Scientific (D3861) C11-BODIPY 581/
591 probe was utilized to examine APAP-induced lipid
peroxidation in THLE-2 cells. Following seeding on
confocal microscopy dishes, cells were exposed to
tiliroside (5 pM) or APAP (10 mM) for a duration of
24 hours. The cells were then treated for 45 minutes at
37°C in the dark with the C11-BODIPY 581/591 probe
(5 uM). An LSM710 confocal microscope (Carl Zeiss)
was used to view the labeled cells’ oxidized lipid
peroxide.

RNA sequencing analysis

Mice in 3 groups were used for the liver collection: the
vehicle group, the APAP + vehicle group, and the APAP
+ ftiliroside group. LC-Bio Technologies (Hangzhou)
carried out the sequencing analysis, appropriate library
creation, and RNA isolation. Combining the OmicStudio
tools provided at https://www.omicstudio.cn with a
range of bioinformatics approaches, such as heatmap
analysis, KEGG pathway enrichment analysis, and
Gene Set Enrichment Analysis, allowed for the com-
pletion of further research. The NCBI SRA database
received the mouse hepatic RNA-sequencing data
under accession number PRJNA1017907.

Molecular docking

The Protein Data Bank (the code: 1U6D) provided the
structure of KEAP1, which served as the basis for the
molecular docking simulations carried out by the
AutoDock Vina software. To utilize as a ligand,
tiliroside’s 3D structure was acquired from PubChem.
KEAP1 and tiliroside underwent the conventional
docking procedure with AutoDock Vina software. The
London dG scoring function was applied to all docked
positions, and the “induced fit” method was employed.
The postures were then rescored using the GBVI/WSA
dG scoring function. It was discovered that the
conformation with the lowest free binding energy
was the ideal binding mode. KEAP1 and tiliroside
binding modes were shown using PyMOL (https://
www.pymol.org).

Analytical statistics

The mean + SD is used to express the data. The 2
groups were compared using the unpaired Student
t test. To find significant differences across different
groups, 1- or 2-way ANOVA was carried out using
GraphPad Prism 9.0 (GraphPad). p < 0.05 was

deemed significant.

RESULTS

Tiliroside activated the NRF2/ARE pathway
both in vivo and in vitro perhaps by
interfering with the NRF2-KEAP1
interaction

According to structure-based virtual screening using
AutoDock, we found tiliroside may bind to KEAP1 by
creating novel hydrogen bonding contacts within the
protein’s substrate binding cavity (Figure 1A).
Figure 1B shows tiliroside at concentrations <50 uyM
with no toxic effect on THLE-2 cells, but cell viability
decreased significantly when the concentration was
over 100 uM. The EC50 of tiliroside on THLE-2 cells
after 24 hours was 155.9 yM. Next, we used gRT-PCR
to examine the NRF2 and its transcriptional activation
gene HO-1 mRNA expression levels in THLE-2 cells.
The results demonstrated that, at doses below 5 pM,
tiliroside treatment raised HO-1 expression in a
concentration-dependent manner. Thus, 5 uM tiliro-
side was chosen for the next investigation (Figure 1C).
However, NRF2 mRNA levels remained unchanged
following tiliroside treatment (Figure 1C). Cellular
thermal shift assay showed that tiliroside treatment
significantly increased KEAP1’s heat stability in THLE-
2 cells (Figure 1D). Following tiliroside treatment, the
KEAP1 protein’s thermal melting curve obviously
moved to the right (Figure 1D), suggesting that
tiliroside may bind to KEAP1 in THLE-2 cells.
Furthermore, co-immunoprecipitation was performed
to examine any potential effects of tiliroside on the
NRF2-KEAP1 interaction. According to our findings,
tiliroside may interfere with NRF2-KEAP1 protein-
protein interaction (PPl) (Figure 1E). In addition,
5 uM tiliroside treatment significantly abolished
NRF2 destabilization in THLE-2 cells (Figure 1F),
indicating that the degradation of NRF2 through
ubiquitination was significantly inhibited by tiliroside
treatment. Tiliroside treatment upregulated protein
stability of NRF2 as shown by cycloheximide assay
in THLE-2 cells (Figure 1G). Furthermore, tiliroside
treatment significantly boosted NRF2’s nuclear trans-
location and increased protein expression (Figure 1H).
Furthermore, we assessed the potential of tiliroside
therapy to activate NRF2 in hepatocytes in vivo. As
the dose of tiliroside was raised, HO-1 mRNA levels
progressively rose in comparison to those in the
vehicle group, particularly in the group treated with
tiliroside (20 mg/kg). However, HO-1 mRNA levels no
longer increased after the tiliroside concentration was
>20 mg/kg (Figure 1l). Tiliroside treatment signifi-
cantly activated NRF2 in mouse hepatocytes, as
shown by the transcriptional activation of its down-
stream genes and a marked increase in NRF2 protein
expression levels (Figures 11-K). After tiliroside
treatment, we analyzed the protein levels of NRF2
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FIGURE 1 Tiliroside activated the NRF2/ARE pathway both in vivo and in vitro by disrupting the NRF2-KEAP1 interaction. (A) The molecular

docking model predicted that the tiliroside binds to the Kelch domain of KEAP1. (B) A CCK8 assay was used to analyze the viability of THLE-2
cells treated with tiliroside in a concentration-dependent manner (2.5—400 pM) for 24 hours. (C) The mRNA levels of NRF2 and HO-1 in THLE-2
cells after treatment with different concentrations of tiliroside for 24 hours, as indicated. (D) CETSA of KEAP1 with or without tiliroside (5 pM) in
THLE-2 cells. (E) THLE-2 cells were treated with 5 pM tiliroside for 24 hours and then immunoprecipitation was performed by using an NRF2
antibody, followed by a western blot analysis using anti-KEAP1 and NRF2 antibody. (F) THLE-2 cells were treated with 5 uM tiliroside for 24 hours
and then treated with MG132 for 6 hours. Then, immunoprecipitation was performed by using an NRF2 antibody, followed by a western blot
analysis using an anti-Ub antibody. (G) THLE-2 cells were treated with 20 pM CHX with or without 5 pM tiliroside for different times, then the
protein levels of NRF2 were analyzed by western blot, and the quantification results were showed lower right. (H) Representative immuno-
fluorescence staining for NRF2 in THLE-2 cells after treatment with 5 M tiliroside for 24 hours (green: NRF2, blue: DAPI, scale bar: 20 ym,
magnification x400). () gRT-PCR was used to analyze the mRNA levels of HO-1 in mouse livers after daily gavage with vehicle or tiliroside (5, 10,
20, or 30 mg/kg/d) for 48 hours. (J) Western blot analysis of NRF2 subcellular localization in liver tissues after vehicle or tiliroside (20 mg/kg/d)
treatment for 48 hours. (K) Immunohistochemical analysis of NRF2 expression in the livers of vehicle- or tiliroside-treated mice. The data are
expressed as the mean + SD of 3 independent experiments for cell experiments and 3 for animal experiments. ****p <0.0001, ***p < 0.001,
**p < 0.01 (1-way ANOVA). Abbreviations: CETSA, cellular thermal shift assay; CHX, cycloheximide; ns, not significant; Til, tiliroside.

target genes, including GCLC and HO-1. Our findings
indicated a significant upregulation of HO-1 protein
levels 1 hour after treatment, while GCLC protein
levels were significantly elevated 3 hours after tiliro-
side administration (Supplemental Figures S1A-C,
http://links.lww.com/HC9/B909). According to these
findings, tiliroside may operate as an inhibitor of the
KEAP1-NRF2 PPI to activate the NRF2/ARE signaling
pathway.

Tiliroside protected against AlLI in mice

The mice were gavaged with vehicle or tiliroside (20 mg/
kg) daily 48 hours before APAP injection, as illustrated in
Figure 2A. The results demonstrated that the tiliroside
treatment at doses of 20 mg/kg/d and 30 mg/kg/d but not
10 mg/kg/d significantly reduced the levels of both ALT
and AST (Figures 2B, C). Moreover, the administration of
30 mg/kg/d did not exhibit superior protective effects
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FIGURE 2 Tiliroside alleviated APAP-induced acute liver injury caused by hepatotoxicity in mice. (A) Animal treatment strategies. Mice were

fasted for 12 hours after daily gavage of vehicle or tiliroside (20 mg/kg/d) for 48 hours. Then, the mice were injected intraperitoneally with APAP
(400 mg/kg) and sacrificed 24 hours after APAP administration. Serum ALT (B) and AST (C) were detected in APAP-treated or control mice. (D)
H&E staining of liver sections. Representative images showing necrotic areas in APAP-induced liver tissues treated with vehicle or tiliroside

(magnification x200; scale bar: 50 um). (E) Quantitative analysis of the necrotic areas of the liver in (D). The data are expressed as the mean +
SD; n=6 mice in each group; ****p < 0.0001, ***p < 0.001, *p < 0.05 (1-way ANOVA). Abbreviations: APAP, acetaminophen; ns, not significant; Til,

tiliroside.

compared to 20 mg/kg/d; therefore, we selected the
dosage of 20 mg/kg/d tiliroside for all animal models. The
primary characteristic of APAP-induced hepatotoxicity,
according to histological investigation, was the induction
of significant hepatic centrilobular necrosis 24 hours after
APAP ftreatment (Figure 2D). However, these effects
improved after tiliroside (20 mg/kg/d) treatment, as
indicated by a significant reduction in necrotic areas
(Figures 2D, E).

Given that pretreatment with tiliroside is clinically
irrelevant, we also administered tiliroside to the mice
post-APAP injection at various time points. Our results
indicated that tiliroside treatment (20 mg/kg) administered

3 and 6 hours after APAP injection had significant
protective effects. However, these protective effects were
markedly diminished when administered 9 hours after
APAP injection (Supplemental Figures S2A, B, http://links.
Iww.com/HC9/B909). These results suggest tiliroside also
has a therapeutic window after APAP injection. In addition,
there was no obvious damage to the organs of normal
mice after tiliroside (20 mg/kg) treatment for 1 month,
indicating that tiliroside without obvious toxic side effects
in normal mice (Supplemental Figures S2C-G, http://links.
lww.com/HC9/B909). Taken together, these results
showed that the hepatotoxicity caused by APAP was
considerably reduced by tiliroside treatment.
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FIGURE 3 RNA-seq revealed that tiliroside treatment inhibited APAP-induced oxidative stress in hepatocytes. (A) KEGG enrichment analysis of

the DEGs between the APAP and vehicle groups shows that genes involved in ferroptosis, apoptosis, and necroptosis signaling (marked with red
arrows) were strongly differentially expressed after APAP treatment. (B) KEGG enrichment scatter plot showing the top differentially expressed genes
involved in ferroptosis, apoptosis, and necroptosis (marked with red arrows) between the APAP + Til and APAP + vehicle groups. (C) Heatmap image
showing the DEGs related to oxidative stress signaling in the vehicle, APAP, and APAP + Til groups. (D) The mRNA levels of GPX4, HO-1, GCLC,
FSP1, and ACSL4 were also analyzed using gRT-PCR. The data are expressed as the mean + SD; n=3 for each group in the RNA-seq assay and
n =6 for each group in the qRT-PCR assay. ****p < 0.0001, ***p < 0.001, **p < 0.01 (1-way ANOVA). Abbreviations: APAP, acetaminophen, 400 mg/kg;
DEG, differentially expressed gene; KEGG, Kyoto Encyclopedia of Genes and Genomes; Til, tiliroside, 20 mg/kg.

RNA-seq revealed that tiliroside treatment
prevented APAP-induced oxidative stress
in hepatocytes

RNA-seq was used to investigate potential protective
mechanisms of tiliroside in AlLI. A total of 9 liver samples
from 3 groups were sequenced: the vehicle group, vehicle
+ APAP group, and tiliroside + APAP group. Gene
expression levels in several groups were analyzed. Our
results showed that there was a difference in the
expression of ferroptosis, apoptosis, and necrosis-related
genes in the APAP + vehicle group when compared to the
vehicle group (Figure 3A). Comparably, the APAP +
tiliroside group also showed notable alterations in
ferroptosis, apoptosis, and necrosis-related pathway

genes (Figure 3B). Tiliroside has the potential to function
as an NRF2 activator, and NRF2 plays a key role in
protecting against oxidative stress, so we focus on
oxidative stress—related signaling pathways. The results
of the heatmap analysis of the oxidative stress—related
signaling pathway indicated that APAP significantly
increased the expression of positive oxidative stress
regulators, like ACSL4, while decreasing the expression
of negative regulators, like glutathione peroxidase 4
(GPX4). These effects were nearly the opposite in the
group that received tiliroside plus APAP (Figure 3C). The
mRNA levels of several NRF2 target genes, including
GPX4,HO-1, GCLC, and FSP1, were also analyzed using
gRT-PCR. Our results indicate that tiliroside treatment
upregulated the expression levels of GPX4, HO-1, GCLC,
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and FSP1 while inhibiting the high levels of ACSL4
induced by APAP in the livers of mice (Figure 3D). All
these results suggest tiliroside treatment prevented
APAP-induced oxidative stress in hepatocytes.

Hepatocytes were protected by tiliroside
against APAP-induced oxidative stress
injury in vivo

In the mice livers treated with APAP, several oxidative
stress markers were examined to determine whether
tiliroside treatment might prevent APAP-induced hepato-
cyte oxidative stress injury in mice. Immunohistochemical
staining revealed that APAP treatment markedly reduced
the protein levels of GPX4, which was notably restored

after tiliroside treatment (Figure 4A). Next, we used the
oxidative stress marker myeloperoxidase (MPQ) and the
lipid peroxidation marker 4-hydroxynonenal (4-HNE) to
examine APAP-induced oxidative damage in mice liver
tissues. Histological analysis revealed that APAP signif-
icantly induced excessive accumulation of 4-HNE in the
liver, which was then dramatically reduced by tiliroside
treatment (Figure 4B). Similarly, tiliroside therapy signif-
icantly reduced APAP-induced MPO overaccumulation in
the liver, according to western blot data (Figures 4C, D).
We next measured the MDA levels and the GSH/GSSG
ratios in mice livers to detect lipid peroxidation and
oxidative stress. The findings showed that ftiliroside
therapy restored APAP-induced reductions in the GSH/
GSSG ratio (Figure 4F) and significantly reduced APAP-
induced increases in MDA levels (Figure 4E). Oxidative
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FIGURE 4 Tiliroside protected hepatocytes from APAP-induced oxidative stress in vivo. (A) The expression levels of GPX4 in the APAP-
induced livers of all groups were detected by IHC (scale bar: 20 um, magnification x400), and the graph on the right side displays the relative
quantitative results for GPX4. (B) Representative IHC image of 4-HNE in APAP-induced livers from mice treated with vehicle, vehicle + APAP, Til
or Til + APAP (scale bar: 20 ym, magnification x400). The relative quantified results are shown on the right. (C) Detection of MPO, GPX4, and
NRF2 expression in the livers of mice after vehicle, APAP (300 mg/kg), tiliroside (20 mg/kg), or APAP combined with tiliroside treatment by
western blot analysis; the quantitation results analyzed by ImageJ are shown on the right (D). (E) The MDA levels in the livers of mice after APAP
or tiliroside treatment were determined by the MDA assay. (F) The relative ratio of GSH/GSSG (compared to that in the vehicle group) in the livers
of mice treated with or without tiliroside (20 mg/kg) was measured with a GSH/GSSG kit. (G) APAP-induced mitochondrial damage in liver cells of
mice treated with or without tiliroside (20 mg/kg) was observed using TEM. The red arrow indicates damaged mitochondria (scale bar: 1 ym). The
data are expressed as the mean + SD; n=6 or 3 mice in each group. ****p <0.0001, ***p <0.001 (1-way ANOVA). Abbreviations: 4-HNE, 4-
hydroxynonenal; APAP, acetaminophen; GSH, glutathione; GSSG, glutathione disulfide; IHC, immunohistochemistry; MDA, malondialdehyde;

TEM, transmission electron microscopy; Til, tiliroside.
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stress injury is often accompanied by dysregulation of
mitochondrial morphology and function. Transmission
electron microscopy analysis revealed severe mitochon-
drial damage in hepatocytes after the APAP challenge,
characterized by increased mitochondrial rupture and
decreased or no mitochondrial cristae. Notably, tiliroside
treatment markedly ameliorated APAP-induced mito-
chondrial damage in hepatocytes (Figure 4G). These
results suggest that APAP significantly inhibited APAP-
induced hepatocyte oxidative stress injury in vivo.

Tiliroside treatment decreased APAP-
induced hepatic cell death and
inflammation in vivo

RNA-seq revealed that tiliroside treatment also inhib-

ited APAP-induced cell death including ferroptosis,
apoptosis, and necrosis in mouse livers. Terminal

(A)

Vehicle Vehicle + APAP

DAPI

Merged

deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL) staining was done to detect APAP-
induced cell death in vivo. The number of TUNEL-
positive cells in the livers of mice treated with APAP
increased significantly, as seen in Figure 5A, but
dropped significantly following treatment with tiliroside
(Figure 5B). Furthermore, another significant patho-
logical feature of APAP-induced hepatotoxicity is
inflammation. Analysis was also done on APAP-
induced hepatic inflammation in mice. The findings
demonstrated that tiliroside administration considera-
bly reduced the infiltration of APAP-induced hepatic
macrophages in mice (Figures 5C, D). Furthermore,
gRT-PCR was performed to detect the expression of
inflammatory genes in mouse livers, including MCP-1,
IL-1B, TNFa, and IL-6. The findings demonstrated that
tiliroside administration dramatically reduced the levels
of APAP-induced elevations in MCP-1, IL-1p, TNFa,

and IL-6 in the mice’'s livers (Figure 5E).
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FIGURE 5 Tiliroside treatment ameliorated APAP-induced hepatic cell death and inflammation in vivo. (A) A TUNEL assay was used to
analyze APAP-induced liver cell death in mice treated with vehicle, vehicle + APAP, Til or Til + APAP (green: TUNEL, blue: DAPI; scale bar:
20 pm; magnification: x400). The number of TUNEL-positive cells in each group was calculated from 5 random fields in each sample, and the
results are shown on the right (B). (C) Immunohistochemical staining of F4/80 in APAP-induced livers from mice treated with vehicle, vehicle +
APAP, Til or Til + APAP (scale bar: 20 ym, magnification x400); the graph shows the quantitative results (D). (E) QRT-PCR was used to analyze
the mRNA levels of inflammatory genes, including MCP-1, TNF-a, IL-6, and IL-1B, in the livers of APAP-induced acute liver injury model mice
treated with or without tiliroside (20 mg/kg). The data are expressed as the mean + SD; n=6 mice in each group. ****p <0.0001, ***p < 0.001,
**p < 0.01, *p < 0.05 (1-way ANOVA for B, D, 2-way ANOVA for E). Abbreviations: APAP, acetaminophen; Til, tiliroside; TUNEL, terminal

deoxynucleotidyl transferase-mediated dUTP nick-end labeling.
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Consequently, we concluded that tiliroside significantly
ameliorated APAP-induced hepatocyte death and the
inflammatory response in vivo.

Tiliroside’s hepatoprotective effects were
mediated by NRF2 in vivo

Next, we investigated if tiliroside’s hepatoprotective
effects in vivo were mediated by NRF2. We used
hepatocyte-specific Cas9 transgenic mice (Alb-Cre*
Cas9*) to create hepatocyte-specific NRF2 KO animals
to examine the effect of NRF2 deletion (KO) on the
hepatoprotective effects of tiliroside in vivo. A schematic
depicting the generation of Alb-Cre* Cas9* transgenic
mice is shown in Figure 6A. PCR analysis revealed the
genotyping results of the Alb-Cre* Cas9* offspring
(Figure 6B). The western blot results indicated that we
successfully constructed hepatocyte-specific Cas9
transgenic mice (Figure 6C). Figures 6D, E show that
successful hepatocyte-specific NRF2 knockout mice
were generated. In terms of body weight and organ
functioning, the phenotypes of wild-type and hepato-
cyte-specific NRF2 knockout mice were similar
(Figure 6F). Hepatocyte-specific NRF2 KO mice
(NRF2 Hep KO) that were subjected to AlLI modeling
were used to evaluate whether NRF2 mediated the
hepatoprotective effects of tiliroside. After stimulation
with APAP, NRF2 mutant animals had higher levels of
ALT and AST than control mice, and this difference was
not reversed by tiliroside intervention (Figures 7A, B).
Like this, APAP stimulation significantly changed the
liver pathology of NRF2 knockout mice; in contrast, the
liver pathology of mice in the NRF2 Hep KO tjliroside +
APAP group was not significantly different from that of
the NRF2 Hep KO + APAP group (Figures 7C, D). By
examining liver oxidative stress indices in mice, the
study revealed that the protective effect of tiliroside
against APAP-induced oxidative stress and acute liver
damage was removed by hepatocyte-specific deletion
of NRF2. Furthermore, hepatocyte-specific NRF2 dele-
tion abolished tiliroside’s capacity to reduce oxidative
stress and APAP-induced hepatocyte damage, accord-
ing to the results of the MDA and 4-HNE expression
experiments (Figures 7E-G). In the livers of NRF2 Hep
KO mice, tiliroside therapy was unable to raise GPX4
expression or lower APAP-induced MPO levels
(Figures 7H, 1). These findings imply that NRF2
mediates the protective effects of tiliroside against AlLI.

Tiliroside prevented APAP-induced
oxidative stress in cultured human
hepatocytes in vitro

The protective effects of tiliroside on human THLE-2
cells were also examined to detect whether the drug

directly inhibits APAP-induced oxidative stress of
hepatocytes. The CCK8 assay demonstrated that
APAP treatment induced more than half of the THLE-
2 cell death, but the cell viability was reversed to more
than 75% after treatment with tiliroside (Figure 8A). In
addition, tiliroside treatment markedly decreased
APAP-induced increases in MDA levels in THLE-2 cells
(Figure 8B). Other features of oxidative stress, including
lipid peroxidation and mitochondrial damage, were also
analyzed. We applied BODIPY 581/591 C11 to detect
the protective effect of tiliroside against lipid peroxida-
tion in THLE-2 cells. Following APAP treatment, as
demonstrated in Figure 8C, the fluorescence of the
BODIPY 581/591 C11 probe changed from red to
green, indicating that APAP promoted lipid peroxidation
in THLE-2 cells. Tiliroside treatment greatly blunted
APAP-induced lipid peroxidation in THLE-2 cells
(Figure 8C). In addition, we stained the cells with
MitoSOX Red and TMRM fluorescent probes to detect
APAP-induced mitochondrial ROS accumulation and
depolarization of mitochondrial membrane potential.
The findings showed that, in THLE-2 cells, tiliroside
treatment led to a significant decrease in mitochondrial
ROS levels, but APAP therapy caused a notable rise in
ROS levels after 24 hours (Figure 8D). Tiloroside
therapy also dramatically restored the mitochondrial
membrane potential depolarization caused by APAP in
THLE-2 cells, as demonstrated in Figure 8E. These
findings suggested that tiliroside therapy significantly
improved the mitochondrial damage caused by APAP in
THLE-2 cells. Furthermore, our findings indicated that
both GCLC and HO-1 play an equally crucial role in the
protective effects of tiliroside on APAP-induced THLE-2
cells. This was demonstrated by employing DL-Buthio-
nine-(S, R)-sulfoximine (BSO) to inhibit GSH synthesis
and HO-1-IN1 to inhibit HO-1 (Supplemental Figure S3,
http://links.lww.com/HC9/B909). Using CRISPR/Cas9
methods, we produced NRF2 knockout THLE-2 cells
(NRF2 KO) to find out if NRF2 mediated tiliroside’s
hepatocyte-protective effects. NRF2 KO cells were
successfully generated, according to western blot
results (Figure 8F). The CCK8 and western blot results
showed that NRF2 deletion significantly reduced tiliro-
side’s hepatocyte-protective effects. There was no
appreciable difference in the viability of the cells
(Figure 8G) or GPX4 protein levels (Figure 8H) between
APAP-treated NRF2 KO cells with or without tiliroside
therapy. In summary, ftiliroside treatment inhibited
APAP-induced oxidative stress in cultured human
hepatocytes by activating NRF2.

DISCUSSION

One of the primary pathogenic processes causing AlLI
is oxidative stress, and it has been shown that target
oxidative stress is useful in reducing AILL®10 The
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FIGURE 6 The construction of liver-specific NRF2 knockout mice. (A) Schematic depicting the generation of CRISPR/cas9 knock-in mice. (B)
PCR analysis was used to genotype the Alb-Cre* Cas9* offspring. (C) Western blot analysis of the Cas9 protein expression levels in the livers of
Cas9* and Alb-Cre* Cas9* mice. (D) EGFP immunofluorescence analysis of EGFP expression in the livers of mice injected with Lenti-NRF2-
sgRNA-EGFP or control (green: EGFP, blue: DAPI, scale bar: 20 um, magnification x400), and the graph on the right side displayed the relative
quantitative results for EGFP. (E) NRF2 protein levels of livers in Alb-Cre* Cas9" mice injected with Lenti-NRF2-sgRNA-EGFP or control were
determined by western blot, and the graphs on the right showed the results of densitometry analysis performed by ImagedJ. (F) Measurements of
plasma biochemical parameters for the liver (ALT, AST), kidney (BUN, SCr), and heart functions (CK, creatine kinase) after the mice injected with
Lenti-NRF2-sgRNA-EGFP or control. Data are expressed as the mean + SD, n=6 mice of each group. ***p <0.0001, **p < 0.01, ns: not
significant.
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FIGURE 7

NRF2-mediated hepatoprotective effects of tiliroside in vivo. ALT (A) and AST (B) levels in APAP-treated (400 mg/kg) control mice

or NRF2 Hep KO mijce treated with or without tiliroside (20 mg/kg). (C) H&E staining of livers from APAP-induced control mice or NRF2 HeP KO mice
treated with or without tiliroside (20 mg/kg) (magnification x200; scale bar: 50 ym). (D) Quantitative analysis of the necrotic areas of the liver in (C).
(E) MDA levels in APAP-induced livers from control mice or NRF2 HeP KO mice treated with or without tiliroside. (F) Representative 4-HNE IHC
images of APAP-induced livers from control mice or NRF2 HeP KO mijce treated with or without tiliroside (scale bar: 20 ym, magnification x400). (G)
The relative quantified results of (F). (H) Western blot analysis of the MPO and GPX4 protein levels in the livers of APAP-induced control mice or

NRF2 Hep KO mijce treated with or without tiliroside, the quantitation results analyzed by ImageJ are shown on the down (1). ****p <0.0001,

***n<0.001, **p < 0.01 (1-way ANOVA). ns, not significant. The data are expressed as the mean

+ SD of 6 or 3 mice in each group.

Abbreviations: 4-HNE, 4-hydroxynonenal; APAP, acetaminophen; IHC, immunohistochemistry; MDA, malondialdehyde.

NRF2/KEAP1 pathway is one of the key defense
mechanisms against APAP-induced oxidative stress in
hepatocytes,['8:32] which is crucial for preventing oxida-
tive and pro-electrophilic stress as well as for maintain-
ing the cellular redox status.'433 Downstream target
genes of NRF2, GPX4, GCLC, and HO-1 are the key
enzymes identified to directly reduce oxidative
stress.3435 KEAP1 mediates the ubiquitin-degradation
of NRF2 by attaching to it. As a result, breaking the PPI

between NRF2 and KEAP1 has become a very
promising method of activating NRF2 to cure a variety
of oxidative stress—related illnesses.[3¢:371 However, no
inhibitors of the NRF2-KEAP1 PPI have been translated
into the clinic for side effects or other reasons.

Our attention was attracted to natural substances
derived from plants that have anti-inflammatory and
antioxidant properties, such as Chinese herbal reme-
dies. For centuries, the dried fruits of oriental paper
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FIGURE 8 Tiliroside prevented APAP-induced oxidative stress in cultured human hepatocytes. THLE-2 cells were incubated with APAP
(10 mM) or tiliroside (5 uM) for 24 hours. Cell viability was measured by a CCK8 assay (A), and the levels of MDA were determined by an MDA
assay (B). (C) Lipid peroxidation in THLE-2 cells induced by APAP (10 pg/mL, 24 h) and treated with or without tiliroside (5 pM) for 24 hours was
analyzed by staining with fluorescent lipophilic BODIPY 581/591 C11 probe (red: total lipids, green: oxidized lipids, blue: Hoechst, scale bar:
20 pm) and captured by confocal fluorescence microscopy. (D) MitoSOX Red staining was used to detect mitochondrial ROS accumulation in
THLE-2 cells (red: MitoSOX; blue: Hoechst; scale bar: 20 um), and the graph of the relative quantitative results is displayed on the right. (E)
Changes in the mitochondrial membrane potential of THLE-2 cells induced by APAP (10 mM, 24 h) and treated with or without tiliroside (5 uM) for
24 hours were analyzed by staining with TMRM fluorescent probes (red: TMRM); blue: Hoechst; scale bar: 20 ym), and a graph of the relative
quantitative results is displayed on the right. (F) Detection of NRF2 expression levels in NC and NRF2-KO THLE-2 cells by western blot analysis.
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(G) A CCK8 assay was used to determine the viability of NC and NRF2-KO cells treated with vehicle, APAP (10 mM), or tiliroside (5 uM) for
24 hours. (H) NC and NRF2-KO cells were treated with APAP (10 mM, 24 h) combined with or without tiliroside (5 uM). The expression levels of
GPX4 were detected by western blot analysis. ****p < 0.0001, ***p <0.001, **p < 0.01 (1-way ANOVA for A, B, D, E; 2-way ANOVA for G). ns, not
significant. The data are expressed as the mean + SD of 3 independent experiments. Abbreviations: APAP, acetaminophen; MDA,

malondialdehyde.

bush flowers have been used as a natural remedy for
maintaining health and combating various diseases.[®!
Numerous studies have shown that tiliroside, a primary
constituent and powerful natural flavonoid glycoside of
oriental paper bush flowers, possesses a range of
pharmacological actions, such as antipyretic, anti-
inflammatory, as well as antioxidant properties.[3940
Prior research has demonstrated that tiliroside and its
derivatives can activate NRF2 to produce neuroprotec-
tive effects; however, it is still unknown how precisely
tiliroside works. Based on functional studies and
molecular docking patterns, our research suggests
tiliroside may bind to KEAP1 and disrupt the NRF2-
KEAP1 PPI, hence activating NRF2 in hepatocytes.
Furthermore, our findings showed that ALl was
considerably improved by tiliroside therapy, both in vivo
and in vitro. RNA-seq results revealed that APAP-treated
mice exhibited aberrant ferroptosis, apoptosis, and
necrotic cell death. Fortunately, tiliroside markedly
reversed the APAP-induced abnormalities in these
processes. Analysis revealed tiliroside improved abnor-
malities in several oxidative stress indicators by APAP,
including GPX4 and MPO protein levels, 4-HNE and
MDA levels, GSH/GSSG ratios, and mitochondrial
damage, and demonstrated that tiliroside treatment
dramatically ameliorated hepatocyte oxidative stress in
AILI mice. Furthermore, no significant damage to the
organs of normal mice was observed following 1 month of
treatment with ftiliroside (20 mg/kg). This suggests that
tiliroside may also have the potential to alleviate chronic
liver damage. In addition, hepatocyte-specific NRF2
knockout mice exhibited more severe liver injury induced
by APAP, which could not be improved by tiliroside
treatment, suggesting that tiliroside’s hepatoprotective
effects were mediated by NRF2. Similarly, tiliroside has a
direct antioxidative stress effect on cultured human
hepatocyte THLE-2 cells. Furthermore, the hepatopro-
tective effects of tiliroside on THLE-2 cells were
significantly attenuated by NRF2 deletion. Our results
indicate that tiliroside may be a KEAP1-NRF2 PPI
inhibitor, indicating that it is a useful strategy to find
potential NRF2-KEAP1 PPI inhibitors from natural sub-
stances. Furthermore, most natural substances have few
adverse effects as most of them come from edible plants
or other organisms. Tiliroside inhibited NRF2 ubiquitina-
tion-mediated degradation, suggesting that it may be an
inhibitor of the KEAP1-NRF2 PPI. However, the direct
interactions between KEAP1 and tiliroside need further
research. Furthermore, a recent study found that by
inhibiting TBK1, tiliroside therapy could cause ferroptosis

in cancer cells.*!l. Our results and those of previous
studies suggest that tiliroside has different effects on
normal and tumor cells. In addition, our results indicated
that tiliroside treatment at higher doses (> 100 uM) could
induce cell death in vitro, suggesting that the translation of
tiliroside to clinical applications requires further investiga-
tion. Although the detailed mechanisms by which tiliroside
mediates different pharmacological effects and its clinical
safety need further study, our research showed that
tiliroside could prevent AlLI perhaps through disrupting
KEAP1-NRF2 PPI and activating NRF2.

CONCLUSIONS

In summary, our results suggest that tiliroside could be
used as a possible NRF2 activator to protect against
APAP-induced hepatocyte ferroptosis and suggest that
tiliroside can be developed as a potential hepatopro-
tective drug in the clinic.
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