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Involvement of TLR4 signaling 
regulated‑COX2/PGE2 axis in liver fibrosis 
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Abstract 

Background:  Hepatic stellate cell (HSC) activation plays a pivotal role in hepatic inflammation and liver fibrosis. TLR4 
pathway activation has been reported to be involved in mice liver fibrosis induced by hepatitis virus infection, alcohol 
abuse, biliary ligation, carbon tetrachloride 4 treatment, and Schistosoma japonicum (Sj) infection. The effect and 
mechanisms of the cyclooxygenase 2 (COX2)/prostanoid E2 (PGE2) axis on liver fibrosis induced by Sj are still unclear.

Methods:  Mice liver fibrosis were induced by cutaneous infection of Sj cercariae. COX-2 inhibitor, NS398 were 
injected from week 5 to week 7, while TLR4 inhibitor TAK242 were injected from week 4 to week 8 post Sj infection. 
Human HSCs line, LX-2 cells were cultured and exposed to LPS or synthetic PGE2, or pretreated by TAK242, TLR4-siRNA 
or NS398. Liver tissue and serum or in vitro cultured cell lysaste were collected at indicated time courses for exploring 
the relationship between TLR4 and COX2-PGE2 axis through qPCR, western blot, immunohistochemical assay, ect. 
One-way analysis of variance among multiple groups followed by Uncorrected Fisher’s LSD-t test or paired compari-
sons through t test were performed to tell the statistical differences.

Results:  This study investigated the link between the COX2/PGE2 axis and TLR4 signaling in the induction of liver 
fibrogenesis in mice during Sj infection and in vitro culture of HSC strain-LX-2. The COX2/PGE2 axis was positively 
associated with Sj-induced liver fibrosis. TLR4 pathway activation stimulated the COX2/PGE2 axis in Sj-infected mice 
and in lipopolysaccharide (LPS)-exposed cultured HSCs. Synthetic PGE2 activated cultured HSCs through upregulation 
of alpha smooth muscle actin (α-SMA) expression. In LPS-triggered HSCs, NS398, a COX2 inhibitor, led to suppression 
of PGE2 synthesis and reduced expression of α-SMA and type I collagen (COL I).

Conclusions:  These results indicate firstly the positive association of the COX2/PGE2 axis with liver fibrosis induced 
by Sj infection. TLR4 signaling may at least partially control the COX2/PGE2 axis in Sj-infected mice liver and in vitro 
cultured HSCs. The COX2/PGE2-EP2/EP4 axis might be a good drug target against liver fibrosis induced by Sj infection.
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Background
Prostaglandin E2 (PGE2) is produced when arachidonic 

acid is released from the plasma membrane and metab-
olized by two types of cyclooxygenases (COX), COX-1 
and COX2. Three distinct PGE2 synthases (PGES) con-
tribute specifically to PGE2 synthesis. Membrane-bound 
PGES-2 (mPGES-2) and cytosolic PGES-1 (cPGES-1) 
are constitutively expressed and functionally coupled to 
COX-1 for maintenance of basal levels of PGE2, while 
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mPGES-1 is frequently induced concomitantly with 
COX2 by various pro-inflammatory stimuli, thereby 
generating a transient spike in PGE2 levels [1]. PGE2 is 
actively transported out of cells by multidrug resistance-
associated protein 4 (MRP4) and enters the extracellular 
microenvironment, where PGE2 binds with four cognate 
EP receptors (EP1–EP4) and initiates diverse biological 
signaling pathways. Alternatively, PGE2 is transported 
into cells via the prostaglandin transporter (PGT) [2]. 
Via the PGE2 receptors EP2 and EP4 that trigger down-
stream cAMP signaling, PGE2 stimulates inflammation, 
pain, proliferation of certain cell types such as smooth 
muscular cells, plasticity, and cell injury [3, 4].

Activated but not quiescent hepatic stellate cells 
(HSCs) of mice express COX2 [5, 6]. Interestingly, the 
association of COX2 and its dependent PGE2-EP2/EP4 
axis with fibrogenesis remains controversial. A selec-
tive COX2 inhibitor, NS-398, blocked the induction of 
α-SMA and PGE2 in a human HSC cell line, LI90 [5, 7]. 
The COX2 inhibitor SC-236 also lowered the extent of 
CCl4-induced rat liver fibrosis [8]. Celecoxib, another 
specific inhibitor of COX2, ameliorated rat liver fibrosis 
induced by thioacetamide (TAA) by decreasing intrahe-
patic and intestinal lipopolysaccharide (LPS) levels [9]. 
The COX2/PGE2 axis was found to be positively associ-
ated with choline-deficient/l-amino acid-deficient diet 
(CDAA)-, TAA-, and bile duct ligation (BDL)-induced rat 
liver fibrosis [10, 11] and liver cirrhosis in rats, mice, and 
patients [9, 12]. In contrast, all organs from CCl4-treated 
mice had elevated PGE2 levels [12], while the COX2/
PGE2 axis protected against fibrosis in the lungs [13] and 
kidneys [14]. Several studies have also indicated that the 
COX2/PGE2 axis counteracted hepatic fibrogenesis by 
inhibiting the proliferation, contractility, and migration 
of HSCs and decreasing the production of ECM [15, 16]. 
Schistosoma japonicum (Sj) infection is still existent in 12 
provinces in China. Infection of Sj leads to severe liver 
fibrosis induced by eggs trapped in the liver. The role and 
mechanisms of the COX2/PGE2 axis in Sj-induced liver 
fibrosis are still unclear.

Hepatic fibrosis is a pathophysiologic process com-
monly resulting from chronic liver injury and inflamma-
tion. HSCs transdifferentiate into alpha smooth muscle 
actin (α-SMA)-expressing myofibroblasts, which prolif-
erate and secrete inflammatory cytokines and produce 
excessive extracellular matrix (ECM) including collagen 
type I (COL I) and type III (COL III). These three mole-
cules are hallmarks of liver fibrosis [17]. TGF-β1 signaling 
activation is a well-known mechanism that mediates HSC 
activation [18]. TGF-β1 of parasitic origin was found to 
correlate with the extent of Sj-induced liver fibrosis [19]. 
Recent studies suggest that pathogen-associated molecu-
lar patterns (PAMPs), gut microflora-derived bacterial 

products such as LPS, bacterial DNA, and endogenous 
substances released from damaged cells, known as dam-
age- or danger-associated molecular patterns (DAMPs), 
activate hepatic TLRs that contribute to the development 
of liver fibrosis [20]. Activated HSCs express high levels 
of TLR4 [21]. Reported mechanisms of TLR4 signaling-
induced HSC activation and liver fibrosis include (1) 
BMP and activin membrane-bound inhibitor BAMBI 
downregulation, a TGF-β signaling inhibitor in quies-
cent HSCs [22, 23]; (2) miR-29 downregulation, which 
targets COL I expression [24]; (3) increased levels of LPS 
and DAMPs directly activating TLR4 signaling thereby 
activating nuclear factor κB (NF-κB) and c-Jun N-ter-
minal kinase (JNK) that induce the production of many 
pro-inflammatory chemokines like monocyte chemoat-
tractant protein-1 (MCP-1) and CCL-5, which in turn 
promote HSC activation [25, 26]. We have shown that the 
positive feedback regulation between transglutaminase 
2 (TGM2) and TLR4 signaling in HSCs correlated with 
liver fibrosis after Sj infection [27].

TLR4 signaling controls the activation of the COX2-
PGE2 pathway in macrophages [16, 28], intestinal epi-
thelial cells [29], esophagus [30], and auditory cells 
[31]. Both TLR4 signaling and the COX2/PGE2 axis are 
involved in HSC activation and hepatic fibrosis. However, 
no research has reported whether there is a link between 
the COX2/PGE2 axis and TLR4 signaling pathway in 
HSC activation and fibrogenesis during Sj infection. Our 
work aimed to investigate the role of the COX2/PGE2 
axis in Sj-induced liver fibrosis and to determine whether 
the relationship between it and TLR4 signaling is the 
mechanism.

Methods
Reagents
NS398, an inhibitor of COX2 activity, was obtained 
from MedChemExpress (HY-13913, New Jersey, USA). 
TAK242, a TLR4 inhibitor, was purchased from Shang-
hai Haoyuan Chemoexpress (Shanghai, China). TRIzol 
was obtained from Life Technologies (Waltham, MA, 
USA). SYBR® Premix Ex Taq™ II (RR820A) and Prime-
Script™ RT reagent kit with gDNA Eraser (RR047A) were 
purchased from TaKaRa Biotechnology Co. Ltd. (Dalian, 
China). The antibodies used were as follows: anti-COX2 
(12282, Cell Signaling Technology, USA), anti-mPGES-1 
(160140, Cayman, USA), anti-EP1 (ab217925, Abcam, 
USA), anti-EP2 (ab167171, Abcam, USA), anti-EP3 (SC-
20676, Santa Cruz Biotechnology, USA), anti-EP4 (SC-
55596, Santa Cruz Biotechnology, USA), anti-GAPDH 
(ab181603, Abcam, USA), anti-α-SMA (BS70000, Bio-
world, USA), anti-COL I (BA0325, Boster Bio, USA), 
anti-TLR4 (ab47093, Abcam, USA), anti-p65 (6956, Cell 
Signaling Technology, USA), anti-NF-kB p65 (3033, Cell 
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Signaling Technology, USA), anti-β-tubulin (DKM9003, 
Sanjian Biotechnology, China), and horseradish peroxi-
dase (HRP)-conjugated secondary antibodies of mice or 
rabbit IgG (35552 and 35510, Invitrogen, Waltham, MA, 
USA). The bicinchoninic acid (BCA) protein assay kit 
was purchased from Guangzhou Dingguo Biotechnol-
ogy (Guangzhou, China). Polyvinylidene fluoride (PVDF) 
membrane (ISEQ00010) was purchased from Merck 
Millipore (Darmstadt, Germany). The 3,3′-diaminoben-
zidine (DAB) substrate kit was purchased from Gene 
Tech Company Limited (Shanghai, China). Enhanced 
chemiluminescent (ECL) reagent was obtained from 
GBCBIO Technologies, Guangzhou, China. Sirius red 
staining (connective tissue staining) kit was purchased 
from Abcam (ab150681, USA). LPS and synthetic PGE2 
were obtained from Sigma-Aldrich (USA), Dulbecco’s 
modified Eagle medium (DMEM) from Thermo Fisher 
(Gibco), and fetal bovine serum (FBS) from ExCell Bio. 
LPS levels in sera were detected using a competitive 
enzyme-linked immunosorbent assay kit for LPS from 
antibodies-online.com (ABIN6574100, USA). The Ribo 
FECT CP Transfection Kit was purchased from RiboBio 
Biotechnology Limited (C10511, Guangzhou, China).

Mice, parasite infection, and treatments
Six- to eight-week-old female C57BL/6 mice were 
obtained from SPF Biotechnology Co. Ltd (Beijing) 
and maintained according to institutional guidelines. 
All mice experiments were approved as appropri-
ate and humane by the Institutional Animal Care and 
Use Committee at South China Agricultural Univer-
sity. Mice were infected percutaneously through the 
abdomen with 20 ± 3 Sj cercariae of the Chinese main-
land strain. From week 5 to week 7 after Sj infection, 
mice were treated with NS398 (3 mg/kg body weight) 

in 100  μl 2% DMSO by intraperitoneal injection 3 
times a week (n = 8), while the infection mice group 
only received 2% DMSO (n = 7). Two non-infected 
control mice groups were treated with NS398 (n = 5) 
and 2% DMSO (n = 9), respectively. Elsewhere, mice 
at 4-weeks post-infection were injected with 100  μl 
TAK242 (0.3  mg/kg body weight) dissolved in PBS 
through the intraperitoneal route twice a week for 
4 weeks (n = 8), while the infection control group only 
received PBS (n = 7). Two non-infected control mice 
groups were treated with TAK242 (n = 7) and PBS 
(n = 7), respectively. At indicated time courses, mice 
were sacrificed and samples were collected for further 
analysis.

RNA isolation and quantitative reverse transcription PCR
Total RNA was extracted from fresh mice livers using 
TRIzol reagent. Genomic DNA was removed, and then 
cDNA was synthesized using the PrimeScript™ RT rea-
gent kit with gDNA Eraser. The relative RNA expression 
level of target genes was measured by real-time quantita-
tive reverse transcription polymerase chain reaction (RT-
qPCR) with the SYBR® Premix Ex Taq™ II kit and the 
CFX96™ real-time system according to the manufactur-
er’s instructions. The RT-qPCR primer pairs are listed in 
Table 1. The RNA expression level of each gene was nor-
malized to GAPDH and analyzed using the 2−ΔΔCt data 
analysis method.

Sirius red staining
Fresh hepatic tissues were fixed in 4% paraformaldehyde 
for 24 h, and then embedded with paraffin. Four-microm-
eter liver sections were prepared and stained with Sirius 
red to semi-quantify the extent of collagen deposition, 
which demonstrates the severity of liver fibrosis. The col-
lagen deposition area of all granulomas around Sj single 

Table 1  Primer pair sequences of mice genes used in RT-qPCR

GAPDH and Gapdh: glyceraldehyde-3 phosphate dehydrogenase; COX: cyclooxygenase; mPGES-1: microsomal prostaglandin E synthase-1; Ptges: prostaglandin 
E synthase; EP1 and Ptger1: prostaglandin E receptor 1; MRP4: multidrug resistance-associated protein 4; Abcc4: ATP binding cassette subfamily C member 4; PGT: 
prostaglandin transporter; Slco2a1: solute carrier organic anion transporter family member 2A1

Proteins Genes Forward primer sequence Reverse primer sequence

GAPDH Gapdh TGT​GTC​CGT​CGT​GGA​TCT​GA TTG​CTG​TTG​AAG​TCG​CAG​GAG​

COX2 COX2 TTC​CAA​TCC​ATG​TCA​AAA​CCGT​ AGT​CCG​GGT​ACA​GTC​ACA​CTT​

mPGES-1 Ptges CAC​ACT​GCT​GGT​CAT​CAA​GAT​ TCA​CTC​CTG​TAA​TAC​TGG​AGGC​

EP1 Ptger1 TGC​TTG​CCA​TCG​ACC​TAG​C CAC​CCA​GGA​AAT​GAC​ACG​C

EP2 Ptger2 CAG​CTC​GGT​GAT​GTT​CTC​GG GAG​CAC​CAA​TTC​CGT​TAC​CAG​

EP3 Ptger3 CAG​CTC​ATG​GGG​ATC​ATG​TGT​ CTC​AAC​CGA​CAT​CTG​ATT​GAAGA​

EP4 Ptger4 CTT​GTT​GGT​AAG​CCC​GGT​GA AGA​CCC​GAC​AGA​CCG​AAG​AA

MRP4 Abcc4 GGC​ACT​CCG​GTT​AAG​TAA​CTC​ TGT​CAC​TTG​GTC​GAA​TTT​GTTCA​

PGT Slco2a1 CGA​CTC​CTC​CTG​TAT​CCG​GT TGT​TCT​TCT​TCA​CCC​TCC​AGC​
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eggs as displayed in deep red was measured and analyzed 
by ImageJ software. Each section was evaluated in dou-
ble-blind fashion by two independent researchers.

Western blotting
The proteins from cultured LX-2 cells or mice liver tis-
sue were extracted using radio-immunoprecipitation 
assay buffer (RIPA, P0013B, Beyotime, Shanghai, China) 
and quantified using a BCA protein assay kit (23227, 
Thermo Fisher Scientific, USA). Equal quantities of total 
protein lysate were resolved on 10% sodium dodecyl sul-
phate (SDS)–polyacrylamide gels and then transferred to 
PVDF membranes. After incubation with the indicated 
primary and secondary antibodies, the target proteins 
were visualized using an ECL reagent. The intensity of 
the individual bands was semi-quantified by ImageJ and 
normalized to the corresponding input control (GAPDH 
or β-tubulin) bands. Fold changes were calculated with 
the control taken as 1.

Immunohistochemical assay
Endogenous peroxidase in mouse liver sections was 
blocked with 3% hydrogen peroxide (H2O2). Immunohis-
tochemical (IHC) staining assay was used to determine 
the expression level and location of α-SMA and COL I in 
the mice liver tissue using anti-α-SMA (1:200) and anti-
COLI (1:400) primary antibodies, followed by HRP-con-
jugated secondary anti-rabbit or anti-mouse antibodies. 
The images of 5 fields of every section in each mouse of 
every group were observed and captured with an optical 
microscope equipped with a camera (Olympus, Tokyo, 
Japan). The semi-quantitative analysis was determined by 
imageJ software [27].

Cell culture and treatment
A human HSC line, LX-2, was cultured in DMEM with 
10% fetal bovine serum (FBS). When confluence reached 
80–90%, LX-2 cells were exposed to LPS or synthetic 
PGE2, or these cells were pretreated by TAK242 for 
30 min or NS398 for 15 min at the indicated concentra-
tions prior to stimulation with LPS.

RNA interference
LX-2 cells were seeded in a six-well plate the day before 
transfection at 30–50% confluence. TLR4-specific small 
interfering RNAs (siRNA), or negative control siRNAs, 
synthesized by Ribobio Biotechnology Limited, were 
transfected using the Ribo FECT CP Transfection Kit 
according to the manufacturer’s instructions. Twenty-
four hours after transfection, cells were treated with 
LPS or mock-treated for 24  h. The total protein of cells 
in RIPA lysis buffer with phenylmethylsulfonyl fluoride 
(PMSF) was then extracted to be measured by western 
blotting. TLR4 siRNA sequences are as follows: TLR4 
siRNA-1, 5′-GGA​CAA​CCA​GCC​TAA​AGT​A-3′; TLR4 
siRNA-2, 5′-GGT​GTG​AAA​TCC​AGA​CAA​T-3′.

Detection of serum LPS levels
Serum LPS was quantitatively detected by competi-
tive inhibition enzyme immunoassay. An antibody spe-
cific to LPS was pre-coated onto the microtiter plate. A 
competitive inhibition reaction was launched between 
biotin-labeled LPS and unlabeled LPS (standards or sam-
ples) with the pre-coated antibody specific to LPS. After 
incubation, the unbound conjugate was washed off. Next, 
avidin conjugated to HRP was added to each microtiter 
plate well and incubated. The amount of bound HRP con-
jugate is inversely proportional to the concentration of 

Fig. 1  The components of the COX2/PGE2 axis are overexpressed in the livers of mice with 8-week Sj infections. C57BL/6 mice were infected with 
20 ± 3 cercariae of Sj for 0 or 8 weeks. Mice liver samples were kept in TRIzol or in RIPA for RNA or total protein extraction respectively. a The relative 
RNA expression level of COX2, Ptges, Ptger1-4, Abcc4, and Slco2a1 in indicated mice liver were measured using RT-qPCR. Gapdh acts as an internal 
control (t test, *p < 0.05, ****P < 0.0001). b The protein expression level of COX2, mPGES-1, and EP1-4 in mice liver homogenates were detected by 
western blotting. GAPDH is used as a loading control. Data are presented as mean ± SEM from 5 to 9 mice per group
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target in the sample. After the addition of the substrate 
solution, the intensity of color developed is inversely pro-
portional to the concentration of target in the sample. 
The detailed protocol is shown in https://​produ​ct-​manua​
ls.​abocdn.​com/​ABIN6​574100.​pdf.

Detection of serum ALB concentration
The concentration of serum albumin (ALB) was meas-
ured via the bromocresol green colorimetric method 
using an automatic analytical instrument (cobas® 8000 
Modular Analyzer Series; Roche Group, Switzerland). 
Briefly, in an acidic condition, ALB combines with nega-
tively charged bromocresol green to form a blue–green 
complex with an absorption wave at 628 nm. The absorb-
ance of the complex was proportional to the concentra-
tion of ALB.

Statistical analysis
The results are presented as the standard error of the 
mean (± SEM) of the indicated number of replicates/
experiments. To calculate the statistical differences 
among multiple groups, we performed one-way analy-
sis of variance (ANOVA) followed by Dunnett’s multiple 
comparisons test if the ANOVA result was significant. To 
determine the difference between two groups, we used 
unpaired t test analysis. An adjusted p value of ≤ 0.05 was 
considered statistically significant.

Results
The COX2/PGE2 axis is correlated with Sj‑induced liver 
fibrosis
Our previous studies have shown that the extent of 
hepatic fibrosis reached advanced levels at week 8 of Sj 
infection [27, 32]. To evaluate the correlation between 
the COX2/PGE2 axis and hepatic fibrosis, the transcrip-
tional levels of COX2, Ptges, Ptger1-4, Abcc4, and Slco2a1 
in mice liver were measured using RT-qPCR (Fig. 1a), and 
the translational levels of COX2, mPGES-1, and EP1-4 in 
mice liver were detected by western blotting (Fig. 1b) in 
8-week Sj-infected and uninfected mice groups. Com-
pared with the uninfected mice, the RNA expression lev-
els of COX2, Ptges, Ptger1-4, and Abcc4 were significantly 

increased in the Sj-infected mice, while Slco2a1 was 
significantly decreased (t test: week 8 vs. (−): COX2: 
t(12) = 5.690, P = 0.0001; Ptges: t(12) = 9.702, P < 0.0001; 
Ptger1: t(12) = 12.02, P < 0.0001; Ptger2: t(12) = 9.783, 
p < 0.0001; Ptger3: t(12) = 8.954, P < 0.0001; Ptger4: 
t(12) = 9.550, P < 0.0001; Abcc4: t(12) = 10.58, p < 0.0001; 
Slco2a1: t(12) = 2.888, P = 0.0136). Protein expression lev-
els of COX2, mPGES-1 and EP2, EP4 were also increased 
in week 8 Sj-infected mice.

To assess whether the COX2/PGE2 axis is involved in 
the formation of liver fibrosis induced by Sj infection, we 
injected Sj-infected mice with the COX2 inhibitor NS398 
beginning week 5 of infection. The whole treatment 
lasted for 3 weeks. NS398 treatment lowered the protein 
expression levels of COX2, mPGES-1, EP4 and α-SMA, 
COL I according to western blotting results (Fig.  2a, b) 
(t test: DMSO/Sj(+) vs. NS398/Sj(+): COX2: t(8) = 5.409, 
P = 0.0006; mPGES-1: t(8) = 2.450, P = 0.0399; EP4: 
t(8) = 2.660, P = 0.0288; α-SMA: t(8) = 2.453, P = 0.0397; 
COLI: t(8) = 2.569, P = 0.0332), without a significant 
change on EP2 (t test: DMSO/Sj(+) vs. NS398/Sj(+): 
t(8) = 0.8025, P = 0.9534) . The expression of α-SMA 
changed from moderate to low levels and COL I from 
high to moderate levels according to results evaluated by 
ImageJ. In the IHC assay (Fig. 2c–f) (t test: DMSO/Sj(+) 
vs. NS398/Sj(+): α-SMA: t(53) = 3.437, P = 0.0012; COLI: 
t(34) = 5.107, P < 0.0001). In addition, the NS398-treated 
mice exhibited a significant reduction in the extent of 
collagen deposition after Sj infection (Fig. 2g, 2h) (t test: 
DMSO/Sj(+) vs. NS398/Sj(+): t(29) = 3.681, P = 0.0010). 
The average Sj egg load per liver section showed a ten-
dency to increase, but the difference was not signifi-
cant (Fig.  2i) (t test: DMSO/Sj(+) vs. NS398/Sj(+): 
t(6) = 0.8619, P = 0.4218). This indicated that the COX2/
PGE2 axis is not only positively associated with CDAA-, 
TAA-, and BDL-induced rat liver fibrosis [10, 11] and 
liver cirrhosis in rats, mice, and patients [9, 12], but also 
positively related to Sj infection-induced liver fibrosis.

Fig. 2  Suppression of COX2 activity with NS398 consistently diminished the expression level of the components of the COX2/PGE2 axis and the 
extent of hepatic fibrosis. The activity of COX2 in mice was inhibited by NS398 through intraperitoneal injection three times per week from week 5 
to week 7 after Sj infection. Mice were sacrificed at week 8. Non-infected mice with or without NS398 treatment served as controls. a, b The protein 
expression level of COX2, mPGES-1, EP2, EP4 and α-SMA, COL I in mice liver homogenates detected by western blotting was displayed in a, and the 
semi-quantitative result is shown in b (t test, **p < 0.01, ***P < 0.001). GAPHD was used as a loading control. c–f The protein expression levels and 
location of α-SMA (c) and COL I (e) in mice liver tissue were determined by IHC assay (×200), and the semi-quantitative result for these proteins is 
shown using ImageJ analysis in d (t test, **p < 0.01) and f (t test, ****P < 0.0001). Representative Sirius red staining (×200) of Sj single egg granuloma 
is shown in g. The percentage of morphometric collagen areas of single Sj egg granuloma is shown in h (t test, ***P < 0.001). i The average number 
of Sj eggs on each liver section is shown (t test, ns, no significance). Data are presented as mean ± SEM from 5 to 9 mice per group

(See figure on next page.)
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TLR4 pathway activation stimulated the COX2/PGE2 axis 
in Sj‑infected mice and in LPS‑exposed cultured HSCs
TLR4 signaling has been reported to induce HSC 
activation and liver fibrosis through many mecha-
nisms [22, 23]. The relationship between TLR4 and 
the COX2/PGE2 axis in the Sj-infected liver is still 
unknown. To determine whether the TLR4 pathway 
regulates the COX2/PGE2 axis during Sj infection-
induced liver fibrosis, we examined the levels of several 
key proteins in this axis using infected mice liver after 
TAK242 treatment. TAK242 treatment downregulated 
the expression of mPGES-1, EP2, and EP4 in infected 
mice liver (Fig. 3a). Albumin (ALB) has been reported 
to trigger PGE2 degradation [9, 30]. Here, the level of 
serum ALB was significantly decreased in the 8-week 
Sj-infected group compared to the non-infected group, 
and TAK242 treatment did not reverse this reduction 
(Fig. 3b) (t test, Sj(+) vs. Sj(−): t(5) = 5.932, P = 0.0019). 
This observation rules out an implication of albumin 
in modulating PGE2 levels as a result of TLR4 path-
way inhibition. Because Sj egg deposition increased 
the richness of microbiome in the gut of infected mice 

[33], we checked the level of LPS in serum, which 
might increase as a result from the larger quantities of 
Gram-negative bacteria in the gut. The concentration 
of serum LPS slightly increased gradually with Sj infec-
tion (Fig. 3c) [ordinary one-way ANOVA, F(4, 5) = 14.43, 
P = 0.0059, followed by Dunnett’s multiple compari-
sons test: week 5 vs. (−): P > 0.9999, week 6 vs. (−): 
P > 0.9999, week 8 vs. (−): P = 0.0551, week 12 vs. (−): 
P = 0.0039], likely to a too limited extent to produce a 
significant biological response.

To validate whether the TLR4 pathway regulates the 
COX2/PGE2 axis in the human HSC line LX-2, we exam-
ined the levels of several key proteins in this axis using 
cells exposed to LPS alone or after TAK242 treatment. 
COX2, mPGES-1, EP2, and EP4 were distinctly induced 
by LPS in a dose-dependent manner (Fig.  4a), and 
TAK242 pre-treatment gradually lowered these induc-
tions, especially at a dose of 10 µM (Fig. 4b).

In summary, our data are compatible with the model, 
according to which TLR4 pathway activation stimulates 
the COX2/PGE2 axis in Sj-infected mice and in LPS-
exposed cultured HSCs.

Fig. 3  TLR4 pathway activation stimulated the COX2/PGE2 axis in Sj-infected mice. TLR4 signaling in C57BL/6 mice was inhibited by intraperitoneal 
injection of TAK242 once a day from weeks 4 to 8 after Sj infection. a The protein expression level of mPGES-1, EP2, and EP4 in mice liver 
homogenates tested by western blotting is shown on the  left, and semi-quantitative results are displayed on the  right. b Concentration of 
serum ALB in TAK242-treated or untreated mice with or without Sj infection was detected by the bromocresol green colorimetric method (t test, 
**P < 0.01, ns, no significance). c Concentration of LPS in sera of mice with indicated time courses was detected by ELISA (ordinary one-way ANOVA 
followed by Dunnett’s multiple comparisons test, **P < 0.01). Data are presented as mean ± SEM from 7 to 10 mice per group. All experiments were 
performed twice
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Verification of the relationship between TLR4 signaling 
and HSC activation and fibrogenesis
To verify the correlation between TLR4 signaling and 
HSC activation and fibrogenesis, the LX-2 HSCs were 
employed and protein expression levels were moni-
tored after exposure to LPS, or treatment with TAK242 
or TLR4-specific siRNAs. LPS treatment from 1  ng/ml 
to 1  µg/ml enhanced TLR4 signaling as monitored by 
the increased expression levels of TLR4 and p-p65, and 
the upregulated protein expression of α-SMA and COL 
I (Fig.  5a). The protein levels of TLR4 and α-SMA in 
LPS-treated LX-2 (100 ng/ml) increased with the time of 
incubation (Fig. 5b). The increased TLR4, p-p65, α-SMA 
and COL I levels after LPS stimulation were reduced 
by TAK242 treatment, especially at a dose of 10  µM 
(Fig. 5c). The upregulation of α-SMA and COL I induced 
by LPS treatment was markedly decreased after TLR4-
specific siRNA transfection (Fig. 5d). These data verified 
that TLR4 signaling is positively associated with HSC 
activation and fibrogenesis.

The COX2/PGE2 axis was required for TLR4 
signaling‑induced HSC activation and fibrogenesis
To assess the role of PGE2 in HSC activation, we treated 
the LX-2 cell line with synthetic PGE2. HSC activa-
tion was enhanced by synthetic PGE2 as monitored by 
the augmentation of α-SMA protein expression, while 
the expression of both EP2 and EP4 increased with the 
time of incubation (Fig. 6a). As reported in macrophages, 
intestinal epithelial cells, esophageal, and auditory 
cells [28–31, 34], TLR4 signaling controls the activa-
tion of the COX2-PGE2 pathway. Herein, we observed 
that in cultured HSCs, the activation of TLR4 signal-
ing by LPS increased the protein expression levels of 
COX2, mPGES-1, EP2, EP4, α-SMA, and COL I. These 
increased expression levels were reduced by NS398 treat-
ment, especially at doses of 7.5 µM and 10 µM (Fig. 6b). 
Therefore, TLR4 signaling-dependent HSC activation 
and fibrogenesis is mediated at least partially through the 
COX2/PGE2 axis.

Fig. 4  TLR4 pathway activation stimulated the COX2/PGE2 axis in cultured HSCs. a Cells of the hepatic stellate cell line LX-2 were triggered with 
indicated concentrations of LPS for 24 h. The protein expression level of COX2, mPGES-1, EP2, and EP4 detected by western blotting is displayed in 
the left panel, and the semi-quantitative result is shown in the right panel. b LX-2 cells were pretreated with TAK242 for indicated concentrations 
for 30 min prior to stimulation with LPS (100 ng/ml) for 24 h. Non-treatment or LPS (100 ng/ml) treatment alone were used as controls. Indicated 
protein expression levels were evaluated by western blotting as shown in the left panel, and the semi-quantitative result is shown in the right panel. 
β-Tubulin was used as a loading control. Each experiment was conducted two or three times
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Fig. 5  TLR4 signaling was verified to induce hepatic stellate cell activation and fibrogenesis in vitro. a LX-2 was triggered with different doses of LPS 
for 24 h or was triggered with LPS (100 ng/ml) for indicated time courses. b, c LX-2 cells were pretreated with TAK242 for indicated concentrations 
for 30 min prior to stimulation with LPS (100 ng/ml) for 24 h. Non-treatment or LPS treatment alone were used as controls. d LX-2 cells were 
transfected with either control siRNA (NC) or two different TLR4 siRNAs and cultured for 24 h, and then stimulated with LPS (100 ng/ml) for 24 h. 
Indicated protein expression levels were determined using western blotting as shown in the left panels, and the semi-quantitative results are 
shown in the right panels. Each experiment was conducted at least twice. β-Tubulin was used as a loading control
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Discussion
In this study, we investigated the relationship between 
the COX2/PGE2 axis and TLR4 signaling in the induc-
tion of liver fibrosis in mice during Sj infection and 
in  vitro cultured HSCs. The COX2/PGE2 axis showed 
a positive association with the extent of liver fibrosis 
induced by Sj infection. TLR4 pathway activation stimu-
lated the COX2/PGE2 axis in Sj-infected mice liver tis-
sue and in cultured HSCs. TLR4 signaling was found to 
induce HSC activation and fibrogenesis in vitro, and the 
COX2/PGE2 axis mediated this function. This indicated 
that liver fibrosis was induced by Sj infection through the 
activation of TLR4 signaling and then the COX2/PGE2 
axis.

Chronic liver inflammation leads to fibrosis and cir-
rhosis. Understanding the mechanisms of liver inflam-
mation and fibrosis is critically important to develop 
treatments for liver diseases. Many reports have indi-
cated that the COX2/PGE2 axis is positively associated 
with hepatic fibrogenesis [7–12, 33]. Nonsteroidal anti-
inflammatory drugs inhibited the activity of COX and 
attenuated HSC proliferation, contractility, and migra-
tion, thereby alleviating fibrogenesis [10]. Efsen et  al. 
demonstrated that NS398 inhibited MCP-1 expression 

via the prostaglandin-cAMP pathway in TNF-α- and 
IL-1β-stimulated HSCs [5, 35]. However, Hui et al. [15] 
suggested that the COX2/PGE2 axis inhibits both basal 
and TGF-β1-mediated induction of collagen synthesis 
by another HSC cell line, LX-1, and primary HSCs. In 
a mouse model of CCl4- and BDL-induced liver fibro-
sis, COX2 expression in hepatocytes induced apopto-
sis of HSCs and attenuated liver fibrosis through PGE2 
by downregulating miR-23a-5p and miR-28a-5p [36]. 
Schippers et  al. showed that PGE2 exerts anti-fibrotic 
activity by modulating cAMP effector Epac-1 produc-
tion in HSCs, and a COX2 inhibitor, niflumic acid, 
effectively enhanced mice liver fibrosis induced by 
CCL4 [37]. Herein, we showed that the components 
of the COX2/PGE2 axis were significantly upregulated 
in Sj-infected mice liver and in LPS-triggered HSCs. 
NS398 effectively attenuated both PGE2 synthesis and 
protein production of α-SMA and COL I. In the Sj-
infected mice liver, increased expression of COX-2 
and mPGES-1 induced PGE2 synthesis, and high tran-
scriptional levels of MRP4 and low levels of PGT also 
favored high levels of PGE2 in the liver microenviron-
ment. The biological effects of PGE2 are mediated by 
EP1–EP4. EP2 and EP4, but not EP1 or EP3, showed 

Fig. 6  COX2/PGE2 axis induced LPS-mediated HSC activation and fibrogenesis in vitro. a LX-2 cells were triggered with synthetic PGE2 (50 ng/ml) 
for the indicated times. b LX-2 cells were pretreated with indicated concentrations of NS398 for 15 min prior to stimulation with LPS (100 ng/ml) 
for 24 h. Non-treatment or LPS (100 ng/ml) treatment alone were used as controls. Indicated protein expression levels were evaluated by western 
blotting as shown on the left panels, and the semi-quantitative results are shown on the right panels. β-Tubulin was used as a loading control. Each 
experiment was conducted two or three times
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high protein expression levels in the Sj-infected mice 
liver, which suggests that PGE2 induces liver fibrosis 
through EP2 and EP4.

We previously showed that TLR4 signaling in HSCs 
correlated with liver fibrosis after Sj infection [27]. As 
reported, TLR4 signaling controls the activation of the 
COX2/PGE2 axis in several cell types [30, 31, 34, 38, 39]. 
The NF-κB pathway, activated by LPS-triggered TLR4 
signaling, contributes to the early production of prosta-
glandins through the expression of COX2 and mPGES-1 
in the macrophages [27]. In the intestine, TLR4 signaling-
mediated COX2 pathway activation through EP2 or EP4 
was associated with intestinal epithelial cell proliferation 
and protection against apoptosis [34]. Our results showed 
that TLR4 pathway activation controls the expression of 
COX2, EP2/EP4, and synthesis of PGE2 in HSCs. Impor-
tantly, lower expression levels of mPGES-1 and EP2/
EP4 were detected in Sj-infected mice liver with TAK242 
treatment. Serum albumin does not appear to affect 
PGE2 levels in a TLR4-dependent manner. Our results 
taken in the light of the previous work suggest that TLR4 
pathway activation stimulated the COX2/PGE2 axis in Sj-
infected mice and in LPS-exposed cultured HSCs.

The current understanding of the role of the COX2/
PGE2 axis in liver fibrosis is limited by the varied effects 
observed depending on the model considered and the 
use of diverse PGE2 synthesis inhibitors. In this study, 
although the extent of liver fibrosis induced by Sj infec-
tion was strikingly reduced by NS398 treatment, the 
egg load showed a tendency to increase. Moreover, Sj-
infected mice with NS398 or TAK242 treatment exhib-
ited manifestations as fatigue and in appetite. Three mice 
died during Sj infection and NS398 treatment, while only 
two mice died during Sj infection without NS398 treat-
ment. This suggests that TLR4 signaling and the COX2/
PGE2 axis may be required to protect against live Sj eggs. 
The medication time and dosage of these two inhibitors 
need to be carefully considered. Here, we treated mice 
with NS398 at a median dosage from week 5, when the 
granulomatous inflammation had existed for more than 
1  week, until week 8. Whether drug treatment in the 
late phase will obtain better effects needs further study. 
Nevertheless, the anti-fibrotic effect of this drug in Sj-
infected mice in this study is affirmative.

In this study, we confirmed that TLR4 signaling path-
way activation in HSCs was required for their activation 
and fibrogenesis, not only during Sj infection. The induc-
tion of endogenous PGE2 synthesis by LPS-triggered 
TLR4 pathway activation might play a role in HSC acti-
vation, since synthetic PGE2 induced α-SMA expression 
in LX-2 cells. A high level of LPS-triggered TLR4 path-
way activation and Sj infection positively controlled the 
COX2/PGE2 axis and subsequent HSC activation and 

fibrogenesis. NS398 was an effective inhibitor of this axis 
to ameliorate liver fibrosis induced by TLR4 pathway 
activation and Sj infection. The study of the mechanisms 
downstream of PGE2-EP2/EP4 signaling will be a worthy 
future pursuit.

Conclusions
Our study firstly demonstrates the reciprocal relation-
ships between TLR4 signaling and the COX2/PGE2 axis 
and the resulting HSC activation toward a fibrogenic 
phenotype. We also provide evidence of TLR4 signaling 
activation of the COX2/PGE2 axis that might contribute 
to mice liver fibrosis induced by Sj infection. The regu-
lation of TLR4 signaling and COX2/PGE2 with a conse-
quent decrease in liver fibrosis may represent a potential 
therapeutic approach for hepatic granuloma caused by Sj 
infection.
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