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Background: Toll-like receptor 3 (TLR3) has been implicated in innate immune regulation, but its role in acute liver injury
is unknown. The aim of this study was to investigate the functional significance of TLR3 and its underlying mechanisms in
D-GalN/lipopolysaccharide (LPS)-induced acute liver injury.
Methods: Acute liver injury models were established in rats; Kupffer cells were used to investigate the underlying cellular
and molecular mechanisms. Liver function indicators, including alanine transaminase (ALT), aspartate transaminase (AST),
lactate dehydrogenase (LDH), and histopathological changes in liver tissues were evaluated in rats. The expression levels of the
inflammatory cytokines interleukin-1β (IL-1β) and interleukin-18 (IL-18) in Kupffer cells were measured. In addition, apoptosis
was assessed in bothmodels. To investigate the underlyingmolecularmechanisms, the expression of apoptosis-related proteins (B-
cell lymphoma 2 (Bcl-2), Bcl-2-associated X protein (Bax)), autophagy-related markers (microtubule-associated protein 1 light
chain 3 (LC3I/II), sequestosome 1 (P62)), and signaling proteins involved in the adenosine monophosphate-activated protein
kinase (AMPK) and interferon regulatory factor 3 (IRF3) pathways were assessed by western blotting in both models. TLR3-
overexpressing lentivirus was used to examine the functional role of TLR3. Compound C and 3-methyladenine (3-MA) were
applied to inhibit AMPK signaling and autophagy, respectively. Furthermore, in Kupffer cells, the mRNA levels of IL-1β and
IL-6 were detected by quantitative reverse transcription polymerase chain reaction (qRT-PCR), and autophagy was evaluated
by immunofluorescence.
Results: TLR3 overexpression significantly alleviated acute liver injury and apoptosis in GalN/LPS-induced acute liver injury
models. It modulated apoptosis-related proteins, enhanced autophagy markers, and was associated with increased AMPK phos-
phorylation and elevated IRF3 expression in both in vivo and in vitro experiments. TLR3 also lowered inflammatory cytokine
expression. Notably, the protective effects of TLR3 were markedly reversed by Compound C or 3-methyladenine treatment.
Conclusion: TLR3 overexpression correlates with protection against acute liver injury, accompanied by enhanced AMPK-
associated autophagy and IRF3 upregulation. These findings suggest that TLR3 links innate immune sensing with metabolic
and autophagic pathways, providing a mechanistic basis for its potential protective role in acute liver injury.
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Introduction

Liver failure (LF) is a severe form of liver injury as-
sociated with high short-term mortality and poor prognosis
[1]. Common causes of LF include viral infections, drugs,
and alcohol [2]. Despite advances in clinical management,
LF remains an intractable disease and is frequently ac-
companied by complications such as spontaneous bacte-
rial peritonitis, ascites, cirrhosis, and hepatic encephalopa-
thy [3]. Although current therapies have improved patient
outcomes, mortality remains high [4]. Treatment options
mainly include pharmacological therapy and liver trans-
plantation [5]. However, the benefit of liver transplantation

are limited by donor shortages and immune-related com-
plications [6]. Therefore, identifying effective alternative
therapeutic strategies for LF is urgently needed.

The role of autophagy in LF has attracted increas-
ing attention in recent years. Autophagy is a conserved
cellular process that degrades damaged organelles and re-
moves harmful cytosolic components [7]. In particu-
lar, microtubule-associated protein 1 light chain 3 (LC3)
is closely associated with phagocytosis [8]. Autophagy
has been shown to protect against acetaminophen-induced
liver injury [9]. Moreover, reduced liver cell autophagy
promotes interleukin (IL)-1β/tumor necrosis factor (TNF)-
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induced cell necrosis in mice [10]. Therefore, modulation
of autophagy may represent a potential therapeutic strategy
for LF.

Moreover, autophagy is one of the key metabolic pro-
cesses regulated by adenosine 5-monophosphate-activated
protein kinase (AMPK) [11,12]. AMPK plays an impor-
tant role in various forms of liver injury. For example,
AMPK protects against alcohol-induced liver injury by pro-
moting ubiquinolcytochrome c reductase core protein 2
(UQCRC2)-mediated mitophagy [13]. Hyperglycemia ag-
gravates thioacetamide-induced acute liver injury by in-
hibiting AMPK/mammalian target of rapamycin (mTOR)-
mediated autophagy in liver-resident macrophages [14]. In
addition, dexmedetomidine alleviates sepsis-induced liver
injury by promoting autophagy and activating the AMPK
signaling pathway [15]. Therefore, modulation of au-
tophagy and AMPK signaling may represent a potential
therapeutic strategy for LF.

Toll-like receptor 3 (TLR3), a member of the TLR
family, plays an important role in innate immunity and the
regulation of immune responses [16]. A previous study has
shown that TLR3 contributes to antiviral host response by
regulating type I interferons (IFNs) and proinflammatory
factors [17]. TLR3 expression has also been reported to de-
crease during acute liver injury [18]. Notably, the AMPK
signaling pathway was suppressed in TLR3 knockout mice
[19]. Viral infection can activate AMPK signaling and en-
hance the interaction between receptor for activated C ki-
nase 1 (RACK1) and interferon regulatory factor 3 (IRF3)
[20]. In addition, reduced TLR3 activity has been asso-
ciated with impaired autophagy in acute pancreatitis [21],
whereas TLR3 activation enhances autophagy in mouse
models of heart failure [22]. Selective autophagy can also
regulate IRF3 stability, thereby modulating IFN production
and immune function [23]. Therefore, this study aims to
investigate the relationships among TLR3 overexpression,
autophagy, AMPK phosphorylation, and IRF3 expression
in GalN/LPS-induced acute liver injury

Materials and Methods

Animals Statement
Beijing Vital River Laboratory Animal Technology

Inc. (102; Beijing, China) provided the wistar rats. Fifty-
three male rats (7–8 weeks old, 276–300 g) were housed at
room temperature (20–25 °C) and 55–65% humidity under
a 12-hour light-dark cycle. Standard food and water were
available ad libitum. All rat experiments were approved
by the Institutional Animal Care and Use Committee of
the Zhejiang Center of Laboratory Animals (Approval No.
ZJCLA-IACUC-20011191) and were conducted in accor-
dance with the guidelines of the China Council on Animal
Care and Use.

Establishment of a Rat Model of Acute Liver Injury
Lentivirus Packaging and Purification

Lentiviral particles were generated by co-transfecting
293T cells with three plasmids: the transfer plasmid (LV-
TLR3 or LV-NC), the packaging plasmid psPAX2 (Ad-
dgene #12260, Watertown, MA, USA), and the enve-
lope plasmid pMD2.G (Addgene #12259, Watertown, MA,
USA). The LV-TLR3 transfer plasmid was constructed by
inserting the full-length rat TLR3 coding sequence (CDS;
based on NCBI Reference Sequence NM_198791.2) into
the GV341 vector (Jikai Gene, Shanghai, China; carry-
ing a 3×Flag tag and puromycin resistance gene). The
TLR3 CDS sequence is provided in Supplementary Table
1. Transfection was performed using Lipofectamine 3000
(L3000015, Invitrogen, Carlsbad, CA, USA) following the
manufacturers protocol. Briefly, 293T cells at 70–80% con-
fluence in 10 cm dishes were transfected with 15 μg of
transfer plasmid, 10 μg of psPAX2, and 5 μg of pMD2.G,
all diluted in Opti-MEM. After 6 hours, the mediumwas re-
placed with fresh DMEMcontaining 10%FBS. Viral super-
natants were collected at 48 and 72 hours post-transfection,
pooled, and centrifuged at 2000 ×g for 10 minutes to re-
move cell debris. The clarified supernatant was filtered
through a 0.45 µm filter and concentrated by ultracentrifu-
gation at 72,000 ×g for 2 hours at 4 °C. The viral pellet
was resuspended in PBS and stored at –80 °C. Viral titers
were determined by quantitative reverse transcription poly-
merase chain reaction (qRT-PCR) or by limiting dilution in
293T cells.

Animal Model and Treatment
After 7 days of acclimatization, forty-eight Wistar

rats were used to establish an acute liver injury model.
48 Wistar rats were split into various treatment groups
at random (eight rats per group): control (Con), model
(Mod), LV-NC, LV-TLR3, LV-TLR3 + compound C (CC)
and LV-TLR3 + 3-methyladenine (3-MA) groups. The
model (Mod) group: Wistar rats were only injected with
700 mg/kg d-galactosamine (GalN; G0500; Merck, Shang-
hai, China) and 10 μg/kg lipopolysaccharide (LPS; 916374;
Merck, Shanghai, China). The Con group: Wistar rats
were intraperitoneally injected with 1 × phosphate buffer
saline (PBS; P1020; Solarbio, Beijing, China) of the same
amount. According to a previous study, Wistar rats in
the LV-NC and LV-TLR3 groups were intraperitoneally
injected with TLR3-overexpressing lentivirus (LV-TLR3;
GV341 vector; 3 flag, non-fluorescence, puromycin; 5
× 108 pfu/100 μL; Jikai Gene, Shanghai, China) or LV-
NC at 48 h before modeling [24]. The LV was pack-
aged in 293T cells (BNCC353535; BeNa Biology, Henan,
China), which were cultured in dulbecco’s modified eagIe’s
medium (DMEM; SH30022.01B; Hyclone, UT, USA) with
10% fetal bovine serum (FBS; 10100147; Thermo Fisher
Scientific, MA, USA). The LV-TLR3 + CC group: Wistar
rats were injected with LV-TLR3 and CC (AMPK inhibitor,
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20 mg/kg; S7840; Selleck, USA) before being treated with
GalN and LPS. CC was injected into Wistar rats 1 h be-
fore modeling [25]. The LV-TLR3 + 3-MA group: Wis-
tar rats were injected with LV-TLR3 and 3-MA (autophagy
inhibitor; 30 mg/kg; S2767; Selleck, USA) before being
treated with GalN and LPS. 3-MA was injected into Wistar
rats 1.5 h before modeling [26]. After that, rats in LV-NC,
LV-TLR3, LV-TLR3 + CC, and LV-TLR3 + 3-MA were in-
traperitoneally injected with GalN (700 mg/kg) and LPS
(10 μg/kg) to induce LF [27,28]. Rats were anesthetized
with pentobarbital sodium (80 mg/kg; JX082085, sh-jxsw,
Shanghai, China) after 12 hours. Under aseptic conditions,
whole venous blood was collected from the inferior vena
cava. Subsequently, the Wistar rats were sacrificed by cer-
vical dislocation, and liver tissues were harvested.

Enzyme Linked Immune Sorbent Assay (ELISA)
The activities of enzymes, including alanine transam-

inase (ALT), aspartate transaminase (AST), lactic dehydro-
genase (LDH), as well as the levels of inflammation-related
factors (IL-1β and IL-18) were assessed by ELISA assay.
Rat ALT, AST, LDH, IL-1β and IL-18 ELISA kits were
purchased fromFeienBiology (ER0255; ER0470; ER0646;
ER0036; ER1094; Wuhan, China). According to manufac-
turer’s instructions, collected serum sample was placed at
25 °C for 2 h and then centrifuged for 20 min at 1000 ×g to
obtain supernatant. The collected cell culture supernatant
was centrifuged for 20 min at 1000 ×g and at 4 °C. The
collected supernatant was immediately used for subsequent
assays. All reagents and samples were equilibrated to room
temperature before detection. The ELISA plate was washed
twice with 300 µL of wash buffer. Two-fold diluted stan-
dard (100 µL) were added to the standard wells, and stan-
dard diluent (100 µL) was added to the blank well. After
adding 100 µL of each sample to the wells, the plate was
incubated at 37 °C for 1.5 hours. Following washing, the
samples were incubated with biotin-labeled antibody work-
ing solution (100 µL per well) at 37 °C for 1 h. After wash-
ing, the samples were incubated with horseradish peroxi-
dase conjugate working solution (100 µL per well) at 37 °C
for 30 min. After another washing step, tetramethylbenzi-
dine (TMB) substrate solution (90 µL) was added, and the
plate was incubated for 20 minutes (37 °C, without light).
Subsequently, 50 µL of stop solution was added to each
well, and the absorbance at 450 nm was measured using
a microplate reader (HTS-XT; Bruker Optics, Rheinstetten,
Germany).

Hematoxylin-Eosin (HE) Staining Assay
The morphological structure of liver was detected

using an HE staining kit (C0105S; Beyotime, Shanghai,
China). Liver tissues were fixed in 4% paraformaldehyde
(P0099, Beyotime, Shanghai, China) at 4 °C for 24 h. Af-
ter fixation, the tissues were dehydrated through a graded
ethanol series (70%, 80%, 90%, and 100% ethanol; 30 min

each), cleared in xylene (A530011, Sangon Biotech, Shang-
hai, China) twice for 10 min each, and embedded in paraf-
fin (A601888, Sangon, Shanghai, China) at 60 °C. Liver
tissues were sectioned using a tissue slicer (HS-S7220-B;
Shenyang Hengsong Technology, Liaoning, China) at a
thickness of 5–10 μm. According to the manufacturer’s
guidelines, the tissue sections were dewaxed twice in xy-
lene (A530011; Sangon Biotech, Shanghai, China) for 10
min each. After sequential treatment with graded ethanol
(100%, 90%, 80% and 70%) and distilled water, the sam-
ples were stained with hematoxylin solution for 5 min. Ex-
cess staining solution was rinsed off with tap water for 10
min. After washing with distilled water, the samples were
stained with eosin staining solution for 1 min and then se-
quentially dehydrated with graded ethanol (70%, 80%, 90
and 100%). After clearing twice in xylene for 5 min each,
the samples were mounted with neutral gum (E675007;
Sangon Biotech, Shanghai, China). Finally, the stained
liver sections were photographed under a light microscope
(magnification, ×100; LV150; Nikon Inc., Tokyo, Japan).

Terminal-Deoxynucleoitidyl Transferase Mediated
Nick End Labeling (TUNEL) Staining Assay

The apoptosis of liver tissue cells was assessed using
a TUNEL kit (C1098; Beyotime, Shanghai, China). Tissue
sections were dewaxed in xylene for 10 min and sequen-
tially treated with graded ethanol (100%, 90% and 70%)
and distilled water. The sections were incubated with Pro-
teinase K (20 µg/mL; ST532; Beyotime, Shanghai, China)
at 37 °C for 30 min. After washing, the tissue sections
were incubated with peroxidase blocking buffer (P0100B;
Beyotime, Shanghai, China) at 37 °C for 20 min. Subse-
quently, biotin labeling solution (5 µL terminal deoxynu-
cleotidyl transferase (TdT) + 45 µL Biotin-2′-deoxyuridine
5′-triphosphate (dUTP)) was added, and the sections were
incubated at 37 °C for 1 h in the dark. The tissue sections
were then incubated with reaction termination solution (200
µL) at 25 °C for 10 min and washed before subsequent pro-
cedure. Horseradish peroxidase working solution (50 µL)
was added, and the sections were incubated at 25 °C for 30
min. Subsequently, Diaminobenzidine chromogenic solu-
tion (300 µL) was applied for 20 min at 25 °C. The sections
were counterstained with hematoxylin for 5 min. Images of
apoptotic liver cells were captured using a light microscope
(brown staining; magnification ×100). TUNEL-positive
cells were counted in at least five randomly selected fields
per section, and the mean number of positive cells per field
was calculated for each group.

Isolation, Identification and Culture of Rat Kupffer
Cells

According to a previous study [14], Kupffer cells
were isolated from 5 Wistar rats (separate healthy rats
obtained from the same vendor as described in the Ani-
mals Statement, and not used for the in vivo model experi-
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ments). Prior to liver perfusion, the rats were anesthetized
by intraperitoneal injection of pentobarbital sodium (80
mg/kg; JX082085, sh-jxsw, China). The liver was sequen-
tially perfused with warmed Hanks’ balanced salt solution
(PB180323, procell, Wuhan, China) at 37 °C and collage-
nase IV (A004210; Sangon Biotech, Shanghai, China). Af-
ter perfusion and collagenase digestion, the rats were deeply
anesthetized and euthanized by cervical dislocation. The
liver tissues were cut into pieces, digested for 30 min, and
filtered through 70 µm cell strainers (352350; Corning, NY,
USA) to obtain liver cell suspensions. Nonparenchymal
cells were separated from the liver cell suspensions by dif-
ferential centrifugation (three times, 50 ×g for 2 min). Sub-
sequently, 50% and 25% percoll gradient solution (P8370;
Solarbio, Beijing, China) were sequentially used to isolate
Kupffer cells by centrifugation at 1800 ×g and 4 °C for 15
min.

For further identification of Kupffer cells, immunoflu-
orescence staining and flow cytometry were performed us-
ing anti-rat ED1 (MCA341, Bio-Rad, Hercules, CA, USA)
and ED2 antibodies (MCA342, Bio-Rad, Hercules, CA,
USA). The purity of Kupffer cells was determined as the
percentage of ED1+/ED2+double-positive cells by flow cy-
tometry, and co-localization of both markers was confirmed
by immunofluorescence. For immunofluorescence stain-
ing, cells were fixed with 4% paraformaldehyde for 15
min, blocked with 5% goat serum for 1 h at 25 °C, and
incubated with primary antibodies overnight at 4 °C. Af-
ter washing, cells were incubated with Alexa Fluor 488-
conjugated goat anti-mouse IgG (green; 1:500; Invitrogen,
A-11001, Carlsbad, CA, USA) for 1 h at 25 °C in the dark.
Nuclei were counterstained with DAPI. Images were cap-
tured using a confocal fluorescence microscope (TCS SP8,
Leica, St. Louis, MO, USA). For flow cytometry, cells
were sequentially incubated with anti-rat ED1 primary an-
tibody, followed by Alexa Fluor 488-conjugated goat anti-
mouse IgG, blocked with normal mouse serum, then incu-
bated with anti-rat ED2 primary antibody, followed by PE-
conjugated secondary antibody (M30204, Thermo Fisher,
Waltham, MA, USA). Data were acquired on a flow cy-
tometer (Attune NxT, Thermo Fisher Scientific, Waltham,
MA, USA) and analyzed using FlowJo software (v10, BD
Biosciences, Franklin Lakes, NJ, USA).

The collected Kupffer cells were cultured in
DMEM supplemented with 10% FBS and 0.1% peni-
cillin/streptomycin (15140122; Thermo Fisher Scientific,
MA, USA) at 37 °C for 15 min. Nonadherent cells were
removed by replacing the medium with fresh medium.
All cell preparations tested negative for mycoplasma con-
tamination using a mycoplasma detection kit (Beyotime,
C0301S, Shanghai, China) according to the manufacturer’s
instructions.

Western Blot Analysis
Rat liver tissues were collected and homogenized for

total protein extraction. In addition, rat Kupffer cells (5 ×
105 cells/well) were seeded into 6-well plates. After 24
h, the cells were treated with different compounds for 48
h and then collected for total protein extraction. A pro-
tein extraction kit (C006225; Sangon Biotech, Shanghai,
China) was used, and protein concentration were deter-
mined using a protein assay kit (P0010; Beyotime, Shang-
hai, China). Gel reagents (P0012A; P0690; Beyotime,
Shanghai, China) were used to separate the total proteins.
The proteins were then transferred onto 0.45 µm mem-
branes (FFP32; Beyotime, Shanghai, China). After block-
ing with 5% skimmed milk, the membranes were sequen-
tially incubated with primary antibodies for 2 h at 25 °C and
secondary antibodies for 1 h at 25 °C. The antibodies used
are listed in Table 1. Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was used as the internal reference. An
electro-chemiluminescence kit (32209; Thermo Fisher Sci-
entific, Waltham, MA, USA) was used to visualize the pro-
tein bands. Images were captures using a gel imaging anal-
ysis equipment (GeneGenius; Baijing Biotechnology Inc.,
Beijing, China). Band intensities were analyzed using Im-
ageJ (Version 1.54d, NIH, Bethesda, MD, USA), normal-
ized to GAPDH, and expressed as fold changes relative to
the control group based on three independent experiments.

Establishment of a Cell Model of Acute Liver Injury
and Cell Treatment

Kupffer cells were randomly divided into different
treatment groups: Con, Mod, LV-NC, LV-TLR3, LV-TLR3
+ CC and LV-TLR3 + 3-MA group. According to a previ-
ous study, Kupffer cells in the Mod group were treated with
GalN/LPS (GalN: 1mmol/L; LPS: 10 ng/mL) for 24 h to es-
tablish an acute liver injury model in vitro [24]. Cells in the
Con group were cultured under normal conditions. Cells
in the LV-NC, LV-TLR3 group were seeded into 6-well
plates (2 × 105 cells/well). When cell confluence reached
60%, they were treated with LV at amultiplicity of infection
(MOI) of 25 (5 × 106 pfu per 2 × 105 cells) [29]. Puromycin
(1 µg/mL; P8230; Solarbio, Beijing, China) was used to
select stably transduced cells. After 48 h of culture, the
cells were treated with GalN/LPS (GalN: 1 mmol/L; LPS:
10 ng/mL) for 24 h. Kupffer cells in the LV-TLR3 + CC
and LV-TLR3 + 3-MA groups were first infected with LV-
TLR3. After 48 h, the cells were treated with 25 µM CC
[30] or 5 mM 3-MA [29] for 2 h, followed by stimulation
with GalN/LPS (GalN: 1 mmol/L; LPS: 10 ng/mL) for 24
h.

qRT-PCR
Total RNA was extracted from rat Kupffer cells using

an RNA extractor kit (B511311; Sangon Biotech, Shang-
hai, China). RNA concentration was measured using a
spectrophotometer (840-211000; Thermo Fisher Scientific,
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Table 1. Antibodies used in this study.
Name Catalog Molecular weight Dilution Manufacturer

Bcl-2 ab194583 26 kDa 1/2000 abcam, UK
Bax ab32503 21 kDa 1/5000 abcam, UK
LC3I ab192890 16 kDa 1/2000 abcam, UK
LC3II ab192890 14 kDa 1/2000 abcam, UK
P62 ab109012 62 kDa 1/20,000 abcam, UK
TLR3 ab137722 104 kDa 1/5000 abcam, UK
p-AMPK ab133448 64 kDa 1/5000 abcam, UK
AMPK ab110036 64 kDa 1/2000 abcam, UK
IRF3 ab238521 47 kDa 1/2000 abcam, UK
GAPDH ab8245 37 kDa 1/5000 abcam, UK
Goat anti rabbit ab97051 — 1/10,000 abcam, UK
Goat anti mouse ab96879 — 1/10,000 abcam, UK
Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein; LC3I, microtubule-
associated protein 1 light chain 3 I; LC3II, microtubule-associated protein 1 light
chain 3 II; P62, sequestosome 1; TLR3, toll-like receptor 3; AMPK, adenosine
5-monophosphate-activated protein kinase; p-AMPK, phosphorylation-AMPK;
IRF3, interferon regulatory factor 3; GAPDH, glyceraldehyde-3-phosphate de-
hydrogenase.

Table 2. The primer sequences of related genes.
Gene Forward primer Reverse primer

TLR3 GATTGGCAAGTTATTCGTC GCGGAGGCTGTTGTAGG
IL-1β GACTTCACCATGGAACCCGT GGAGACTGCCCATTCTCGAC
IL-6 CACTTCACAAGTCGGAGGCT TCTGACAGTGCATCATCGCT
GAPDH ACGGGAAACCCATCACCATC TCACAAACATGGGGGCATCA
IL-1β, interleukin-1β; IL-6, interleukin-6; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase.

MA, USA). cDNA was synthesized using a FastQuant RT
kit (KR106-03; Tiangen Biotech, Beijing, China). The am-
plified cDNA was assessed using a SYBR Green kit (F-
416L; Thermo Fisher Scientific, MA, USA). The cycling
conditions were as follows: 95 °C for 10 min, followed
by 40 cycles of 95 °C for 15 s, 60 °C for 30 s, and 72
°C for 30 s, with melting curve analysis. qRT-PCR was
performed using an MJOpticon2 instrument (Bio-Rad Inc.,
Hercules, CA, USA). GAPDH was used as internal refer-
ence. Relative gene expression was calculated using the
2–ΔΔct method. The primers are listed in Table 2 and were
synthesized by Thermo Fisher Scientific (Waltham, MA,
USA).

Flow Cytometry Assay
Rat Kupffer cells were digested with 0.25% trypsin

(without ethylene diamine tetraacetic acid; C0205; Bey-
otime, Shanghai, China). Cell apoptosis was assessed us-
ing 5 × 105 cells per sample with an annexin V-fluorescein
isothiocyanate (FITC)/propidium iodide (PI) apoptosis de-
tection kit (40302ES60; Yeasen Biotechnology, Shanghai,
China). According to the manufacturer’s instructions, cells
were resuspended in 100 μL of 1 × binding buffer. Annexin
V-FITC (5 μL) and PI staining solution (10 μL) were added

to the cell suspension and gently mixed, followed by incu-
bation at 25 °C for 12 min in the dark. After the addition
of 400 μL of 1 × binding buffer, the samples were placed
on ice. Cell apoptosis was assessed using a flow cytometer
(PL00285; Thermo Fisher Scientific, Waltham, MA, USA).
Data were analyzed using FlowJo software (v10, BD Bio-
sciences, Franklin Lakes, NJ, USA). The total apoptosis
rate (Annexin V+/PI- [early] + Annexin V+//PI+ [late]) was
calculated based on three independent experiments.

Immunofluorescence Assay
Rat Kupffer cells (5 × 104) were seeded onto cover

glasses (WHB-6-CS, whb, Shanghai, China). After cell
adhesion, the cells were fixed with 4% paraformaldehyde
(P0099; Beyotime, Shanghai, China) for 15 min at 25
°C. After washing with 1 × PBS, the cells were perme-
abilized with Triton X-100 (P0096; Beyotime, Shanghai,
China) for 10 min and then blocked with immunostain-
ing blocking buffer (P0102; Beyotime, Shanghai, China)
for 1 h. The cells were sequentially incubated with a pri-
mary antibody against LC3B (at 4 °C overnight; ab192890;
1 µg/mL; abcam, UK) and a secondary antibody (avoid-
ing light at 25 °C for 2 h; ab150078; Alexa Fluor® 555;
1:500; abcam, UK). Antifade mounting medium containing
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4,6-diamino-2-phenyl indole (DAPI) (P0131; Beyotime,
Shanghai, China) was used to prevent fluorescence quench-
ing. Finally, images were captured using a confocal fluo-
rescent microscope (magnification ×200; TCS SP8; Leica
Camera AG Inc., Solms, Wetzlar, Germany). The relative
LC3B fluorescence intensity was quantified using ImageJ
software (NIH, Bethesda, MD, USA) and normalized to the
control group.

Statistical Analysis
Data were expressed as the mean ± standard devia-

tion. Normality of data distribution was assessed using the
Shapiro–Wilk test, and homogeneity of variance was eval-
uated using Levene’s test. One-way analysis of variance
(ANOVA) was used to compare multiple groups, followed
by Tukey’s honest significant difference post hoc test for
pairwise comparisons. p < 0.05 was considered statisti-
cally significant. Statistical analyses were performed using
GraphPad Prism 8.0 (Graphpad Software Inc., Boston, MA,
USA).

Results

The Preventive Effect of TLR3 on Acute Liver Injury
was Reversed by CC and 3-MA in Rats

To examine the role of TLR3 in GalN/LPS-induced
acute liver injury, we injected TLR3-overexpressing
lentivirus into rats treated with or without CC and 3-MA.
qRT-PCR analyses confirmed successful TLR3 overexpres-
sion in vivo (Supplementary Fig. 1A). Compared with the
Con group, serum ALT, AST and LDH levels were sig-
nificantly increased in the Mod group (Fig. 1A–C, p <
0.001). Histopathological findings also revealed marked
hepatocellular edema, cell lysis, diffuse necrosis, and in-
flammatory cell infiltration (Fig. 1E), confirming success-
ful establishment of the acute liver injury model. However,
compared with the LV-NC group, LV-TLR3 significantly
reduced ALT, AST and LDH levels in model rats (Fig. 1A–
C, p < 0.01). Interestingly, compared with the LV-TLR3
group, the decreases in ALT, AST and LDH were reversed
by CC or 3-MA (Fig. 1A–C, p < 0.05). CC and 3-MA were
inhibitors of AMPK and autophagy, respectively. These re-
sults revealed that TLR3 may reduce ALT, AST and LDH
levels by regulating AMPK and autophagy in acute liver
injury model rats. Moreover, liver cell apoptosis (brown)
was also alleviated by TLR3 overexpression (Fig. 1D,F,
p < 0.001). However, the effects of TLR3 overexpression
on liver tissue lesions and cell apoptosis (brown) were re-
versed by CC or 3-MA (Fig. 1E,F). These results indicate
that TLR3 overexpression is associated with reduced ALT,
AST and LDH levels, and that AMPK and autophagy are
involved in this effect.

The Regulatory Effects of TLR3 on
Apoptosis-Related and Autophagy-Related Proteins,
As Well As on AMPK Phosphorylation and IRF3
Expression, Were Reversed by CC and 3-MA.

To investigate the molecular mechanism of TLR3 in
acute liver injury, we examined related protein expression.
TLR3 overexpression significantly increased Bcl-2 expres-
sion and decreased Bax expression in acute liver injury
model rats (Fig. 2A–C, p < 0.001). Following treating with
CC or 3-MA, the effects of TLR3 overexpression on Bcl-
2 and Bax proteins were reversed (Fig. 2A–C, p < 0.05).
These results suggest that TLR3 may delay acute liver in-
jury by regulating apoptosis-related proteins in rats, and that
AMPK and autophagy may be involved in this process.

Additional findings showed that TLR3 regulated the
expression of autophagy-related proteins (LC3I, LC3II, and
P62) in acute liver injury model rats. Compared with
the LV-NC group, LV-TLR3 increased the LC3II/LC3I ra-
tio and decreased the expression of P62, indicating in-
creased autophagy (Fig. 2D–F, p < 0.001). Moreover,
compared with the Con group, TLR3 expression was sig-
nificantly decreased in the Mod group (Fig. 2G,H, p <
0.001). Importantly, TLR3 overexpression significantly in-
creased IRF3 expression in acute liver injury model rats
(Fig. 2G,I, p < 0.001). In addition, compared with the
LV-NC group, LV-TLR3 increased the phosphorylation-
AMPK (p-AMPK)/AMPK ratio, indicating activation of
the AMPK pathway in liver injury model rats (Fig. 2G,J, p
< 0.001). In particular, the regulatory effects of TLR3 over-
expression on the AMPK pathway and autophagy-related
proteins were reversed by CC or 3-MA (Fig. 2D–G,I,J, p
< 0.05). These results indicate that TLR3 overexpression
is associated with AMPK phosphorylation and enhanced
autophagy in vivo, and that pharmacological inhibition of
AMPK or autophagy attenuates these TLR3-associated ef-
fects.

The Regulatory Effects of TLR3 on Inflammatory
Factors, Cell Apoptosis, and Apoptosis-Related
Proteins Were Reversed by CC and 3-MA in Kupffer
Cells

Prior to the experiments, we identified the isolated
primary rat Kupffer cells. Immunofluorescence staining
and flow cytometry confirmed that the isolated cells were
ED1+/ED2+ double-positive, indicating high-purity Kupf-
fer cells (Supplementary Fig. 2). We also verified TLR3
overexpression in Kupffer cells after LV-TLR3 transduc-
tion. qRT-PCR analyses confirmed successful TLR3 over-
expression in vitro (Supplementary Fig. 1B). In the
GalN/LPS-induced acute liver injury cell model, we fur-
ther investigated the effects of TLR3 on inflammatory fac-
tors, cell death, and apoptosis-related proteins. First, Kupf-
fer cells were sequentially treated with LV, CC and 3-MA.
qRT-PCR and ELISA results showed that TLR3 overex-
pression significantly reduced the levels of the inflamma-
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Fig. 1. The preventive effect of TLR3 on acute liver injury were reversed by CC and 3-MA. For (A–E), Rats were divided into the
following groups: untreated control (Con), model (Mod, GalN/LPS only), lentivirus negative control (LV-NC), TLR3-overexpressing
lentivirus (LV-TLR3), LV-TLR3 combined with Compound C (LV-TLR3 + CC), and LV-TLR3 combined with 3-methyladenine (LV-
TLR3 + 3-MA) before establishing acute liver injury model. (A–C) ELISA assay was used to detect the levels of ALT, AST and LDH in
rat whole blood. (E) HE staining assay was used to examine the morphological structure of rat liver tissue. Resolution: 100 µm, ×100.
(F) TUNEL assay was used to detect the liver cell apoptosis in rats, and (D) presents the corresponding quantitative results. Positive
staining shown in brown. Resolution: 100 µm, ×100. ***p < 0.001 vs. Con group. ++p < 0.01, +++p < 0.001 vs. LV-NC group. ^p < 0.05,
^^p < 0.01, ^^^p < 0.001 vs. LV-TLR3 group. 8 rats per group, and data from each group were obtained from three repeated experiments.
ALT, alanine transaminase; AST, aspartate transaminase; LDH, lactic dehydrogenase; Con, control; Mod, model; LV, lentivirus; NC,
negative control; TLR3, toll-like receptor 3; CC, compound C; 3-MA, 3-methyladenine; ELISA, enzyme linked immune sorbent assay;
HE, hematoxylin-eosin; TUNEL, terminal-deoxynucleoitidyl transferase mediated nick end labeling. Note for Fig. 1E: The vacuole-like
structures visible in the control group are normal central veins, a physiological feature of liver tissues.
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Fig. 2. The regulatory effects of TLR3 on apoptosis-related and autophagy-related proteins, p-AMPK, AMPK and IRF3 were
reversed by CC and 3-MA. For (A–J) Rats were pretreated with Con, Mod, LV-NC, LV-TLR3, LV-TLR3 + CC, or LV-TLR3 + 3-
MAbefore establishing acute liver injury model. (A–J) Protein expression levels of Bcl-2, Bax, LC3I, LC3II, P62, TLR3, p-AMPK,
AMPK, IRF3 and GAPDH were detected by western blot assay in rat. The internal reference was GAPDH. ***p < 0.001 vs. Con group.
+++p < 0.001 vs. LV-NC group. ^p < 0.05, ^^p < 0.01, ^^^p < 0.001 vs. LV-TLR3 group. 8 rats per group, and data from each group were
obtained from three repeated experiments. LC3I, microtubule-associated protein 1 light chain 3 I; LC3II, microtubule-associated protein 1
light chain 3 II; P62, sequestosome 1; TLR3, toll-like receptor 3; AMPK, adenosine 5-monophosphate-activated protein kinase; p-AMPK,
phosphorylation-AMPK; IRF3, interferon regulatory factor 3; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Con, control; Mod,
model; LV, lentivirus; NC, negative control; CC, compound C; 3-MA, 3-methyladenine.
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tory factors IL-1β, IL-6, and IL-18 in the acute liver injury
cell model (Fig. 3A–D, p < 0.001). However, compared
with the LV-TLR3 group, CC or 3-MA abolished the ef-
fects of TLR3 on these inflammatory factors (Fig. 3A–D,
p < 0.001). These results indicated that TLR3 may delay
acute liver injury by reducing inflammatory reactions.

Furthermore, to examine the role of TLR3 in cell
apoptosis, we assessed cell apoptosis by flow cytometry and
western blotting. The results showed that TLR3 overex-
pression significantly alleviated cell apoptosis in the acute
liver injury cell model (Fig. 3E,F, p < 0.001). Moreover,
compared with the LV-NC group, LV-TLR3 significantly
increased Bcl-2 expression and decreased Bax expression
(Fig. 3G–I, p < 0.001). Similarly, the effects of TLR3 over-
expression on cell apoptosis and apoptosis-related proteins
were reversed by CC or 3-MA (Fig. 3E–I, p < 0.05). These
results indicated that TLR3 may delay acute liver injury by
inhibiting cell apoptosis.

The Regulatory Effects of TLR3 on Cell Autophagy,
Autophagy-Related Proteins, p-AMPK, AMPK and
IRF3 Were Reversed by CC and 3-MA

Based on the above results, to investigate whether
TLR3 delays acute liver injury by regulating cell autophagy
and the AMPK pathway, we detected LC3B and AMPK-
related proteins. Interestingly, compared with the LV-
NC group, immunofluorescence showed that LV-TLR3 in-
creased LC3B expression (Fig. 4A,B, p < 0.05), indicating
increased cell autophagy. In addition, autophagy-related
proteins (LC3I, LC3II and P62) were also regulated by LV-
TLR3. Compared with the LV-NC group, LV-TLR3 in-
creased the LC3II/LC3I value and decreased P62 expres-
sion, indicating increased autophagy in the acute liver in-
jury cell model (Fig. 5A–C, p < 0.001). However, the ef-
fects of LV-TLR3 on cell autophagy were reversed by CC
or 3-MA (Fig. 5A–C, p < 0.001). These results revealed
that TLR3 may delay acute liver injury by increasing cell
autophagy in Kupffer cells.

In addition, we evaluated the expression of TLR3, p-
AMPK, AMPK and IRF3 proteins in Kupffer cells (Fig.
5D). TLR3 expression was significantly decreased in the
Mod group (Fig. 5D,E, p < 0.001). Interestingly, compared
with the LV-NC group, LV-TLR3 significantly increased
IRF3 expression (Fig. 5D,F, p < 0.001). This result indi-
cated that the interaction between TLR3 and IRF3may play
a role in alleviating acute liver injury. In particular, com-
pared with LV-NC group, LV-TLR3 significantly increased
the p-AMPK/AMPK ratio (Fig. 5D,G, p < 0.001). This re-
sult revealed that TLR3 may activate the AMPK pathway
to delay acute liver injury in Kupffer cells. However, the
effects of LV-TLR3 on the p-AMPK/AMPK ratio and IRF3
expression were reversed by CC or 3-MA (Fig. 5D,F,G,
p < 0.05). Thus, these findings suggest that TLR3 over-
expression is associated with increased autophagy and al-
tered AMPK and IRF3 signaling components in Kupffer

cells. Pharmacological inhibition of AMPK or autophagy
reversed these changes, suggesting that both AMPK and
autophagy are associated with the observed TLR3-related
effects.

Discussion

As a typical liver injury, LF can occur unpredictably
and requires early diagnosis and treatment [31]. Cur-
rently, LF remains difficult to treat, and its molecular ther-
apeutic mechanisms are still unclear. In this study, we
identified a potential mechanism by which TLR3 delayed
GalN/LPS-induced acute liver injury. Our results suggest
that TLR3 overexpression is associated with enhanced au-
tophagy and reduced inflammatory responses, potentially
involving AMPK phosphorylation and IRF3 upregulation
in GalN/LPS-induced acute liver injury.

At the animal level, we established a GalN/LPS-
induced acute liver injury model. The increased levels
of ALT, AST and LDH in the Mod group indicated that
the liver injury model was successfully established. Liver
injury is associated with hepatocellular oxidative stress,
which contributes to increased serum levels of ALT, AST
and LDH. Thus, ALT, AST and LDH levels are associ-
ated with oxidative stress and have also been reported to
positively correlate with the area of hepatic necrosis [32].
To date, studies exploring the molecular protective mecha-
nisms of TLR3 in acute liver injury remain limited. Our
study provides evidence that TLR3 delayed GalN/LPS-
induced acute liver injury, an effect associated with en-
hanced autophagy and regulation of AMPK and IRF3 sig-
naling in vivo. TLR3 also alleviated liver tissue lesions and
cell apoptosis in vivo. Previous studies have shown that
autophagy plays a protective role in liver injury [33]. Simi-
larly, up-regulated TLR3 promoted autophagy and reduced
myocardial ischemia/reperfusion injury, thereby protecting
the myocardium [34], suggesting that TLR3-induced au-
tophagy may exert protective effects in different organs.
In our study, TLR3 increased the LC3II/LC3I ratio and
decreased P62 expression in the acute liver injury model.
Therefore, TLR3 may attenuate acute liver injury by pro-
moting autophagy. In recent years, AMPK has also been
shown to be involved in autophagy, and AMPK-associated
protective autophagy has been implicated in acute liver in-
jury [35]. More importantly, TLR3 expression was pos-
itively correlated with IRF3 expression in hepatocellular
carcinoma tissues [36], consistent with our findings. No-
tably, the effects of TLR3 described above were reversed
by CC (an AMPK inhibitor) or 3-MA (an autophagy in-
hibitor), suggesting that AMPK signaling and autophagy
are involved in TLR3-mediated regulation of acute liver in-
jury. Interestingly, inhibition of AMPK signaling or au-
tophagy not only attenuated the downstream protective ef-
fects of TLR3 but also altered the expression levels of p-
AMPK/AMPK and IRF3. These findings suggest poten-
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Fig. 3. The regulatory effects of TLR3 on inflammatory factors, cell apoptosis, and apoptosis-related proteins were reversed
by CC and 3-MA. For (A–I), Kupffer cells were divided into the following groups: untreated control (Con), model (Mod, GalN/LPS
only), lentivirus negative control (LV-NC), TLR3-overexpressing lentivirus (LV-TLR3), LV-TLR3 combined with Compound C (LV-
TLR3 + CC), and LV-TLR3 combined with 3-methyladenine (LV-TLR3 + 3-MA) before establishing acute liver injury model. (A,B)
qRT-PCR was used to detect the mRNA expression levels of IL-1β and IL-6 in Kupffer cells, with GAPDH as the internal reference.
(C,D) ELISA was used to detect the levels of the inflammatory factors IL-1β and IL-18 in Kupffer cells. (E,F) Flow cytometry was used
to examine apoptosis in Kupffer cells. (G–I) The protein expression levels of Bcl-2, Bax, and GAPDH n Kupffer cells were detected
by western blotting, with GAPDH as the internal reference. ***p < 0.001 vs. Con group. +++p < 0.001 vs. LV-NC group. ^p < 0.05,
^^p < 0.01, ^^^p < 0.001 vs. LV-TLR3 group. Data were obtained from three biologically independent replicates. IL-1β, interleukin-
1β; IL-6, interleukin-6; IL-18, interleukin-18; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Con, control; Mod, model; LV,
lentivirus; NC, negative control; TLR3, toll-like receptor 3; CC, compound C; 3-MA, 3-methyladenine; QRT-PCR, quantitative real time
polymerase chain reaction; ELISA, enzyme linked immune sorbent assay.
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Fig. 4. The TLR3-induced up-regulation of cell autophagy was reversed by CC and 3-MA. (A,B) Kupffer cells were divided into
the following groups: untreated control, Mod, LV-NC, LV-TLR3, LV-TLR3 + CC, and LV-TLR3 + 3-MA before establishing acute
liver injury model. Immunofluorescence staining was used to detect LC3B expression in Kupffer cells. Positive staining shown in red.
Resolution: 50 µm, ×200. Data were obtained from three biologically independent replicates. *p < 0.05 vs. Con group. ++p < 0.01
vs. LV-NC group. ^p < 0.05 vs. LV-TLR3 group. LC3B, microtubule-associated protein 1 light chain 3 beta; DAPI, 4,6-diamino-2-
phenyl indole; Con, control; Mod, model; LV, lentivirus; NC, negative control; TLR3, toll-like receptor 3; CC, compound C; 3-MA,
3-methyladenine.
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Fig. 5. The regulatory effects of TLR3 on autophagy-related proteins, p-AMPK, AMPK and IRF3 were reversed by CC and
3-MA. For (A–G), Kupffer cells were divided into the following groups: untreated control, Mod, LV-NC, LV-TLR3, LV-TLR3 + CC,
and LV-TLR3 + 3-MA, before establishing acute liver injury model. (A–G) The protein expression levels of LC3I, LC3II, P62, TLR3,
p-AMPK, AMPK, IRF3 and GAPDH in Kupffer cells were detected by western blotting, with GAPDH as the internal reference. Data
were collected from three biologically independent replicates. ***p < 0.001 vs. Con group. +++p < 0.001 vs. LV-NC group. ^p < 0.05,
^^^p < 0.001 vs. LV-TLR3 group. LC3I, microtubule-associated protein 1 light chain 3 I; LC3II, microtubule-associated protein 1 light
chain 3 II; P62, sequestosome 1; TLR3, toll-like receptor 3; AMPK, adenosine 5-monophosphate-activated protein kinase; p-AMPK,
phosphorylation-AMPK; IRF3, interferon regulatory factor 3; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Con, control; Mod,
model; LV, lentivirus; NC, negative control; CC, compound C; 3-MA, 3-methyladenine.

tial feedback regulation or crosstalk among TLR3, AMPK
signaling, and autophagy rather than a simple unidirec-
tional regulatory axis. Given that Compound C blocked
the effects on both autophagy and IRF3, our pharmaco-
logical data are consistent with the involvement of AMPK
in the TLR3-associated protective effects. In addition, 3-
MA treatment affected AMPK phosphorylation; however,
whether this reflects a feedback interaction between au-

tophagy and AMPK signaling requires further investigation
using genetic approaches. Previous studies have demon-
strated that AMPK is a key regulator of autophagy [37,38].
However, the mechanisms by which autophagy inhibition
modulates AMPK signaling remain to be further elucidated.

Likewise, in GalN/LPS-treated Kupffer cells, TLR3
overexpression was associated with reduced inflammatory
cytokine expression and cell apoptosis. The in vitro data
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further support that TLR3 alleviated GalN/LPS-induced
acute liver injury by reducing inflammatory factor expres-
sion and cell apoptosis, promoting autophagy, and regulat-
ing AMPK phosphorylation and IRF3 expression. Kupffer
cells play an active role in the response to liver injury. In
alcoholic liver disease, TLR3 activation has been shown to
inhibit inflammatory responses in Kupffer cells [39], sug-
gesting that TLR3 may alleviate acute liver injury by sup-
pressing inflammation in these cells. Consistently, in our
acute liver injury model, TLR3 reduced inflammatory fac-
tor expression and alleviated cell apoptosis, indicating that
TLR3 exerts anti-inflammatory and anti-apoptotic effects
in vitro. In addition, AMPK has been reported to inhibit
hepatocyte apoptosis in nonalcoholic steatohepatitis by re-
ducing caspase-6 activation [40]. AMPK phosphorylation
also promotes autophagy and reduces liver cell apoptosis
in non-alcoholic fatty liver disease. Therefore, autophagy
and the AMPK pathway may play important roles in liver
disorders. Our findings showed that TLR3 promoted au-
tophagy and activated AMPK pathway in Kupffer cells.
These data revealed that TLR3 may alleviate acute liver
injury by enhancing autophagy and activating the AMPK
pathway in Kupffer cells. Moreover, it is well established
that TLR3 activation leads to IRF3 phosphorylation and nu-
clear translocation, thereby regulating type I interferon and
inflammatory gene expression [41]. Meanwhile, IRF3 pro-
tein can be degraded through the AMPK-related autophagy
pathway [42]. In our study, TLR3 overexpression was as-
sociated with IRF3 upregulation and reduced inflammatory
cytokine expression in Kupffer cells. However, whether the
observed IRF3 upregulation reflects direct transcriptional
activation or contributes to the reduced inflammatory re-
sponse in this model remains to be determined. More im-
portantly, the above effects of TLR3 were also reversed by
CC or 3-MA in the acute liver injury cell model, consis-
tent with the in vivo findings. Therefore, our results pro-
vide new insights into the potential role of TLR3 in LF. To-
gether, these findings suggest that TLR3 overexpression is
associatedwith enhanced autophagy and alteredAMPKand
IRF3 signaling; however, the precise hierarchical relation-
ships among these pathways and their specific roles require
further investigation.

There are several limitations to this study. First, al-
though the protective effects of TLR3 in acute liver injury
were associated with regulation of AMPK signaling and
IRF3 expression in both in vivo and in vitro experiments, the
precise regulatory mechanisms, particularly whether TLR3
acts upstream of AMPK or whether autophagy reciprocally
modulates AMPK and IRF3, has not been fully elucidated
and requires further investigation using genetic approaches.
Additionally, Kupffer cells were used as the in vitro model
in this study. Although Kupffer cells are primary targets
of LPS stimulation, and investigating TLR3 regulation in
these cells is mechanistically relevant to understanding how
innate immune modulation affects acute liver injury, find-

ings from Kupffer cells cannot fully represent hepatocyte
injury. Future studies should establish hepatocyte injury
models to further strengthen the reliability of these conclu-
sions. Finally, these findings were obtained from experi-
mental models, and their translational relevance to human
liver failure requires further validation using clinical sam-
ples and studies.

Conclusion

In summary, this study demonstrates that TLR3 over-
expression is associated with attenuated GalN/LPS-induced
acute liver injury, accompanied by enhanced autophagy, in-
creased AMPK phosphorylation, and IRF3 upregulation.
Our findings suggest that TLR3 may represent a poten-
tial protective target for acute liver injury. Further studies
are needed to clarify the precise molecular interactions in-
volved and to validate these findings in clinical settings.
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