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Abstract 
Myeloid differentiation primary response gene 88 (MyD88), an adaptor protein in the Toll-like receptors (TLRs) signalling 
pathway, is expressed in various liver cells including hepatocytes, Kupffer cells and hepatic stellate cells (HSCs). And yet, 
the functional role of MyD88 in HSCs is poorly elucidated in alcoholic fatty liver (AFL). Here, to study the functional role 
of MyD88 in HSCs and the molecular mechanism related to the development of AFL, chronic-binge ethanol mouse models 
were established in mice with specific MyD88 knockout in quiescent (MyD88GFAP−KO) and activated HSCs (MyD88SMA−KO), 
respectively. Our results clearly showed an elevated expression of MyD88 in liver tissues of ethanol treated mouse model 
which harbours the wild type. Intriguingly, ethanol treatment profoundly inhibited inflammation in both MyD88GFAP−KO 
and MyD88SMA−KO mice, but the suppression of lipogenesis was only observed in MyD88GFAP−KO mice. Molecularly, our 
study indicated that MyD88 induced osteopontin (OPN) secretion in HSCs, which consequently resulted in activation of 
AKT signalling pathway and accumulation of fat in hepatocytes. Additionally, our data also suggested that OPN promoted 
inflammation by activating p-STAT1. Thus, targeting MyD88 may be a potentially represent a promising strategy for the 
prevention and treatment of AFL.
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•	 The expression of MyD88 in HSCs was significantly increased in ethanol-induced liver tissues of wild-type mice.
•	 MyD88 deficiency in quiescent HSCs inhibited inflammation and lipogenesis under the ethanol feeding condition.
•	 MyD88 deficiency in activated HSCs only inhibited inflammation under the ethanol feeding condition.
•	 MyD88 promoted the OPN secretion of HSCs, which further activated the AKT signalling pathway of hepatocytes and 

upregulated lipogenic gene expression to promote fat accumulation.
•	 OPN also promotes inflammation by activating p-STAT1.

Keywords  MyD88 · Hepatic stellate cells · Alcoholic fatty liver · Osteopontin

Introduction

Alcohol consumption abuse is a leading cause of alco-
holic liver disease (ALD), which has been characterized 
by a wide spectrum of liver pathologies ranging from fatty 
liver, alcoholic hepatitis, fibrosis, cirrhosis and hepatocel-
lular carcinoma (HCC) [1, 2]. Alcoholic fatty liver (AFL) 
is the initial stage of the disease, but the accumulated evi-
dence shows that there are potential pathological features 
[3, 4]. To date, several molecular mechanisms related to 
hepatic lipid metabolism have been elucidated [5, 6]. Etha-
nol metabolism-associated oxidative stress and chemokines 
have been reported to play critical roles in the development 
of AFL [7, 8]. Although the potential treatments of AFL 

/ Published online: 16 June 2022

Journal of Molecular Medicine (2022) 100:1071–1085

http://orcid.org/0000-0001-9857-3074
http://crossmark.crossref.org/dialog/?doi=10.1007/s00109-022-02196-1&domain=pdf


1 3

have been developed for decades, resistance to the tradi-
tional therapies still limits their efficacy. Therefore, devel-
opment of novel targets or strategies for the treatment of 
AFL seems to be necessary and promising.

AFL is a type of lipid metabolism disorder that mainly 
manifests as hepatic steatosis. Steatosis is defined as a mini-
mum of 5% intrahepatic fat accumulation in the liver, which 
is characterized by an increase in triglycerides and choles-
terol esters [9]. The increase in lipid synthesis is caused 
by elevated expression of lipogenic enzymes and cytokines, 
such as fatty acid synthase (FAS), acyl CoA carboxylase 
(ACC), ATP citrate lyase (ACL) and malic enzyme (ME). 
These enzymes and cytokines are regulated by sterol regula-
tory element binding protein-1c (SREBP-1c), a protein that 
can be translocated from the nuclear to the cytosol under 
hepatic ethanol oxidation [10, 11]. Hepatic ethanol oxida-
tion triggers the translocation of SREBP-1c. SREBP-1c is 
matured by proteolysis and becomes a SREBP protein frag-
ment with transcriptional activity, which enters the nucleus 
and enhances lipogenic gene expression. Thus, regulation 
of lipid metabolism can be used as a target for prevention or 
treatment of fatty liver-related steatosis.

Hepatic stellate cells (HSCs) are a type of non-parenchymal 
cell in the liver. In a healthy liver, HSCs remain in quiescent 
status and contain a large number of lipid droplets in which 
vitamin A is stored [12]. When the liver is damaged, HSCs are 
activated into myofibroblasts, express α-smooth actin (α-SMA) 
and secrete various extracellular matrix proteins [13]. HSCs 
play a role in AFL, hepatitis, liver fibrosis, liver cirrhosis and 
liver cancer. Activated HSCs can promote liver fibrosis and 
regenerate liver epithelial cells. In addition, activated HSCs 
release a variety of growth factors and promote tumour growth 
[14]. Activated HSCs can also recruit macrophages and pro-
mote the secretion of TNF-α, which binds to the corresponding 
receptors on hepatocytes to induce the expression of fat-related 
genes. It has also been reported that alcohol stimulates HSCs 
to produce excessive 2-arachidonoylglycerol (2-AG), which 
further upregulates the expression of fat-related genes in 
hepatocytes through the paracrine pathway and facilitates the 
occurrence of AFL [15]. At present, the mechanism by which 
HSCs regulate lipogenesis is poorly understood.

Toll-like receptors (TLRs) recognize pathogen-associated 
molecular patterns (PAMPs) and damage-associated molecular 
patterns (DAMPs) as dimers and further activate the innate 
immune system [16, 17]. TLRs are expressed in many differ-
ent cell types of liver with different expression patterns and 
play important roles in chronic liver diseases through com-
munication with different cell types. Myeloid differentiation 
primary response gene 88 (MyD88) is a key adaptor molecule 
for most TLRs (except TLR3) and IL-1 receptor families and is 
mainly responsible for transmitting signals to the downstream 
and activating NF-κB and MAPK family members, leading 
to the production of proinflammatory or anti-inflammatory 

cytokines and type I interferon [18]. MyD88 plays a critical 
role in inflammation-related diseases. In addition, it is also 
involved in the regulation of energy, glucose and lipid metab-
olism in various cells [19]. The physiological functions of 
MyD88 varied in different tissues and cell types.

MyD88-dependent signalling in neurons is a key regula-
tor of insulin resistance induced by diet in vivo. It has been 
reported that MyD88-specific deletion in the central nerv-
ous system prevents high fat diet (HFD)-induced peripheral 
glucose metabolism impairment, palmitate production and 
blunted insulin resistance [20]. However, systemic knock-
out of MyD88 exacerbates the impaired glucose tolerance 
induced by a HFD [21] and increases the risk of diabetes 
in mice [22]. Specific deletion of MyD88 in hepatocytes 
leads to glucose intolerance, inflammation and liver insulin 
resistance independent of body weight and adiposity, which 
has been verified in the album-MyD88 knockout mice with 
HFD model, partly due to differences in gene expression 
and transcription factor activity [23]. Furthermore, MyD88 
in endothelial cells and myeloid cells also induces inflam-
mation and insulin resistance in HFD model [24]. Nagy 
LE et al. found that deficiency of MyD88 in myeloid cells 
inhibited steatosis and inflammation in a myeloid-specific 
MyD88-deficient (MyD88LysM−KO) mouse model with 
Lieber–DeCarli ethanol diet [25]. MyD88 in macrophages 
(Kupffer cells) promoted ethanol-induced liver injury and 
steatosis in a HFD model [26]. However, the role and mecha-
nism of MyD88 in HSCs in the occurrence of AFL remain 
unclear.

For this purpose, mice with MyD88-specific deletion 
in quiescent HSCs (MyD88GFAP−KO) and activated HSCs 
(MyD88SMA−KO), respectively, were used to establish a 
chronic-binge ethanol model to study the role and mecha-
nism of MyD88 in ALD. We found that MyD88 was mainly 
expressed in HSCs and affected alcohol-induced liver injury 
and inflammation in a mouse model. MyD88 in quiescent 
HSCs also promoted hepatic fat accumulation. Further 
mechanistic studies showed that MyD88 in HSCs promoted 
liver fat accumulation, mainly by secreting OPN, which 
resulted in activation of the AKT pathway and upregulation 
of lipogenic gene expression. Taken together, these results 
indicated that MyD88 may be a potential candidate for the 
prevention and treatment of AFL.

Materials and methods

Mice

MyD88flox/flox (MyD88fl/fl), GFAP-Cre and SMA-Cre mice 
on a C57BL/6 background have been previously described 
[27–30]. Mice with a conditional knockout of MyD88 in 
GFAP-expressing quiescent HSCs (MyD88GFAP−KO) were 
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generated by crossing MyD88fl/fl and GFAP-Cre mice. And 
mice with a conditional knockout of MyD88 in SMA-
expressing activated HSCs (MyD88SMA−KO) were gener-
ated by crossing MyD88fl/fl and SMA-Cre mice. All mice 
were bred in specific pathogen-free and humidity- and 
temperature-controlled microisolator cages with a 12-h 
light/dark cycle at the Institute of Biophysics Chinese 
Academy of Sciences. All animal studies were performed 
after being approved by the Institutional Laboratory Ani-
mal Care and Use Committee of the Institute of Biophys-
ics, Chinese Academy of Sciences and College of Science, 
Beijing Jiaotong University.

Chronic‑binge ethanol mouse models

Chronic-binge ethanol mouse models were established as 
described previously [31]. Eight-week-old male C57BL/6 
mice, MyD88GFAP−KOand MyD88SMA−KO mice were fed a 
liquid control diet (TROPHIC, Nantong, China) for 2 days 
to adapt to a liquid diet and then were randomly divided into 
two groups (five mice in each group), mice in the ethanol 
group were fed a liquid Lieber–DeCarli diet (TROPHID, 
Nantong, China) with 1% ethanol for 2 days, then a 2% 
ethanol diet for 2 days and a 4% ethanol diet for 7 days and 
finally maintained on a 5% ethanol diet for 10 days, fol-
lowed by a single gavage dose of 31.5% ethanol (5 g/kg body 
weight) on the last day. Control mice were fed a pair-fed diet 
and finally given a single gavage dose gavage of isocaloric 
dextrin maltose. Mice were always given a gavage in the 
morning and euthanized 9 h after the gavage. For the ethanol 
feeding period, the food intake of the ethanol-fed mice was 
recorded, and the weight-matched control feeding mice were 
pair-fed with the same volume of the control diet, so that 
ethanol- and pair-fed mice consumed equal amounts of diet 
and ingested the same energy. The body weight of the mice 
was recorded every day.

Cell culture

The LX-2 and HepG2 cell lines were obtained from the Amer-
ican Type Culture Collection (ATCC; Manassas, VA, USA). 
These cells were cultured in DMEM (BI, Israel) supplemented 
with 10% foetal bovine serum (FBS, BI) and 1% penicillin/
streptomycin at 37 °C with 5% CO2. In the experimental 
groups, LX-2 cells were exposed to ST2825 (10 μM) (Med-
ChemExpress, Princeton, NJ, USA) for 2 h and then chal-
lenged with TLR1/2 agonist (Pam3CSK4, 100 ng/mL), TLR4 
agonist (LPS, 1 mg/mL) or palmitic acid (400 μM) (Sigma, 
USA), respectively, for 24 h. In the control groups, LX-2 cells 
were directly challenged with TLR1/2 agonist (Pam3CSK4, 
100 ng/mL), TLR4 agonist (LPS, 1 mg/mL) or palmitic acid 
(400 μM), respectively, for 24 h. To induce excessive lipid 
accumulation, HepG2 cells were cultured in DMEM medium 

with 20 μM AKT inhibitor (CSNpharm, USA) for 24 h and 
then 400 mM palmitic acid and 200 ng/mL recombinant pro-
tein OPN (Cloud-Clone Corp, China) for 24 h [32].

Collection of conditioned media

LX-2 cells were exposed to ST2825 (10 μM) (MedChem-
Express, USA) for 2 h and then challenged with 400 μM 
palmitic acid for 24 h. The supernatant was collected as the 
conditioned medium (CM).

Isolation of HSCs

Primary HSCs were isolated from livers of eight-week-old 
mice as previously described [29]. The mice were anaes-
thetized with 3% ethyl carbamate and treated with phos-
phate balanced solution and 0.16 mg/mL collagenase I for 
liver perfusion. The liver was removed, divided it into small 
pieces and was placed in the digestive buffer at 37 °C for 
30 min. Filtered cells were centrifuged at 50 × g for 2 min to 
remove hepatocytes. The remaining non-parenchymal cell 
(NPC) fraction was collected, washed and isolated using a 
10% and 40% Optiprep (Axis-Shield, Scotland) gradient sys-
tem, respectively [33]. The purity of the HSCs fraction was 
estimated by the autofluorescence signal. Cell viability was 
examined via trypan blue exclusion. Both the cell purity and 
viability were greater than 90%.

Biochemical assays of blood and liver tissues

Blood samples were collected from mice via the eyeball 
and centrifuged at 3000 rpm for 10 min to obtain serum. 
The levels of serum alanine aminotransferase (ALT), aspar-
tate aminotransferase (AST), cholesterol (Cho) and triglyc-
eride (TG) were detected by Pony Testing International 
Group (Beijing, China). Liver tissues were homogenized 
in cold phosphate-buffered saline (PBS) and centrifuged at 
3000 rpm for 10 min to obtain the supernatant, and TG and 
Cho levels in the supernatant were measured by Pony Test-
ing International Group (Beijing, China).

Histology and immunostaining

Paraffin or cryostat sections of liver tissue were prepared as 
described previously [34]. The sliced liver paraffin sections were 
stained with haematoxylin and eosin (H&E) (Zhongshanjinqiao, 
Beijing, China) and Sirius Red, respectively. To detect hepatic 
fat accumulation, cryostat liver sections were stained with Oil 
Red O. For immunofluorescence detection, the cryostat sections 
were, respectively, incubated with anti-F4/80, anti-Gr-1, anti-
CD11b (1:200; BD Pharmingen, San Diego, CA), anti-MyD88 
and anti-GFAP (1:200; Abcam, Cambridge, UK) antibodies and 
followed by incubation with Alexa Fluor 488- or 594-conjugated 
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secondary antibodies (1:500; Invitrogen, Carlsbad, CA, USA). 
Eventually, cell nuclei were stained with DAPI. The results 
were evaluated under a microscope (DP71, OLYMPUS) of both 
bright-field and fluorescence microscopy.

Quantitative real‑time polymerase chain reaction 
(qRT‑PCR)

Total RNA was isolated, respectively, from frozen liver tis-
sues and cells using TRIzol reagent (Invitrogen, USA), and 
then, up to 0.5 µg of RNA was reverse transcribed using Prime 
Script RT Master Mix Kit (MedChemExpress, Princeton, NJ, 
USA). cDNA was duplicated using a SYBR Premix ExTaqTM 
Kit (MedChemExpress, Princeton, NJ, USA). The primer 
sequences are listed in Supplementary Table 1. Data were 
analysed using the 2−ΔΔCt method and normalized to GAPDH 
expression as previously described [35].

Western blot analysis

Western blotting was performed as previously described [36]. 
Tissue and cell extracts were separated via electrophoresis on 
a 10% SDS-PAGE gel at 115 V for 1.2 h and transferred to a 
PVDF membrane at 200 mA for 1 h. Membranes were blocked 
with 5% milk in TBST for 1 h and incubated overnight at 4°C 
with the following primary antibodies: anti-MyD88 (Abcam, 
Cambridge, UK), anti-AKT, anti-p-AKT, anti-STAT1 and 
anti-p-STAT1 antibodies (Cell Signalling Technology, USA). 
HRP-conjugated goat anti-mouse IgG and goat anti-rabbit IgG 
were used as secondary antibodies. Blots were scanned using 
a Clinx Science Instrument. All specific bands were quantified 
with the ImageJ automated Digitizing System.

Quantitative and statistical analysis

All the data are expressed as the means ± SEM and analysed 
using GraphPad Prism software. Differences between the two 
groups were compared using two-tailed unpaired Student’s 
t-test analysis. One-way ANOVA tests with a Bonferroni 
correction were used for multiple comparisons. For all tests, 
p < 0.05 was considered statistically significant. p < 0.01 was 
considered extremely significant.

Results

MyD88 expression in HSCs is upregulated in the liver 
of AFL mice

To explore the correlation between the expression of 
MyD88 in the mouse liver and the development of AFL, 
C57BL/6 mice were administered ethanol to generate 
chronic-binge ethanol mouse models. Liver tissues were 

harvested after the AFL model was established (Fig. 1a). 
As shown in Fig. 1b and c, western blotting results showed 
that the expression of MyD88 was significantly upregu-
lated in the livers of ethanol-fed mice compared with 
levels in the livers of control mice. MyD88+ cells in the 
liver tissue were further detected by immunofluorescence 
staining. Consistently, ethanol feeding led to a significant 
increase in the number of MyD88+ cells. Double immuno-
fluorescence staining revealed that most of HSCs (GFAP+ 
cells) in the liver tissue of AFL mice expressed MyD88 
(Fig. 1d). These results clearly demonstrate that MyD88 
expression in HSCs of WT mice is enhanced under the 
ethanol feeding condition.

MyD88 deficiency in HSCs attenuates 
ethanol‑induced liver injury

To investigate the contribution of MyD88 in HSCs to liver 
injury, MyD88 GFAP−KO mice, MyD88 SMA−KO mice and 
control littermates were used to establish chronic-binge 
ethanol models (Supplementary Fig. 1). The results indi-
cated that there was no significant difference in the body 
weight between MyD88 GFAP−KO and MyD88fl/fl mice 
or between MyD88 SMA−KO and MyD88fl/fl mice under 
the ethanol feeding condition (Fig.  2a, b). To charac-
terize the pathology associated with ethanol feeding in 
MyD88GFAP−KO, MyD88SMA−‍KO and MyD88fl/fl mice, 
liver tissues were collected from each group for further 
evaluation. We found that MyD88GFAP−KO mice exhib-
ited a higher liver/body weight ratio than MyD88fl/fl mice 
(Fig. 2c). However, there was no significant difference in 
the liver/body weight ratio between MyD88SMA−KO mice 
and MyD88fl/fl mice (Fig. 2d). We further examined the 
serum ALT and AST levels in MyD88fl/fl, MyD88GFAP−KO 
and MyD88SMA−KO mice under the ethanol feeding condi-
tion. The results demonstrated that both the ALT level in 
MyD88GFAP−‍KO mice and the AST level in MyD88SMA−‍KO 
mice were dramatically attenuated compared with those 
levels in MyD88fl/fl mice (Fig. 2e-h). H&E staining also 
showed that both MyD88GFAP−KO and MyD88SMA−‍KO mice 
had weakened inflammatory cell infiltration, hepatocyte 
cell death and steatosis compared with MyD88fl/fl mice 
(Fig. 2i, j). Generally, these results confirm that MyD88 
knockout in HSCs significantly alleviate liver injury.

MyD88 deficiency in HSCs attenuates 
ethanol‑induced liver inflammation

To investigate the effect of MyD88 in HSCs on inflam-
mation, the infiltration of immune cells was detected by 
immunofluorescence staining. The results showed that 
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the infiltration of F4/80+ macrophages, Gr1+ neutro-
phils and CD11b+ monocytes was obviously reduced in 
MyD88GFAP−KO mice and MyD88SMA−‍KO mice compared 
with that in MyD88fl/fl mice under the ethanol feeding condi-
tions (Fig. 3a-d). We further examined the gene expression 
of proinflammatory cytokines in MyD88fl/fl, MyD88GFAP−KO 
and MyD88SMA−‍KO mice, respectively, under the ethanol 
feeding conditions. As shown in Fig. 3e and f, the mRNA 
levels of interleukin-6 (IL-6), IL-1β, tumour necrosis fac-
tor α (TNF-‍α) and monocyte chemoattractant protein-1 
(MCP-1) were markedly downregulated in the livers of 
MyD88GFAP−KO and MyD88SMA−‍KO mice after ethanol feed-
ing. In summary, these results suggested that MyD88 dele-
tion in HSCs significantly attenuated hepatic inflammation.

MyD88 deficiency in HSCs attenuates fat 
accumulation

AFL is mainly caused by continuous alcohol intake. The 
fat in the liver is stored in small lipid droplets in the early 
stage of steatosis and subsequently expands into large lipid 

droplets. Fat accumulation in the liver is often accompa-
nied by elevated Cho and TG. The levels of Cho and TG in 
mouse serum and liver tissue were detected by biochemical 
indicators. The results demonstrated that except for serum 
TG, the levels of serum Cho, hepatic Cho and hepatic TG 
were all distinctly decreased in the MyD88GFAP−KO mice 
compared with those levels in MyD88fl/fl mice (Fig. 4a, b). 
However, there was no significant difference in serum and 
hepatic TG and Cho between MyD88SMA−KO and MyD88fl/

fl mice (Fig. 4c, d).
To further verify the production of TG and other neu-

tral fats in the liver tissue, the liver tissue sections from 
MyD88GFAP−KO, MyD88SMA−KO and MyD88fl/fl mice 
were stained with Oil Red O, respectively. As shown in 
Fig. 4e, the accumulation of lipid droplets in hepatocytes 
of MyD88GFAP−‍KO mice was significantly weakened com-
pared with that in MyD88fl/fl mice. Consistently, the mRNA 
levels of lipogenesis genes such as SREBP1, SCD1, ACC1 
and FANS were evidently downregulated in the liver tissues 
of MyD88GFAP−KO mice compared with levels in MyD88fl/fl 
mice (Fig. 4f). However, there was no significant difference 
in hepatic fat accumulation or the expression of lipogenesis 

Fig. 1   Expression of MyD88 
is increased in the livers of 
ethanol-fed mice. C57BL/6 
mice (n = 5 per group) were fed 
a Lieber–DeCarli liquid diet 
containing ethanol to establish 
a chronic-binge ethanol model, 
and the control group was fed a 
control liquid diet without etha-
nol. The expression of MyD88 
was detected. a Schematic rep-
resentation of the experimental 
procedure for construction of 
the chronic-binge model. b, c 
MyD88 expression in livers was 
analysed via western blotting 
and grey values were assessed. 
**p < 0.01. d Immunofluores-
cence staining of MyD88 and 
GFAP in liver tissues. Nuclei 
were counterstained with DAPI. 
The arrows indicate GFAP+, 
MyD88+ and GFAP+MyD88+ 
cells, respectively. Scale 
bar = 50 μm
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genes between MyD88SMA−KO and control mice (Fig. 4g, h). 
In addition, the results from Sirius Red staining demonstrated 
that MyD88 deficiency in quiescent HSCs had no obvious 

effects on liver fibrosis in this model (Supplementary Fig. 2). 
Collectively, these results indicate that MyD88 deficiency in 
HSCs significantly inhibit the accumulation of hepatic fat.
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MyD88 deficiency in quiescent HSCs inhibits 
the expression of OPN

 To study how the MyD88 in quiescent HSCs affects the 
ethanol-induced inflammation and adipogenesis in liver 
cells, the GEO database (GSE151158) was used to analyse 
the gene expression levels in the livers of 21 healthy people 
and 40 fatty liver patients and found that the expression level 
of the OPN gene in the livers of fatty liver patients was sig-
nificantly increased (Fig. 5a). Related evidence has shown 
that OPN can promote adipogenesis [37]. Thus, the expres-
sion of OPN in the livers of MyD88GFAP−KO and MyD88fl/fl 
mice was detected via RT-qPCR. As shown in Fig. 5b, the 
expression level of OPN was significantly decreased in the 
livers of MyD88GFAP−KO mice compared with the level in the 
livers of MyD88fl/fl mice, and there were no obvious changes 
in MyD88SMA−KO mice (Fig. 5c). Immunohistochemical 
staining further confirmed that the OPN expression was 
also significantly reduced in the livers of MyD88GFAP−KO 
mice (Fig. 5d).

To explore whether MyD88 deficiency in quiescent HSCs 
affects the secretion of OPN, the LX-2 HSCs were treated 
with the MyD88 inhibitor ST2825 for 2 h and then with 
TLR1/2 and TLR4 agonists for 24 h. The results showed that 
the agonist treatment promoted the expression of OPN in 
LX-2 cells, and the OPN expression was markedly inhibited 
after addition of the MyD88 inhibitor ST2825, and the TLR4 
agonist showed the most significant effect (Fig. 5e). The 
above results suggested that the TLR4 signalling pathway 
played a key role in regulating the expression of OPN. After 
the activation of the TLR4 signalling pathway by palmitic 
acid, the expression of MyD88 and OPN was detected by 
RT-qPCR. The results indicated that ST2825 dramatically 
suppressed the expression of MyD88 (Fig. 5f), while pal-
mitic acid significantly promoted the expression of OPN. 
However, when MyD88 was inhibited by ST2825, the pro-
motive effect of palmitic acid on OPN expression was sig-
nificantly blocked (Fig. 5g). Overall, the results suggest that 
the expression of OPN in HSCs is regulated by MyD88.

To further study the effect of OPN secreted by HSCs on 
the adipogenesis in HepG2 cells, HepG2 cells were incu-
bated with conditioned medium (CM) prepared from LX-2 

cells for 24 h. Then, the expression of adipogenic genes 
was detected. The results indicated that the mRNA levels 
of SREBP1, SCD1 and FANS in HepG2 cells were obvi-
ously upregulated (Fig. 5h). HepG2 cells were treated with 
palmitic acid to induce fatty liver-like cells, and the expres-
sion of lipogenesis genes in HepG2 cells was analysed via 
RT-qPCR. We found that the expression of SREBP1, SCD1, 
ACC1 and FANS in HepG2 cells was significantly enhanced 
(Fig. 5i). Subsequently, recombinant OPN protein was added 
exogenously to explore its effect on the adipogenesis of 
HepG2 cells. RT-qPCR results showed that OPN dramati-
cally promoted the expression of SCD1, FANS, SREBP and 
ACC1 in HepG2 cells (Fig. 5i). In general, these results con-
firm that OPN secreted by HSCs markedly promotes adipo-
genesis in HepG2 cells.

MyD88 promoted liver fat accumulation 
and inflammation via the AKT pathway and STAT1 
pathway, respectively

To elucidate the underlying mechanism responsible for 
ethanol-induced hepatic lipid accumulation, we exam-
ined the signalling pathways in which MyD88 may be 
involved during liver fat accumulation and inflamma-
tion. The results showed that there was no significant 
difference in the total AKT protein level in the liver tis-
sues between MyD88GFAP−KO mice and MyD88fl/fl mice 
(Fig. 6a), but the p-AKT expression level was noticeably 
increased in the liver of MyD88GFAP−KO mice compared 
with that in MyD88fl/fl mice (Fig. 6a, b). Meanwhile, no 
obvious difference in the total STAT1 protein level in the 
liver was observed between MyD88GFAP−KO mice and 
MyD88fl/fl mice, but the phosphorylated STAT1 level 
in MyD88GFAP−KO mice was much lower than that in 
MyD88fl/fl mice (Fig. 6a, b). The AKT and STAT1 signal-
ling pathway were further analysed in the human hepatoma 
cell line HepG2. HepG2 cells were pretreated with palmitic 
acid for 24 h and then treated with OPN for 24 h. The 
related protein expression levels of the AKT and STAT1 
signalling pathways were analysed via western blotting. 
The results showed that the phosphorylation level of AKT 
was distinctly weakened, while the phosphorylation level 
of STAT1 was significantly enhanced in the OPN treat-
ment group compared with the control group (Fig. 6c, d). 
To further explore whether OPN affects fat accumulation 
by regulating the phosphorylation of AKT, we investigated 
the expression of adipogenesis genes after treatment with 
the AKT inhibitor MK-2206 in HpeG2 cells and found that 
the expression of the adipogenesis genes SCD1, FANS, 
SREBP1 and ACC1 was significantly upregulated (Fig. 6e). 
Collectively, the above results suggest that MyD88 facili-
tates liver fat accumulation by activating the AKT pathway 
and promotes inflammation through the STAT1 pathway.

Fig. 2   MyD88 deficiency in HSCs attenuates ethanol-induced liver 
injury. Groups of MyD88fl/fl, MyD88GFAP−KO and MyD88SMA−KO 
mice (n = 5 per group) were fed a Lieber–DeCarli liquid diet contain-
ing ethanol to establish a chronic-binge ethanol model, respectively, 
and the control group was fed a control liquid diet without etha-
nol. Liver injury was evaluated. a, b Changes in the body weight of 
MyD88fl/fl, MyD88GFAP−KO and MyD88SMA−KO mice. c, d Changes 
in the liver/body weight ratio of MyD88fl/fl, MyD88GFAP−KO and 
MyD88SMA−KO mice. *p < 0.05. e–h Serum ALT and AST levels in 
mice from different groups. *p < 0.05. i, j Representative images of 
haematoxylin and eosin (H&E) staining of liver tissues in mice from 
different groups. Scale bar = 100 μm

◂
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Fig. 3   MyD88 deficiency in HSCs attenuates ethanol-induced 
liver inflammation. Groups of MyD88fl/fl, MyD88GFAP−KO and 
MyD88SMA−KO mice (n = 5 per group) were fed a Lieber–DeCarli 
liquid diet containing ethanol to establish a chronic-binge etha-
nol model, respectively, and the control group was fed a control 
liquid diet without ethanol. Liver inflammation was analysed. a, 
c Immunofluorescence detection of F4/80+, Gr-1+ and CD11b+ 
cell infiltration in liver tissues of MyD88fl/fl, MyD88GFAP−KO and 
MyD88SMA−KO mice, respectively. b, d Representative images and 

statistical analysis of immunofluorescence staining for F4/80+, Gr-1+ 
and CD11b+ infiltration in liver tissues of MyD88fl/fl, MyD88GFAP−

KO and MyD88SMA−KO mice. HPF: high-power field. *p < 0.05, 
**p < 0.01. Scale bar = 50  μm. e IL-6, IL-1β, TNF-α and MCP-1 
mRNA levels were detected in the liver tissues of MyD88fl/fl and 
MyD88GFAP−KO mice using real-time PCR method. *p < 0.05, 
**p < 0.01. f IL-6, IL-1β, TNF-α and MCP-1 mRNA levels in the 
liver tissues of MyD88fl/fl and MyD88SMA−KO mice were evaluated 
using real-time PCR method. *p < 0.05
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Fig. 4   MyD88 deficiency in quiescent HSCs attenuates liver fat accu-
mulation. Groups of MyD88fl/fl, MyD88GFAP−KO and MyD88SMA−KO 
mice (n = 5 per group) were fed a Lieber–DeCarli liquid diet contain-
ing ethanol to establish a chronic-binge ethanol model, respectively, 
and the control group was fed a control liquid diet without ethanol. 
Liver fat was analysed. a Serum cholesterol (Cho) and triglyceride 
(TG) levels in MyD88fl/fl and MyD88GFAP−‍KO mice were detected. b 
Hepatic Cho and TG levels in MyD88fl/fl and MyD88GFAP−‍KO mice 

were tested. *p < 0.05, **p < 0.01. c Serum Cho and TG levels in 
MyD88fl/fl and MyD88SMA−‍KO mice were detected. d Hepatic Cho 
and TG levels in MyD88fl/fl and MyD88SMA−‍KO mice were evaluated. 
e, g Oil red O staining of liver tissues of MyD88fl/fl, MyD88GFAP−‍KO 
and MyD88SMA−‍KO mice, respectively. Scale bar = 100  μm. f, h 
SREBP1, SCD1, ACC1 and FANS mRNA levels in the livers of 
MyD88fl/fl, MyD88GFAP−‍KO and MyD88SMA−‍KO mice were measured 
using real-time PCR method. *p < 0.05, **p < 0.01
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Discussion

MyD88 is a key player in ALD. However, due to its wide 
expression, the cell-type-specific contribution of MyD88-
mediated signalling to ALD is still unclear. In this study, 
the role of MyD88 in HSCs was investigated in AFL. We 

found that MyD88 deficiency in quiescent HSCs signifi-
cantly reduced liver injury, inflammation and steatosis, 
while MyD88 deficiency in activated HSCs (myofibroblasts) 
only inhibited the progression of liver injury and inflamma-
tion, and had no obvious effects on steatosis. Furthermore, 
mechanistic studies showed that MyD88 was able to activate 
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AKT signalling pathways in hepatocytes by regulating OPN 
secretion from HSCs, which subsequently upregulated the 
expression of lipogenic genes and further promoted fat accu-
mulation (Fig. 7). Thus, MyD88 may represent a potential 
target for the prevention and treatment of AFL.

Accumulating evidence has shown that TLRs mediate 
the innate immune response and are involved in liver injury, 
inflammation, liver fibrosis and hepatic lipid metabolism, 
which in return is attributed to the expression of TLRs in 
a variety of liver cells, including liver parenchymal cells, 
Kupffer cells, sinusoidal endothelial cells, HSCs, bile duct 
epithelial cells and liver dendritic cells [38–40]. TLRs other 
than TLR3 can bind to corresponding ligands and transmit 
signals through the adapter molecule MyD88, thereby acti-
vating the NF-κB and JNK signalling pathways [18]. In this 
study, we also confirmed the relevance between TLR and liver 
lipogenesis. We found that MyD88 deficiency in HSCs attenu-
ated ethanol-induced liver inflammation and fat accumulation, 
and the MyD88/TLR4 signalling pathway played a key role 
in regulating the expression of OPN and was correlated with 
the formation of AFL. Nagy LE et al. reported that specific 
MyD88 deletion in myeloid cells reduced ethanol-induced 
increases in the plasma ALT level and hepatic steatosis. 
Ethanol-induced inflammation and the expression of proin-
flammatory mediators were also attenuated in the livers of 
MyD88LysM−KO mice [25]. However, Cani PD et al. found that 
MyD88 deletion in hepatocytes induced profound changes in 
glucose and lipid metabolism, which specifically shows that 
the liver glycogen and the phosphorylation of insulin-induced 
AKT decreased, and that liver lipids and the inflammation in 
visceral adipose tissue increased [41]. These studies indicated 
that MyD88 in hepatocytes, myeloid cells and HSCs may have 
different effects on hepatic steatosis and inflammation and 
exert these effects through different mechanisms.

In recent years, it has been found that both innate and 
adaptive immunity are involved in the development of AFL. 
As pattern recognition receptors, TLRs play a key role in 
activation of the immune system [42]. As an important  
adaptor protein in the TLR signalling pathway, MyD88 can 
not only regulate the immune response but also affect the 
metabolic processes. Various cell types are involved in the 
occurrence of AFL, such as hepatocytes, immune cells and 
HSCs. Among them, Kupffer cells are the most widely stud-
ied and cause inflammation, liver damage and fatty liver by 
secreting a large number of inflammatory cytokines such as 
TNF-α, IL-1 and IL-17 [43]. Moreover, HSCs not only play 
a role in the development of liver fibrosis by secreting extra-
cellular matrix, but also promote lipogenesis by secreting 
factors such as endocannabinoids. Based on these results,  
we explored the role and mechanism of MyD88 in HSCs 
in the development of AFL. Our results demonstrate that 
MyD88 in HSCs promotes lipid accumulation and inflamma-
tion via the AKT and STAT1 pathways. MyD88 deficiency 
in quiescent HSCs significantly suppresses ethanol-induced 
hepatic lipid accumulation, liver injury and inflammation by  
inhibiting the secretion of OPN. Thus, MyD88 could be a 
potential target for AFL therapy.

OPN is a highly phosphorylated glycoprotein that is 
widely present in the extracellular matrix, has important 
functions in cardiovascular disease, cancer, diabetes, cell 
viability and wound healing [44], and is also involved in 
the immunity regulation, metabolism and inflammation pro-
cess [41]. In the present study, we found that OPN derived 
from HSCs acted on hepatocytes and promoted lipogenesis 
and inflammatory response by inhibiting the phosphoryla-
tion of AKT and increasing the phosphorylation of STAT1. 
Meanwhile, the relevance between OPN and hepatic lipo-
genesis has also been verified in clinical trials. In the present  
study, gene expression levels in 21 healthy people and 40  
patients with fatty liver were analysed using the GEO data-
base (GSE151158). OPN expression was found to be signifi-
cantly upregulated in the livers of patients with fatty liver. 
Consisted with our results, Smid V et al. reported that OPN 
promoted lipogenesis and might be a potential marker of fatty  
liver [45]. Moreover, Haber PS et al. confirmed that OPN 
was overexpressed in the liver of patients with AFL, espe-
cially when HSCs were activated, and the expression of OPN 
was obviously enhanced [46]. Additionally, by constructing 
OPN-knockout mice and a chronic-binge ethanol model, 
Morales-Ibanez et al. found that OPN deficiency inhibited 
liver damage [41]. Gómez-Ambrosi J et al. reported that 
OPN deficiency prevented hepatic steatosis by decreasing 
the expression of molecules involved in the onset of fat accu-
mulation such as Pparg, Srebf1, Fasn, Mogat1, Dgat2 and 
Cidec in OPN-knockout mice with a HFD [47]. Further-
more, related evidence has confirmed that OPN participates 
in the AKT and STAT1 signalling pathways and plays a role 

Fig. 5   MyD88 deficiency in HSCs downregulates OPN expres-
sion. a The GEO database was used to analyse the expression level 
of OPN in the livers of healthy and fatty liver patients. b, c Groups 
of MyD88fl/fl, MyD88GFAP−KO and MyD88SMA−KO mice (n = 5 per 
group) were used to establish the chronic-binge ethanol models. The  
mRNA levels of OPN in the livers of MyD88fl/fl, MyD88GFAP−KO and 
MyD88SMA−KO mice were measured using real-time PCR. *p <0.05. 
d Immunohistochemical detection of OPN in liver tissues of MyD88fl/

fl and MyD88GFAP−KO mice. Scale bar = 50  μm. e LX-2 cells were 
treated with the MyD88 inhibitor ST2825 for 2  h and then were 
treated with TLR1/2 and TLR4 agonists for 24 h. The mRNA levels 
of OPN were measured using real-time PCR. **p <0.01. f, g LX-2 
cells were exposed to ST2825 for 2 h and then were challenged with 
palmitic acid (400 μM) for 24 h. The mRNA levels of MyD88 and 
OPN in LX-2 cells were detected using real-time PCR. *p <0.05, 
**p <0.01. h HepG2 cells were incubated with CM prepared from 
LX-2 cells for 24  h. SREBP1, SCD1 and FANS mRNA levels in 
HepG2 cells were detected. *p <0.05, **p <0.01. i HepG2 cells were 
treated with palmitic acid for 24 h and then with 200 ng/mL recom-
binant OPN protein for 24 h, and SCD1, FANS, SREBP1 and ACC1 
mRNA levels in HepG2 cells were evaluated using real-time PCR. 
*p <0.05, **p <0.01

◂
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Fig. 6   MyD88 in HSCs promotes liver fat accumulation and inflam-
mation via the AKT pathway and STAT1 pathway, respectively. The 
mechanism by which MyD88 in HSCs promoted liver fat accumula-
tion and inflammation. a, b The protein levels of AKT, p-AKT, STA-
T1and p-STAT1 in livers were determined via western blotting. The 
protein densities were quantified using densitometry. Phosphoprotein 
levels were normalized to total protein levels. *p <0.05. c, d HepG2 
cells were treated with 400 μM palmitic acid for 24 h and then with 

200 ng/mL recombinant OPN protein for 24 h. The protein levels of 
AKT, p-AKT, STAT1 and p-STAT1 in HepG2 cells were determined 
via western blotting. Phosphoprotein levels were normalized to total 
protein levels.. *p <0.05, **p <0.01. e HepG2 cells were treated 
with palmitic acid for 24 h and then with OPN and the AKT inhibi-
tor MK-2206 for 24 h. The mRNA levels of SREBP1, SCD1, ACC1 
and FANS in HepG2 cells were measured using real-time PCR. The 
results were normalized to GAPDH. *p <0.05, **p <0.01
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in steatosis and inflammation. However, GE et al. confirmed 
that OPN combined with lipopolysaccharide (LPS) reduced 
the activation of macrophages and the expression of TNF-
α, thereby attenuating liver damage and steatosis [48]. The 
mechanism of OPN in liver injury and steatosis still needs 
to be further explored.

AFL has become a severe issue that threatens human 
health worldwide [49]. At present, abstinence, nutritional 
support and glucocorticoid therapy are still the main meth-
ods for the treatment of AFL, and these approaches have var-
ious limitations; thus, effective targeted therapy is urgently 
needed. A deep understanding of the mechanism of AFL is 
essential and would provide a theoretical and experimental 
basis for treatment of AFL [50]. The metabolism of ethanol 
in human body is a complex process. Metabolism of eth-
anol occurs mainly in the liver via the predominant oxidative 
metabolism pathway involving phase I enzymes including 
alcohol dehydrogenases (ADH), cytochrome P450 (CYP) 
2E1 and catalase [51]. Besides the oxidative pathway, more 
and more studies have found that non-oxidative metabolism 
also plays an important role in ethanol metabolism [52, 53]. 
Ethanol undergoes metabolism through the non-oxidative 
pathway generating fatty acid ethyl esters (FAEE), phos-
phatidylethanol (PEth), ethylsulfate (EtS) and ethylglucuro-
nide (EtG) [54]. Although FAEE are minor metabolites of 
ethanol, they are formed in almost all tissues after alcohol 
consumption. This pathway is an enzyme-mediated esterifi-
cation of fatty acid or fatty acyl-CoA and ethanol. Given the 
sensitivity and specificity, EtG and EtS in hair and biological 
fluids are often used as reliable markers of ethanol consump-
tion for clinical use and forensic medicine [53]. FAEE may 
be hydrolysed to ethanol and fatty acid by FAEE hydrolases 
Human hepatocytes in primary culture are considered as a 
suitable in vitro model to study hepatic metabolism of xeno-
biotics. However, hepatocytes isolated from patients present 

important differences in metabolic activities and lose their 
phenotype over time. Therefore, studies often combined dif-
ferent animal models and human hepatoma cell lines [54]. In 
this study, HepG2 cell line was used as cell model. HepG2 
cells were treated with palmitic acid to mimic the influx of 
excess FFAs into hepatocytes, palmitic acid can significantly 
up-regulate the expression of adipogenic genes and induce 
the rapid accumulation of fat in cells. It was reported that 
HepG2 cells did not express ethanol-metabolizing enzymes 
[55, 56], so we speculate that HepG2 cells may metabolize 
ethanol to accumulate fat through non-oxidative pathways.
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