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LPS-TLR4/MD-2–TNF-α signaling mediates alcohol-induced liver 
fibrosis in rats
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Abstract: Liver fibrosis results from liver inflammation and progresses to liver cirrhosis or liver cancer. It is known that nonalco-
holic liver disease is mediated by the Toll-like receptor 4 (TLR4)/myeloid differentiation factor-2 (MD-2)–tumor necrosis factor-alpha 
(TNF-α) signaling pathway. This study aimed to investigate whether alcoholic liver disease is also mediated by this pathway. To this 
end, we first established rat models of liver fibrosis by administering alcohol. Next, the rats were injected with anti-TLR4 and anti-
MD-2 antibodies. Real Time Quantitative PCR (RT-qPCR) and Western blotting were used to detect the activation of the TLR4/
MD-2–TNF-α signaling pathway and hepatic stellate cells (HSCs). Moreover, the expression of molecules related to liver fibrosis was 
estimated. The morphology of rat liver tissue was observed through hematoxylin–eosin staining and Masson staining. For in vitro stud-
ies, Kupffer cells (KCs) isolated from the liver were transfected with si-TLR4 and si-MD-2 and co-cultured with HSCs to determine 
the activity of HSCs. It was found that alcohol treatment activated the TLR4/MD-2–TNF-α signaling pathway and upregulated the 
molecules associated with liver fibrosis. However, inhibition of TLR4 and MD-2 partially reversed this trend. Notably, in vitro studies 
indicated that knockdown of TLR4 and MD-2 in KCs partially inhibited LPS-induced activation of KCs and HSCs. Overall, this study 
showed that alcohol induces liver fibrosis via the LPS-TLR4/MD-2–TNF-α signaling pathway. (DOI: 10.1293/tox.2021-0018; J Toxicol 
Pathol 2022; 35: 193–203)
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Introduction

Liver fibrosis results from the healing reaction of in-
flammatory injury of the liver caused by alcohol, drugs, and 
autoimmunity1, 2. In the absence of timely treatment, liver 
fibrosis progresses to liver cirrhosis, hepatic failure, or even 
liver cancer3, 4. Fibrosis is characterized by abnormal depo-
sition of the extracellular matrix (ECM) in the liver, which 
is usually reversible at a specific stage. However, once cir-
rhosis is formed, the change is almost irreversible5, 6. World-
wide, the number of deaths from liver cirrhosis and cancer is 
rising, with a very high mortality rate due to late diagnosis7. 
Therefore, to avoid the transformation of liver fibrosis into 
advanced cirrhosis or cancer, it is vital to develop effective 
anti-fibrosis methods for the clinical management of liver 

fibrosis.
Inflammation is a pivotal process in the occurrence and 

development of liver fibrosis, where hepatic macrophages 
play a major role8. Kupffer cells (KCs), a type of hepatic 
macrophages, produce pro-inflammatory factors, such as 
tumor necrosis factor-alpha (TNF-α), interleukin (IL)-1β, 
and MIP-1α, that promote the activation of hepatic stellate 
cells (HSCs)9, 10. Previous studies have shown that acti-
vated HSCs are the key effector cells that cause an abnor-
mal increase in ECM deposition in liver fibrosis11, 12. The 
pathogenesis of liver fibrosis involves cell damage and the 
release of inflammatory factors that prompt the activation 
and transformation of resting HSCs into astromyofibro-
blasts13–15. Moreover, HSCs have higher proliferation rates 
and release inflammatory and pro-proliferative factors. 
Notably, during the recovery of liver fibrosis, the apopto-
sis of HSCs increases significantly16, 17. Tissue inhibitor of 
metalloproteinase-1 (TIMP-1) plays an important role in the 
pathogenesis of liver fibrosis, and its expression in HSCs is 
enhanced by TNF-α18, 19. Some studies have shown that af-
ter CCl4 treatment, liver fibrosis in transgenic mice overex-
pressing TIMP-1 in the liver increased20.

Until now, liver biopsy is the most common and effec-
tive method to identify liver fibrosis and cirrhosis21. How-
ever, liver biopsy is characterized by high consumption, low 
patient acceptance, increased risk of complications, and low 
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replicability21. Therefore, the molecular mechanism of liver 
fibrosis has been studied extensively to find a safer and more 
feasible detection method. Fortunately, significant progress 
has been made in this regard. For example, IL-33 was iden-
tified as an activator of HSCs that induce hepatic fibrosis, 
inhibition of the NF-κB and MAPK signaling pathways 
improves liver fibrosis, and antiplatelet drugs prevent liver 
fibrosis2, 22–24. LPS is a known endotoxin found in the outer 
membrane of many intestinal gram-negative bacteria25. Pre-
vious studies have shown that LPS induces the expression 
of Toll-like receptor 4 (TLR4) and myeloid differentiation 
factor-2 (MD-2, co-receptor of TLR4) in KCs and produc-
es TNF-α in nonalcoholic liver disease26, 27. Moreover, the 
TLR4/MD-2–TNF-α signaling pathway that mediates the 
activation of KCs is induced by LPS28, 29. However, it is not 
known whether alcohol-induced alcoholic liver disease is 
linked to the LPS-TLR4/MD-2–TNF-α signaling pathway. 
Therefore, this study aimed to investigate the effect of etha-
nol on liver disease via the modulation of the LPS-TLR4/
MD-2–TNF-α signaling pathway.

Materials and Methods

Animals and treatment
Twenty-four male Wistar rats, weighing 200 ± 20 g, 

were purchased from Beijing Vital River Laboratory Ani-
mal Technology Co., Ltd. (Beijing, China) This study was 
performed according to the experimental protocol approved 
by the Ethics Committee of Heilongjiang Province Hospital. 
After 1 week of adaptation to general meals, the rats were 
randomly divided into four groups (n = 6 rats in each group): 
the control group (Ctrl) and the ethanol groups (EtOH). The 
rats in the EtOH groups were subjected to intragastric ad-
ministration of ethanol solution (40% v/v, dissolved in 40 g 
anhydrous ethanol in distilled water to prepare 100 mL; 10 
mL/kg/d, Aladdin), once a day for 12 weeks. In this study, 
the method of establishing a rat alcoholic liver injury model 
was improved on the basis of existing methods30. The two 
groups of ethanol-fed rats were injected with anti-TLR4 
(ab217274, dilution 1/300, 0.2 mg/kg, once per week, Ab-
cam, Cambridge, UK) and anti-MD-2 antibodies (ab24182, 
dilution 0.5 µg/mL, 0.2 mg/kg, once per week, Abcam Cam-
bridge, UK) via the caudal vein to verify whether TLR4/
MD-2 plays a role in alcoholic liver fibrosis from the fifth 
week until the end of the experiment, which lasted for 8 
weeks. The antibody dilution was recommended by the 
manufacturer, and the dosage was the optimal dosage se-
lected after the pre-experiment. Meanwhile, the rats in the 
control group were administered with saline (NaCl, Merck, 
Shanghai, China) by gavage once a day for 12 weeks. The 
rats were intraperitoneally injected with 4% pentobarbital 
(Merck, 30 mg/kg) and killed by cervical dislocation. The 
plasma samples were collected and stored at −80°C for fur-
ther analysis. The liver tissue was quickly removed from the 
abdominal cavity and divided into three equal parts. One 
part was fixed in 10% formalin at room temperature (RT) 
for 24 h for histopathological examination, the other part 

was used for the separation of KCs and HSCs and the de-
tection of cytokines, and the last part was rapidly frozen in 
liquid nitrogen and stored at −80°C.

Cell isolation
KCs were isolated from the rat liver through collage-

nase digestion in vitro and differential centrifugation31, 32. 
First, 12 male SPF-Wistar rats were anesthetized through 
the intraperitoneal injection of pentobarbital sodium (50 
mg/kg). After abdominal incision, 500 mL PBS buffer so-
lution (37°C, 30 mL/min) was infused through the hepat-
ic portal vein to remove the red blood cells, and then the 
liver was removed. Next, the minced liver was digested in 
MDEM with 0.1% type IV collagenase in a 37°C water bath 
for 30 min, and the liver homogenate was filtered through a 
200-gauge mesh. The filtrate was centrifuged at 50 × g for 2 
min to collect the suspension of KCs and HSCs. The suspen-
sion was recentrifuged at 500 × g for 7 min at 4°C to collect 
the cell pellet. The cell precipitate was added to a mixture of 
Nycodenz and PBS and centrifuged at 1,500 × g for 17 min 
at 4°C. HSCs were collected from the interface and washed 
three times with PBS. These were cultured in MDEM with 
10% FBS and 100 U/mL penicillin/streptomycin at 37°C 
and 5% CO2. The culture medium was changed every 24 h.

After the removal of HSCs, the remaining part of the 
sample was washed three times with PBS and centrifuged 
to purify the KCs. The cells were seeded in a 16-well plate 
and cultured in serum-free DMEM. After 2 h, the nonadher-
ent cells were removed by washing with PBS. The purified 
KCs were cultured in MDEM with 10% FBS and 100 U/mL 
penicillin/streptomycin at 37°C and 5% CO2. The culture 
medium was changed every 24 h.

Finally, KCs and HSCs were identified using cell mark-
ers and flow cytometry, and the trypan blue exclusion assay 
and the ink particle phagocytosis test were used to estimate 
the viability and phagocytic activities of the KCs and HSCs, 
respectively. Antibodies for flow cytometry included the 
anti-CD68 antibody (EPR23917-164] (ab283654, dilution 
1/500, Abcam, Cambridge, UK) and anti-α-SMA antibody 
(14A) (ab7817, dilution 1.137 µg/mL, Abcam, Cambridge, 
UK).

Co-culturing of the cells
After 1 day of culture, KCs were divided into four 

groups. In the control group, KCs were cultured in DMEM 
supplemented with 10% FBS and normal saline. In the LPS 
group, the KCs were stimulated with LPS (100 ng/mL) for 
6 h. In the LPS + si-TLR4 and LPS + si-MD-2 groups, the 
KCs were stimulated with LPS and transfected with the 
siRNA plasmids si-TLR4/si-MD-2 using the Lipofectamine 
2000 reagent (Invitrogen, Barcelona, Spain). The plasmids 
were synthesized commercially by Sangon. After 2 days, 
each group was co-cultured with HSCs in the Boyden cham-
ber and the cell culture inserts, polyethylene terephthalate 
membrane (pore size 8 µm). The HSCs (1.5 × 105 cells) were 
plated in the bottom plates and cultured in DMEM with 10% 
FBS. After 1 day, the medium was removed. KCs (4.5 × 105 
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cells) were plated on cell culture inserts and transferred onto 
the HSCs. Empty inserts were used as co-culture controls. 
Next, 4 mL EMDM without serum was added to the cham-
ber. After 2 days, the HSCs in the bottom plates were used 
for the MTT assay.

Liver histopathology
The rat liver tissue was fixed with 10% formalin and cut 

into 4-μm-thick slices using the paraffin slice technique. To 
observe the histological changes in liver injury, one part of 
the section was stained with hematoxylin and eosin (H&E), 
whereas the other part was used to investigate hepatic col-
lagen deposition through Masson’s trichrome staining. The 
degree of liver injury was estimated based on the infiltration 
of inflammatory cells under a light microscope (Olympus, 
Tokyo, Japan).

Western blotting
Western blotting was used to detect the protein lev-

els linked to hepatic fibrosis, including collagen I, α-SMA, 
TIMP-1, TLR4, MD-2, TNF-α, IL-1β, and MIP-1α. The 
total protein fraction was extracted from the liver homog-
enate or KC cell lysate using the Total Protein Extraction 
Kit (BestBio, Shanghai, China). The protein concentrations 
of the samples were estimated using the BCA Protein As-
say Kit (HaiGene, Harbin, China). Protein samples (10 μg 
each) were separated through electrophoresis using 10% 
SDS-PAGE and transferred onto polyvinylidene difluoride 
membranes. After blocking with 5% nonfat milk at 25°C for 
1 h, the membranes were incubated overnight with primary 
antibodies against collagen I (ab34710, dilution 1/10,000, 
Abcam), α-SMA (#149685, dilution 1/1,000, Cell Signaling 
Technology, Shanghai, China), TIMP-1 (ab211926, dilution 
1/1,000), TLR4 (ab13556, dilution 1/500), MD-2 (ab241182, 
dilution 1 µg/mL), TNF-α (ab215188, dilution 1/1,000), IL-
1β (ab2105, dilution 1/2,000), and MIP-1α (sc-365691, dilu-
tion 1:800, Santa Cruz Biotechnology, Shanghai, China) 
at 4°C. Subsequently, the membranes were incubated with 
secondary antibodies anti-goat anti-rabbit IgG H&L (HRP) 
(ab205718, dilution 1/50,000) or goat anti-mouse IgG H&L 
(HRP) (ab6789, dilution 1/10,000) for 1 h at 37°C. The pro-
tein bands were visualized with the ECL Western blotting 
kit (Thermo Fisher Scientific, Waltham, MA, USA) and im-
mediately exposed to autoradiography film. β-Actin was 
used as an internal control.

ELISA
ELISA was used to estimate the levels of hydroxypro-

line and alanine aminotransferase (ALT), which are mark-
ers of liver function. The assay was performed according 
to the instructions of the Hydroxyproline ELISA Kit (ASB-
OKEH025, ENZO, Shanghai, China) and ALT ELISA Kit 
(ab234579, Abcam). Standards/samples (50 μL/well) were 
added to the appropriate wells of 96-well plates. Subse-
quently, a 50 µL antibody cocktail was added to all wells 
and co-cultured for 1 h at 25°C. Next, all wells were washed 
three times with 350 μL of 1X wash buffer. Next, 100 µL 
TMB development solution was added to each well and in-
cubated for 10 min. The reaction was stopped with 100 µL 
stop solution. Finally, the optical density was recorded at 
450 nm using a microplate reader.

Reverse transcription quantitative polymerase chain 
reaction

Reverse transcription quantitative polymerase chain 
reaction (RT-qPCR) was used to estimate the expression of 
TLR4, MD-2, and TNF-α in liver tissue and CD68, TNF-α, 
IL-1β, and MIP-1α in KCs. Liver tissue (100 mg) was ground 
with liquid nitrogen, and total RNA was extracted from the 
homogenate using TRIzol (Invitrogen). Next, the total RNA 
was reverse-transcribed to cDNA using SuperScript™ II 
Reverse Transcriptase (Invitrogen) according to the manu-
facturer’s instructions. Then, a 20 µL PCR reaction system 
including cDNA, primers, and PCR reaction solution was 
set up for RT-qPCR with QuantStudioTM 5 Real-Time PCR 
System (Thermo Fisher Scientific, Shanghai, China) and 
PowerTrackTM SYBR Green Master Mix (Thermo Fisher 
Scientific, Shanghai, China). RT-qPCR reaction conditions 
were as follows: 95°C for 8 min, 95°C for 4 s (45 cycles), 
65°C for 6 s, and 72°C for 1 min. GAPDH was used as an 
internal control, and the 2−ΔΔCt method was used to estimate 
the relative expression levels33. Each experiment was re-
peated thrice. The primer sequences used in RT-qPCR are 
listed in Table 1.

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide) assay

The viability of HSCs was determined using the MTT 
assay. Briefly, 2 × 105 cells/mL was inoculated into a 96-
well plate. Then, 100 µL MTT or control (dimethyl sulfox-
ide, DMSO) and 900 µL DMEM with 10% FBS and 100 U/
mL penicillin/streptomycin were added to each well. HSCs 

Table 1. The Primer Sequences of RT-qPCR
Gene Forward Reverse
TLR4 5′-AGGATGAGGACTGGGTAAGGA-3′ 5′-CTGGA TGAAGTGCTGGGACA-3′
MD-2 5′-GAAGCAGTATTGGGTCTGCAA-3′ 5′-TTGGAAGATTCATGGTGTTGACA-3′
TNF-α 5′-CCAGAGGGAAGAGCAGTCC-3′ 5′-GGCTACAACGTGGGCTACC-3′
CD68 5′-GCTTTGCAATCTCCCTGTTG-3′ 5′-TTGATCCGGGTTCTTACCTG-3′
IL-1β 5′-TGCAGTTCACAGAGCAGACC-3′ 5′-GACCGGAAACCTCATGGAG-3′
MIP-1α 5′-GCTGACCCCAAAGAGACCTG-3′ 5′-CCCTGGATGTGGCTACTTGG-3′
GADPH 5′-GCACCGTCAAGGCTGAGAAC-3′ 5′-ATGGTGGTGAAGACGCCAGT-3′
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were allowed to grow for 3 h at 37°C. MTT was reduced to 
blue crystals by metabolically active cells, which were dis-
solved in 100 µL DMSO. Finally, absorbance was measured 
at 570 nm using a UV–Vis spectrophotometer. The Graph-
Pad Prism 7.0, GraphPad Software, San Diego, CA, USA 
program was used to calculate the viability of KCs.

Immunofluorescence studies
An immunofluorescence assay was used to observe the 

expression of CD68, a marker of KCs in the rat liver. First, 
the liver sections were infiltrated with PBS containing 0.5% 
Triton X-100. Next, the sections were incubated with 10% 
normal goat serum at RT. After 1 h, the sections were incu-
bated overnight with mouse anti-CD68 antibody (Abcam, 
ab201340, dilution 1–2 µg/mL) at 4°C. Later, the cells were 
washed thrice with PBS and incubated with the goat anti-
mouse IgG Alexa 488 conjugated fluorescence secondary 
antibody (Invitrogen, R37120, dilution 1/1,000) for 1 h at 
RT. Finally, the sections were stained with 4’,6-diamidino-
2-phenylindole (DAPI) and observed under a confocal mi-
croscope. The DAPI group was used as a control group, and 
the PBS replaced the primary antibody as a negative control.

Statistical analysis
All data are presented as the mean ± standard devia-

tion. Statistical analysis was performed using GraphPad 
Prism software (version 7.0). One-way ANOVA followed 
by Sidak’s multiple comparisons test or Student’s t-test was 
used to perform statistical evaluation. Statistical signifi-
cance was set at p<0.05. Each experiment was performed 
in triplicates.

Results

Alcohol administration induced liver fibrosis and 
activated TLR4/MD-2–TNF-α pathway in the model 
group of rats

To establish a model of hepatic fibrosis, rats were sub-
jected to the intragastric administration of alcohol. Liver tis-
sue was sectioned and used for histological analysis (H&E 
and Masson). Meanwhile, using the liver homogenate, 
Western blot, ELISA, and RT-qPCR assays were performed 
to determine the levels of molecules associated with liver 
fibrosis. In the control group, the structure of hepatic lob-
ules was clear, and the hepatocytes were orderly arranged 
(Fig. 1A). In the model group, hepatocytes were swollen, 
cytoplasm was loose, and inflammatory cells infiltrated the 
portal area, accompanied by punctate hepatocyte necrosis 
and the formation of a pseudolobule structure (Fig. 1A). We 
observed that compared to that in normal rats, the liver in the 
model group was denatured and necrotic, and the presence 
of a large area of pseudolobular tissue structure illustrated 
that the rat liver in the model group was cirrhotic (Fig. 1A). 
In the control group, the structure of hepatic lobules was 
clear, basically no collagen fiber distribution in the inter-
lobular and portal areas were found, and only slight collagen 
fibers could be seen near the central vein (Fig. 1B). In the 

model group, a large number of collagen fibers and pseu-
dolobules in the portal area were observed (Fig. 1B). Mean-
while, Western blotting analysis showed that the levels of 
proteins related to liver fibrosis, such as collagen I, α-SMA, 
and TIMP-134, were higher in the model group than that in 
the control group (Fig. 1C). Similarly, ELISA revealed that 
hydroxyproline (Fig. 1D) and ALT (Fig. 1E) were upregu-
lated in the model group. Importantly, RT-qPCR and West-
ern blotting analyses revealed that TLR4, MD-2, and TNF-α 
were significantly increased in the model group compared 
to that in the control group (Fig. 1F–G). Overall, these re-
sults indicated liver fibrosis and activation of the TLR4/
MD-2–TNF-α pathway in the model group of rats.

Inhibition of TLR4/MD-2 alleviated partially alcohol-
induced liver fibrosis

To substantiate the regulatory effect of TLR4/MD-2 in 
alcoholic liver fibrosis, the rats were injected with antibod-
ies anti-TLR4/MD-2 to inhibit their expression. The results 
of RT-qPCR and Western blot assays showed that inhibition 
of TLR4 or MD-2 could partially reduce the levels of TLR4, 
MD-2, and TNF-α induced by alcohol (Fig. 2A–B). In ad-
dition, the antibodies reduced the expression of TLR4 and 
MD-2 by 53% and 33%, respectively (Fig. 2B). Moreover, 
compared to that in the control group, HE staining of liver 
tissue indicated that the liver was severely damaged with a 
large number of pseudolobules in the EtOH group (Fig. 2C). 
Interestingly, inhibition of TLR4 or MD-2 partially allevi-
ated alcohol-induced liver damage in rats (Fig. 2C). In addi-
tion, Masson staining showed that a large number of collagen 
fibers were deposited around the central vein, hepatocytes, 
and portal area, the portal area was expanded, and some 
pseudolobules were surrounded by fibrosis to form a fibrous 
septum in the EtOH group (Fig. 2D). In the anti-TLR4 and 
anti-MD-2 groups, collagen fiber deposition slightly de-
creased, the area of portal area had a slight reduction, and 
the fibrous septum was narrowed compared with that in the 
EtOH group (Fig. 2D). Next, the levels of proteins linked to 
liver fibrosis were detected, and it was found that TLR4 or 
MD-2 inhibition could also partially reverse the upregula-
tion of collagen I, α-SMA, and TIMP-1 induced by alcohol 
(Fig. 2E). ELISA results also indicated that the upregula-
tion of hydroxyproline and ALT induced by alcohol was 
partially reduced by inhibiting TLR4 or MD-2 (Fig. 2F–G). 
The above results suggest that inhibition of TLR4 (53%) and 
MD-2 (33%) could partially alleviate alcohol-induced liver 
fibrosis in the model group of rats.

Inhibition of TLR4/MD-2 could partially reduce the 
activation of KCs in liver fibrosis

Next, using immunofluorescence, the levels of CD68, 
a biomarker of KCs in the rat liver, were determined. The 
staining results showed that after alcohol treatment, CD68 
was highly expressed in the portal area. However, inhibition 
of TLR4 and MD-2 partially reduced the levels of CD68 
(Fig. 3A). Western blotting analysis also revealed that alco-
hol-induced overexpression of CD68 and the inflammatory 
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Fig. 1. Alcohol treatment induced liver fibrosis and activated the TLR4/MD-2–TNF-α pathway in model rats.
 In the alcohol-damaged liver of model rats, the molecules associated with liver fibrosis were upregulated, and the signaling pathway of 

liver fibrosis was activated. (A) Hematoxylin and eosin staining and (B) Masson staining were used to detect liver injury. The arrows in-
dicate the portal area. Compared with that in the control group, the livers of rats in the EtOH group showed obvious pathological damage. 
(C) The levels of proteins related to liver fibrosis were detected by Western blotting, and data quantification was performed using ImageJ 
software; compared with that in the control group, the levels of proteins related to liver fibrosis in the EtOH group showed an obvious 
increase. (D–E) ELISA was used to determine the collagen-related markers (D) hydroxyproline and (E) ALT. The results showed that 
hydroxyproline and ALT levels significantly increased in the EtOH group. (F–G) The levels of TLR4, MD-2, and TNF-α were detected 
by (F) Western blotting and (G) RT-qPCR, and quantitation was performed using ImageJ software. The expression levels of TLR4, MD-
2, and TNF-α were significantly increased in the EtOH group. The scale bar is 20 μm at high power and 80 μm at low power. **p<0.01, 
***p<0.001, vs. the control group.
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factors IL-1β and MIP-1α was partially reversed upon treat-
ment with antibodies against TLR4 and MD-2 (Fig. 3B). 
Furthermore, the results of the RT-qPCR test were also con-
sistent with the Western blotting findings, suggesting regu-
lation at the mRNA level (Fig. 3C). Overall, based on CD68 
levels, the above results suggest that inhibition of TLR4 and 
MD2 could partially alleviate the activation of KCs in the 
liver of fibrotic rats.

Knockdown of TLR4/MD-2 in KCs could partially 
reduce the activity of LPS-induced HSCs

KCs were isolated and cultured as described in the 
Methods section. Next, RT-qPCR and Western blotting were 
used to estimate the levels of TLR4, MD-2, and TNF-α. 
The results indicated that LPS upregulated the levels of 
TLR4, MD-2, and TNF-α. However, the increase was par-
tially reversed upon treatment with si-TLR4 and si-MD-2 
(Fig. 4A–B). In addition, siRNA reduced the expression of 

Fig. 2. Continued.
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TLR4 and MD-2 by 34% and 37%, respectively (Fig. 4B). 
When the levels of CD68 and pro-inflammatory factors 
IL-1β and MIP-1α were estimated using RT-qPCR, it was 
found that LPS-induced increase in CD68, IL-1β, and MIP-
1α was also partially reduced by si-TLR4/si-MD-2 treatment 
(Fig. 4C). Similar results were obtained through Western 
blot analysis (Fig. 4D). HSCs are the key effector cells of liv-
er fibrosis12. Therefore, we next studied the effect of TLR4 
and MD-2 knockdown in KCs on the activity of HSCs. For 
this purpose, KCs and HSCs were co-cultured. The MTT 
assay revealed that LPS overactivated HSCs, whereas the 
inhibition of TLR4 and MD-2 partially restrained this over-
activation (Fig. 4E). Next, we estimated the levels of α-SMA 
and desmin, a biomarker of HSCs, through Western blotting. 
The results showed that LPS-induced increase in α-SMA 
and desmin levels was partially inhibited by the knockdown 
of TLR4 and MD-2 (Fig. 4F). In brief, in vitro knockdown 
of TLR4 and MD-2 in KCs partially inhibited the activation 
of KCs and reduced the expression of pro-inflammatory fac-
tors, suggesting reduced activity of HSCs.

Discussion

This study established a rat model of hepatic fibrosis 
by treating rats with alcohol, which activated the TLR4/
MD-2–TNF-α pathway. In a further study, it was found that 
inhibition of TLR4 and MD-2 partially decreased the activ-
ity of KCs and HSCs and partially relieved hepatic fibrosis 
in the model rats. The in vitro experiments indicated that 
LPS-induced activation of the TLR4/MD–TNF-α signaling 
pathway was partially inhibited by the knockdown of TLR4 
and MD-2 in KCs. In addition, the release of pro-inflamma-
tory factors and the activity of HSCs partially decreased. In 
other words, inhibition of TLR4 and MD-2 could partially 
alleviate alcohol-induced liver fibrosis in rats.

TLR4, a pattern recognition receptor, is mainly ex-
pressed in macrophages. It is linked to macrophage activa-
tion and the release of inflammatory factors35, 36. MD-2 is a 
helper protein of TLR4, which assists TLR4 in recognizing 
LPS and interferes with LPS-induced inflammation37, 38. A 
previous study in mice showed that monoclonal antibodies 
against TLR4/MD-2 could reduce LPS-induced acute hepa-
titis by inhibiting TNF-α39. Similarly, deficiency of TLR4 

Fig. 2. Inhibition of TLR4/MD-2 can partially alleviate alcohol-induced liver fibrosis.
 Upon treatment with TLR4 and MD-2 antibodies, the expression of TLR4 and other molecules related to liver fibrosis was partially 

decreased, and the degree of injury was improved. (A–B) The levels of TLR4, MD-2, and TNF-α were detected by (A) RT-qPCR and 
(B) Western blot assays, which reveal that the antibodies of TLR4/MD-2 can partially inhibit the increase in TLR4, MD-2, and TNF-α 
induced by alcohol. (C) HE staining and (D) Masson staining were used to observe the degree of liver fibrosis in rats. The arrows indicate 
the portal area, and alcohol-induced liver fibrosis was partially relieved by inhibiting TLR4/MD-2. (E) Western blotting was used to 
determine the levels of proteins related to liver fibrosis, such as collagen I, α-SMA, and TIMP-1, and data were quantified using ImageJ 
software. The increase in these proteins is partially relieved by antibodies of TLR4/MD-2. (F–G) The expression of (F) hydroxyproline 
and (G) ALT is estimated by ELISA, and the increase in hydroxyproline and ALT induced by alcohol was partially relieved by antibodies 
of TLR4/MD-2. The scale bar is 20 μm at high power and 80 μm at low power. ***p<0.001 vs. the control group. ##p<0.01, ###p<0.001, 
vs. the EtOH group.
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and MD-2 was reported to alleviate nonalcoholic liver fibro-
sis in mice40. Yin et al. reported that blocking the expression 
of TLR4 and MD-2 improved LPS-induced liver failure41. 
This evidence suggests that nonalcoholic liver disease is 
caused by LPS through the TLR4/MD-2–TNF-α signaling 
pathway. To explore whether alcoholic liver disease is also 
mediated by this pathway, a rat liver fibrosis model was es-
tablished through the intragastric administration of alcohol, 
and in vitro studies in KCs were performed.

Earlier studies suggested that long-term drinking 
upregulates TLR4 in the liver and makes the organ more 
sensitive to LPS through the overexpression of TNF-α and 
IL-642. Our study found that TLR4/MD-2 levels in the rat 
liver were increased after the intragastric administration of 
alcohol, along with the expression of TNF-α. Notably, the 
inhibition of TLR4 reduced the secretion of TNF-α and IL-
6, thus reducing alcohol-induced liver injury43. Our study 
also showed that upon TLR4/MD-2 inhibition, the degree of 
alcohol-induced liver injury was partially reduced, and the 
expression of proteins related to liver fibrosis was partially 
decreased. Akashi-Takamura et al. showed that mAb Sa15-
21 protects rats from LPS/D-GalN-induced liver failure by 
activating NF-κB protective signaling through the TLR4/
MD-2 pathway and influencing TNF-α-induced hepatocyte 

apoptosis39. Our study showed that the inhibition of TLR4/
MD-2 could inhibit the expression of TNF-α to reduce cell 
apoptosis, thus partially alleviating alcoholic liver injury in 
rats. Meanwhile, the mRNA levels of TLR4 and MD-2 were 
also partially reduced by the TLR4 and MD-2 antibodies. 
We speculate that this phenomenon may be related to a neg-
ative feedback regulation mechanism, that is, TLR4/MD-2 
reduction inhibits the NF-κB signaling pathway and acti-
vates the β-catenin pathway, whereas the activation of the 
β-catenin pathway inhibits the TLR4/MD-2 pathway44, 45. 
In the future, studies on the specific mechanisms may be 
needed. Besides, numerous evidences suggest that TLR4 
induces activation of HSCs, which is an important transfor-
mation step for liver inflammation into liver fibrosis43. Alco-
hol-induced TLR4 expression activates HCSs via the TLR4/
MD-2–TNF-α signaling pathway and promotes chemokine 
secretion. This increases the recruitment of KCs to the liver 
injury site, which releases pro-inflammatory factors that 
cause liver inflammation43. Our research indicates that KCs 
are activated by the alcohol-induced TLR4/MD-2–TNF-α 
signaling pathway, which promotes pro-inflammatory fac-
tors. Notably, this phenomenon was partially suppressed by 
inhibiting TLR4 and MD-2. Moreover, in vitro experiments 
showed that inhibition of TLR4 and MD-2 in KCs partially 

Fig. 3. Inhibition of TLR4/MD-2 can partially reduce the activation of KCs.
 Upon treatment with TLR4 and MD-2 antibodies, the activity of KCs and the secretion of pro-inflammatory factors were partially in-

hibited in the liver. (A) Expression of the KC marker, CD68, was observed through immunofluorescence, revealing that the antibodies of 
TLR4/MD-2 can partially inhibit the expression level of CD68. (B) Western blotting and (C) RT-qPCR were used to estimate the levels of 
CD68 and pro-inflammatory factors TNF-α, IL-1β, and MIP-1α. The results showed that the inhibition of TLR4/MD-2 can partially inhibit 
the expression of these factors. The scale bar is 100 μm. ***p<0.001 vs. the control group. #p<0.05, ###p<0.001, vs. the EtOH group.
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reduced the activation of KCs and HSCs and partially sup-
pressed the LPS-induced release of pro-inflammatory fac-
tors. It has been found that ethanol can affect the integrity 
and permeability of the intestinal mucosa and destroy the 
barrier structure. Therefore, we infer that ethanol increases 
the possibility of LPS translocation from rat intestine, and 
LPS transported from the intestine of rats enters the sys-
temic circulation through the gastrointestinal lymphatic 
vessels and portal vein and then participates in the produc-
tion and development of liver inflammation. In addition, 
Akashi-Takamura et al. also proved that the monoclonal an-
tibody sa15-12 of TLR4/MD-2 can alleviate the activation of 
KCs and inhibit hepatocyte apoptosis39. The antibodies used 
in our study have been shown to alleviate KC activation. 

However, whether these factors affect hepatocyte apoptosis 
needs to be confirmed in subsequent studies.

It is well known that reactive oxygen species (ROS) 
play an important role in ethanol metabolism in the liver46. 
The Nrf2/ARE signaling pathway is a hot topic in the field 
of liver fibrosis. Certain cell stimulations from ROS com-
bine the nuclear transcription related factor-2 (Nrf2) with 
the antioxidant response element (ARE) promoter sequence 
and activates γ-glutamylcysteine ligase (γ-GCS)47. The syn-
ergistic effect of Nrf2 and γ-GCS is conducive to the body 
against free radicals, avoids hepatocyte damage, and then 
slows down the process of liver fibrosis48. Studies have 
shown that the Wnt/β-catenin signaling pathway is involved 
in the formation of alcoholic liver fibrosis, which activates 

Fig. 4. Knockdown of TLR4/MD-2 in liver KCs can partially reduce the LPS-induced activity of HSCs.
 KCs and HSCs were isolated and co-cultured. Inhibition of TLR4 and MD-2 in KC cells reduced the activity of HSCs. In addition, the 

secretion of pro-inflammatory factors was reduced. (A–B) The expression of TLR4, MD-2, and TNF-α was determined by (A) RT-qPCR 
and (B) Western blotting. The increase in TLR4, MD-2, and TNF-α induced by LPS can be partially inhibited by the siRNAs of TLR4/
MD-2. (C–D) The levels of CD68 and pro-inflammatory factors IL-1β and MIP-1α were detected by (C) RT-qPCR and (D) Western 
blotting, and data were quantified by Image J software. The expression levels of CD68, IL-1β, and MIP-1α were also partially inhibited 
by knocking down TLR4/MD-2. (E) The viability of HSCs was estimated using the MTT assay. (F) Expression of α-SMA and desmin, 
markers of HSCs, was estimated by Western blotting, and data were quantified using ImageJ software. The results indicated that the vi-
ability of HSCs was also partially inhibited by knocking down TLR4/MD-2. ***p<0.001 vs. the control group. ##p<0.01, ###p<0.001, vs. 
the LPS group.
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and proliferates HSCs, resulting in liver fibrosis49. It is pos-
sible that the activation of HSCs can be inhibited and the 
expression level of various liver fibrosis indices can be re-
duced by inhibiting the Wnt/β-catenin signaling pathway 
to promote the recovery of liver fibrosis. A multipronged 
approach may completely alleviate liver injury caused by 
alcohol, which may be our future research direction.

In conclusion, alcohol activates KCs through the LPS-
TLR4/MD-2–TNF-α signaling pathway, and KCs release 
inflammatory factors to activate HSCs, which led to liver fi-
brosis in model rats. However, inhibition of the LPS-TLR4/
MD-2–TNF-α signaling pathway partially relieved liver fi-
brosis in model rats. Overall, this study provides a scientific 
basis for the prevention and treatment of alcoholic liver dis-
ease by suggesting new therapeutic targets.
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