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Abstract
Liver diseases represent a major health problem worldwide, in particular, acute liver 
injury is associated with high mortality and morbidity. Inflammatory macrophages 
and hepatic stellate cells (HSCs) are known to be involved in the pathogenesis of 
acute liver injury. In this study, we have investigated the implication of STAT3 in-
hibition in acute liver injury/early fibrogenesis. In fibrotic human livers, we found 
STAT3 mRNA expression was significantly upregulated and correlated with col-
lagen I expression. In vitro, STAT3 signaling pathway was found to be activated in 
TGFβ-activated HSCs and inflammatory macrophages. STAT3 inhibitor, WP1066 
significantly inhibited TGFβ-induced collagen I, vimentin and α-SMA expression, 
and contractility in human HSCs. In LPS- and IFNγ-induced pro-inflammatory mac-
rophages, WP1066 strongly attenuated nitric-oxide release and expression of major 
inflammatory markers such as TNF-α, iNOS, CCL2, IL-1β, IL-6, and CCR2. In vivo 
in CCl4-induced acute liver injury mouse model, WP1066 significantly reduced col-
lagen expression, HSCs activation, and intrahepatic inflammation. Finally, in LPS-
induced human hepatic 3D spheroid model, WP1066 inhibited LPS-induced fibrotic 
and inflammatory parameters. In conclusion, our results demonstrate that the thera-
peutic inhibition of STAT3 pathway using WP1066 targeting HSCs and inflamma-
tory macrophages suggests a potential pharmacological approach for the treatment 
of acute liver injury.
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1 |  INTRODUCTION

Acute liver injury represents a major health problem worldwide 
with substantial morbidity and mortality.1,2 It is characterized 
by an excessive accumulation of extracellular matrix (ECM), 
activation of hepatic stellate cells (HSCs), inflammatory cell 
infiltration, and transformation of hepatic architecture. During 
acute liver injury, these changes are transient, and the process 
is reversible. However, upon chronic injury, the progressive 
substitution of parenchyma by scar tissue leads to cirrhosis 
and end-stage liver failure that has poor outcome and usually 
requires liver transplantation. During early fibrogenesis, HSCs 
become activated and differentiate into proliferative and con-
tractile myofibroblasts that are the main drivers of fibrosis.3,4

Besides HSCs, hepatic macrophages are the core medi-
ators in the pathogenesis of acute or chronic liver injury.5-7 
Macrophage infiltration, function, and differentiation are a 
dynamic process; macrophages respond to the environmental 
signals from tissue in a diversified manner giving rise to differ-
ent polarization states.5-7 Pro-inflammatory M1 macrophages 
have been recognized in the progression of acute liver injury, 
and can rapidly polarize into restorative M2 macrophages upon 
termination of liver injury that stimulate tissue repair.5,8

Although the molecular mechanisms of fibroblast activa-
tion are not completely understood, transforming growth fac-
tor-β (TGFβ) is recognized as a core promotor of fibrosis.9 
Stimulation with TGFβ induces fibroblasts activation and 
differentiation to myofibroblast phenotype with distinct gene 
expression profile.9 The signal transducer and activator of 
transcription 3 (STAT3) signaling pathway integrates several 
profibrotic signals and has been identified as a key mediator 
of fibrosis.10 STAT3 signaling pathway has been shown to be 
activated by multiple factors that are crucial for liver disease 
such as interleukin-6 (IL-6), interleukin-10, and growth fac-
tors including TGFβ.10-12 STAT3 signaling pathway has shown 
to regulate the number of fundamental cellular processes for 
example, inflammation, growth and apoptosis, proliferation, 
differentiation, and migration. Importantly, the involvement of 
STAT3 pathway in various diseases has encouraged the devel-
opment of various STAT3 antagonists, several of which are 
highly promising for therapeutic intervention.11,13,14

In this study, we have demonstrated that upregulation of 
STAT3 in liver fibrosis patients, in TGFβ-activated HSCs and 
LPS- and IFNγ-stimulated proinflammatory M1 macrophages, 
and in CCl4-induced liver injury mouse model. Pharmacological 
inhibition of STAT3 signaling pathway with WP1066, a selec-
tive STAT3 antagonist, significantly inhibited inflammatory 
macrophages and TGFβ-induced HSCs activation in vitro, 
and attenuated early fibrogenesis and inflammation in acute 
CCl4-induced liver injury mouse model in vivo. Furthermore, 
WP1066 ameliorated fibrogenesis and inflammatory markers in 
LPS-induced human hepatic 3D-spheroid model.

2 |  MATERIALS AND METHODS

2.1 | Cell lines

Human hepatic stellate cells (LX2 cells) provided by Prof. 
Scott Friedman (Mount Sinai Hospital) were cultured in 
DMEM-Glutamax medium (Invitrogen) supplemented with 
10% fetal bovine serum (FBS, Lonza), and antibiotics (50 U/
mL Penicillin and 50 µg/mL streptomycin, Sigma). Murine 
NIH3T3 fibroblasts and murine RAW264.7 macrophages 
were obtained from American Type Culture Collection 
(ATCC). The 3T3 cells and RAW cells were cultured in 
Dulbecco's modified Eagle's (DMEM) medium (Lonza) 
and Roswell Park Memorial Institute (RPMI) 1640 medium 
(Lonza) respectively and supplemented with 2  mmol/L 
L-glutamine (Sigma), 10% FBS (Lonza) and antibiotics 
(50 U/mL Penicillin and 50 µg/mL streptomycin, Sigma).

2.2 | Effects of STAT3 inhibitor WP1066 on 
mouse 3T3 fibroblasts and human LX2 cells

The STAT3 inhibitor WP1066 used in this study was 
purchased from Selleckchem. Cells were seeded in 24-
well plates (5 × 104 cells/well) and 12-well plates (1 × 105 
cells/well) and cultured overnight. To assess the effects of 
the inhibitor, cells were starved overnight with serum-free 
medium and then incubated with starvation medium alone, 
5  ng/mL of human recombinant TGFβ1 (Roche) with and 
without 5 µmol/L and 10 µmol/L WP1066 for 24 hours. Cells 
(24-well plates) were then fixed with chilled acetone: methanol 
(1:1), dried and stained for different markers (collagen-I, 
α-SMA, and vimentin) (antibodies are summarized in Table 
S1). In addition, cells (12-well plates) were lysed with RNA 
lysis buffer to perform quantitative real-time PCR analyses 
or protein lysis buffer for western blot analyses.

2.3 | 3D collagen-I gel contraction assay

Collagen-I suspension (5.0 mL) containing 3.0 mL Collagen 
G1 (5 mg/mL, Matrix biosciences), 0.5 mL 10× M199 medium, 
85 µL 1N NaOH (Sigma), and sterile water was prepared, and 
then mixed with 1.0 mL (2 × 106) LX2 cells. Collagen gel cell 
suspension (0.6 mL/well) was added a 24-well culture plate 
and allowed to polymerize for 1 hour at 37°C. Polymerized 
gel was then incubated with 1 mL of serum-free medium with 
or without TGFβ (5 ng/mL) together with 10 µmol/L WP1066 
followed by detachment of the gels from the culture wells. 
Photographs were taken using a digital camera at 72 hours. 
The size of the gels was digitally measured and normalized 
with their respective well size in each image.
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2.4 | Effects of STAT3 inhibitor WP1066 on 
differentiated RAW macrophages

RAW macrophages were plated in 12 well plates (1  ×  105 
cells/well) and cultured overnight at 37°C/5% CO2. To assess 
the effects of the inhibitor, cells were incubated with medium 
alone, M1, or inflammatory stimulus (10  ng/mL of mouse 
IFNγ and 10 ng/mL LPS) with and/or without WP1066 (0.5, 
1.0, 5.0, and 10.0 μmol/L) for 24 hours. Cells were lysed with 
RNA lysis buffer to perform quantitative real-time PCR anal-
yses or with protein lysis buffer for western blot analyses.

2.5 | Cytokine detection

Measurement of TNF-α and IL-6 in macrophage conditioned 
medium was performed using ELISA kits according to the 
manufacturer's instructions (Invitrogen). Briefly, RAW 
macrophages were incubated with medium alone, M2 or 
restorative stimulus (10 ng/mL of murine IL-4 and 10 ng/mL IL-
13), and M1 or inflammatory stimulus (10 ng/mL of murine IFNγ 
and 10 ng/mL LPS) with and/or without WP1066 (5.0 μmol/L) 
for 24  hours. Conditioned medium/culture supernatant was 
collected and stored at −80°C until use. This ELISA assay uses the 
quantitative sandwich immunoassay technique. By comparing the 
absorbance of the samples to the standard curve, the concentration 
of the cytokines in culture supernatant was determined.

2.6 | Effects of STAT3 inhibitor WP1066 on 
Nitric Oxide (NO) release

The effect of WP1066 on M1 inflammatory macrophages 
was assessed by measuring the inhibition in nitrite NO2 re-
lease, a stable NO metabolite produced by M1 inflamma-
tory macrophages. RAW cells (2 × 105 cells/200 μL/well) 
seeded in 96-well plates were cultured with IFNγ (10 ng/mL) 
and LPS (10 ng/mL) together with different concentrations 
of STAT3 inhibitor WP1066 (0, 0.5, 1, 5, and 10 μmol/L). 
After 24 hours, 100 μL of culture supernatant was added to 
100 μL of Griess reagent (1% sulfanilamide; 0.1% naphthy-
lethylendiamine dihydrochloride; 3% phosphoric acid) and 
absorbance at 540 nm was measured using microplate reader.

2.6.1 | Cell viability assay in human LX2 
cells and mouse macrophages

To assess the effects of the inhibitor on cell viability, cells 
were plated in 96-well plates and incubated with different 
concentrations of WP1066 (0.1, 0.5, 1.0, 2.5, 5, 10, and 
25 μmol/L) for 24 hours. Cell viability assay was performed 
using Alamar Blue reagent (Invitrogen) as per manufacturer's 

instructions. The results are represented as % cell viability 
normalized to control cells (at 100%) as indicated in the fig-
ure legends.

2.7 | Animals and ethical approval

About 6- to 8-week-old C57BL/6 male mice weighing 
18-20 g were obtained from Harlan. All the animal experi-
ments in this study were performed in strict accordance 
with the guidelines and regulations for the Care and Use of 
Laboratory Animals, Utrecht University, The Netherlands 
and comply with the guidelines of ARRIVE and the National 
Institutes of Health. The animal experimental protocols were 
approved by the Institutional Animal Ethics Committee of 
the University of Twente, the Netherlands. Animals were 
housed in a standard animal housing facility under the con-
ditions of constant temperature of (21 ± 2°C) and humidity 
(60 ± 5), a 12 h light/12 h dark cycles with ad libitum normal 
diet. Animals were allowed to acclimatize for 2 weeks before 
the experiment.

2.8 | CCl4-induced acute liver injury 
mouse model

To study the effect of WP1066, male C57BL/6 mice were 
treated with a single intraperitoneal injection of olive oil or 
CCl4 (1 mL/kg in olive-oil) at day 1. At day 2 and day 3, 
CCl4-treated mice received intraperitoneal administration 
of 5  mg/kg WP1066 prepared in 1% DMSO (Sigma) and 
5% β-hydroxy cyclodextrin (Sigma) or vehicle treatment 
(1%DMSO/5% β-hydroxy cyclodextrin/PBS) (n  =  5 per 
group). At day 4, all mice were sacrificed, and livers were 
harvested for the subsequent analysis.

2.8.1 | In vitro human 3D spheroid model

To prepare the human 3D spheroids, human hepatocytes 
HepG2 (80%), human monocytes THP1 (10%), human 
hepatic stellate cells LX2 (5%), and human umbilical vein 
endothelial cells HUVECs (5%) were mixed in complete 
medium as described elsewhere.15 Spheroids with a total of 
1200 cells were plated in ultra-low adhesion U bottomed 
plates (ULA) (1200 cells/100 μL) followed by addition of 
100  μL of complete medium. After 7  days of culturing, 
3D spheroids were incubated with 10  μg/mL LPS with 
and without WP1066 (10, 25 and 50 μmol/L). After 7 days 
of culturing, the spheroids were embedded in Tissue-
Tek optimum-cutting temperature (OCT) medium and 
snap frozen in 2-methyl butane chilled on a dry ice. The 
spheroids were cryosectioned into 5 μm cryosections and 
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stained. The 3D human spheroid model is schematically 
presented in Figure 7A.

2.9 | Immunohistochemistry

Liver tissues were harvested and transferred to Tissue-Tek 
optimum-cutting temperature (OCT) embedding medium 
(Sakura Finetek), and snap-frozen in 2-methyl butane 
chilled on a dry ice. Cryosections (5 μm) were cut using a 
Leica CM 3050 cryostat (Leica Microsystems). The sections 
were air-dried and fixed with acetone for 20 minutes. Cells 
or tissue sections were rehydrated with PBS and incubated 
with the primary antibody (refer to Table S1) overnight at 
4°C. Cells or sections were then incubated with horseradish 
peroxidase (HRP)-conjugated secondary antibody for 1 hour 
at room temperature and incubated with HRP-conjugated 
tertiary antibody for 1 hour at room temperature. Thereafter, 
peroxidase activity was developed using AEC (3-amino-
9-ethyl carbazole) substrate kit (Life Technologies) for 
20 minutes and nuclei were counterstained with hematoxylin 
(Sigma). For liver sections, endogenous peroxidase activity 
was blocked by 3% H2O2 prepared in methanol. Cells or 
sections were mounted with Aquatex mounting medium 
(Merck). The staining was visualized, and the images 
were captured using light microscopy (Nikon eclipse E600 
microscope, Nikon). Furthermore, sections were scanned 
using Hamamatsu NanoZoomer Digital slide scanner 2.0HT 
(Hamamatsu Photonics, Bridgewater) for quantitative 
histological analysis. High-resolution scans were viewed 
using NanoZoomer Digital Pathology (NDP2.0) viewer 
software (Hamamatsu Photonics). About 20 images (100×) 
of each entire section (from NDP) were imported into ImageJ 
and were analyzed quantitatively at a fixed threshold. All 
the primary antibodies used in this study have been pre-
tested for specificity. The stainings performed in the study 
included the negative control (without primary antibody) to 
confirm the specificity of the staining and showed no non-
specific staining.

2.10 | Western blot analysis

Cells were lysed using standard western blot lysis buffer 
(Life Technologies) and the prepared cell lysates were stored 
at −80°C until use. The samples were boiled and subjected to 
SDS-PAGE with 10% Tris-glycine gels (Life Technologies) 
followed by protein transfer onto polyvinylidene difluoride 
(PVDF) membrane. The membranes were developed 
according to the standard protocols using primary and 
secondary antibodies as mentioned in Table S2. The bands 
were visualized using enhanced chemiluminescence (ECL) 
detection reagent (Perkin Elmer Inc) and photographed 

using FluorChem M Imaging System (ProteinSimple, Alpha 
Innotech). Intensity of individual bands was quantified using 
ImageJ densitometry software and expressed in %.

2.11 | RNA extraction, reverse 
transcription, and quantitative real time PCR

Total RNA from cells and liver tissues was isolated using 
GenElute Total RNA Miniprep Kit (Sigma) and SV total 
RNA isolation system (Promega Corporation) respectively 
according to manufacturer's instructions. The RNA concentra-
tion was quantitated by a UV spectrophotometer (NanoDrop 
Technologies). Total RNA (1  μg) was reverse transcribed 
using iScript cDNA Synthesis Kit (Bio-Rad). All the prim-
ers were purchased from Sigma-Genosys. Real-time PCR was 
performed using 2× SensiMix SYBR and Fluorescein Kit 
(Bioline, QT615-05), 20 ng cDNA and pre-tested gene-spe-
cific primer sets (Tables S3 and S4). The cycling conditions for 
the BioRad CFX384 Real-Time PCR detection system were 
95°C for 10 minutes, 40 cycles of 95°C/15 sec, 58°C/15 sec, 
and 72°C/15  sec. Finally, cycle threshold (Ct) values were 
normalized to reference gene GAPDH and fold changes in ex-
pression were calculated using the 2−ΔΔCt method.

2.12 | Transcriptomic mRNA expression 
analysis in the human liver tissues

STAT3, collagen-I, and α-SMA (ACTA2) mRNA expression 
were assessed in the publicly available transcriptome data-
sets of liver tissue from patients with fibrosis (GSE14323)16 
obtained from the National Center for Biotechnology 
Information Gene Expression Omnibus database (http://
www.ncbi.nlm.nih.gov/geo). Patients were categorized into 
two groups: normal (n = 8) and cirrhosis (n = 13), and data 
were analyzed using online database GEO2R.

2.13 | Statistical analyses

All the results are presented as the mean + standard error 
of the mean (SEM). The graphs and statistical analyses 
were performed using GraphPad Prism version 5.02 
(GraphPad Prism Software). The comparison to the control 
group was analyzed using unpaired Student's t test while 
multiple comparisons between different groups were 
performed by one-way analysis of variance (ANOVA) with 
Bonferroni post hoc test. The differences were considered 
significant at P  <  .05. Correlations were assessed using 
non-parametric spearman's correlative analysis with 
Gaussian approximation. The dot plots for the correlation 
were generated using the GraphPad Prism and represented 

http://www.ncbi.nlm.nih.gov/geo
http://www.ncbi.nlm.nih.gov/geo
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with Spearman r and two-tailed P value. For in vitro 
experiments, no statistical method was used to predetermine 
the sample size. For in vivo experiments, the sample size 
was estimated using power analysis—that is, a difference 
of 20% with a power of 80% (1 − β) and an α of .05. For all 
in vivo studies, mice were blindly randomized into different 
groups. The investigators were not blinded to allocation 
for the in vivo experiments but were blinded to allocation 
for immunohistochemical analyses. Quantitative data 
analysis was performed in a blinded manner. No samples 
that were fully processed for different assays, western 
blotting, or immunohistochemical analysis were excluded. 
No mice that completed the studies were excluded from the 
analyses. The data and statistical analysis comply with the 
recommendations on experimental design and analysis in 
pharmacology.17,18

3 |  RESULTS

3.1 | Upregulation of STAT3 in human 
fibrotic patients

We have first assessed the expression of STAT3 in human 
cirrhotic livers using transcriptomic analysis of the publicly 
available transcriptome datasets (GSE14323).16 We found 
significantly increased mRNA expression levels of STAT3 
(Figure 1A) in human cirrhotic livers as compared to normal 
livers consistent with induced collagen I and α-SMA, alpha 
smooth muscle actin gene ACTA2 (alpha-actin-2) expression 

(Figure 1B-C). Overexpression of collagen I, a major ECM 
protein, is characteristic of liver cirrhosis and α-SMA, a 
HSCs activation marker, signifies stellate cell activation and 
has been described as a marker to determine the degree of 
liver damage.19,20 We further performed a correlative analysis 
between STAT3 and collagen-I expression which showed a 
direct correlation between STAT3 expression and cirrhosis 
(Figure 1D). These findings indicate a strong association 
between the STAT3 signaling pathway and liver cirrhosis. 
However, no significant correlation between STAT3 and 
α-SMA expression was observed suggesting that STAT3 
expression is modulated by other contributing factors/cells 
and is not directly regulated by HSCs (Figure S1).

3.2 | STAT3 signaling pathway inhibitor 
WP1066 attenuated TGFβ-induced mouse 3T3 
fibroblast activation

Transforming growth factor beta 1 (TGF-β1) is a potent 
mediator of tissue repair and wound healing by activating 
fibroblasts to stimulate synthesis of extracellular components 
and has been implicated in liver diseases.21,22 Therefore, we 
used TGFβ to activate fibroblasts. We examined STAT3 
gene expression in TGFβ-activated 3T3 fibroblasts and 
found highly increased levels of STAT3 gene expression 
as compared to control 3T3 fibroblasts (Figure 2A). 
Thereafter, we investigated the effect of a selective small 
molecule STAT3 inhibitor, WP1066, on activated mouse 
3T3 fibroblasts. Following TGFβ activation, we observed 

F I G U R E  1  Upregulation of STAT3 
expression in cirrhosis patient liver. 
Relative gene expression of (A) STAT3, 
(B) COL1A1 (collagen type I alpha 1), 
(C) ACTA2 (alpha smooth muscle actin), 
and (D) correlative analysis of STAT3 
and collagen-I expression of cirrhotic 
liver tissues vs healthy controls. Data are 
presented as mean ± SEM; control (n = 8) 
and cirrhosis (n = 13). *P < .05, **P < .01 
denotes significance. r denotes Spearman's 
coefficient and P denotes two-tailed P value 
calculated using non-parametric Spearman's 
correlative analysis with Gaussian 
approximation
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highly significant upregulation of collagen I as compared to 
control (Figure 2B). Subsequently, treatment with WP1066 
dose dependently diminished TGFβ-induced collagen I 
expression (Figure 2B; Figure S2). These findings suggest 
an important role of STAT3 pathway in TGFβ-induced 
fibroblast activation.

3.3 | WP1066 inhibition of human HSCs 
activation and contractility in vitro

We then investigated the activation of the STAT3 signaling 
pathway in immortalized human hepatic (LX2) stellate cells. 
We observed that following TGFβ activation, LX2 cells 
significantly increased STAT3 phosphorylation suggesting 
the TGFβ-induced STAT3 pathway activation (Figure 3A). 
As expected, TGFβ-induced STAT3 phosphorylation was 
significantly inhibited following treatment with 10 μmol/L 
WP1066 (Figure 3A). We further evaluated the effect of 
STAT3 inhibition in human LX2 cells. Following TGFβ-
induced LX2 activation, we observed highly significant 
increase in protein expression of collagen I and vimentin, 
which was dose dependently inhibited after treatment 
with WP1066 (Figure 3B; Figure S3). mRNA analysis 
for collagen I, vimentin, and α-SMA reflected the protein 
expression, whereby treatment with TGFβ triggered 
increased mRNA expression for collagen-I, vimentin, and 
α-SMA which was significantly attenuated after treatment 
with 10  μmol/L WP1066 (Figure 3C). Following injury, 
HSC transdifferentiate into contractile myofibroblasts that 
aggravate liver stiffness.23 We, therefore, also investigated 
the effect of STAT3 inhibition on the contractility of HSCs 
using the 3D-collagen gel contraction assay. Remarkably, 
we found that TGFβ-induced HSCs contractility was 
significantly attenuated following STAT3 inhibition 

using WP1066 as analyzed after 72  hours (Figure 3D). 
These results further confirm the significance of STAT3 
signaling pathway in TGFβ-induced activation of human 
HSCs. Notably, WP1066 did not induce any significant 
change in the cell viability at 0-10 μmol/L doses, however 
25 μmol/L WP1066 reduced the cell viability significantly 
(Figure S4).

3.4 | STAT3 signaling pathway inhibits 
LPS- and IFNγ-induced M1 macrophage 
polarization

We then examined the role of STAT3 signaling pathway 
in differentially polarized macrophages. Initially, we 
investigated the expression of STAT3 in unpolarized 
M0 macrophages, LPS/IFNγ-induced M1 inflammatory 
macrophages, and IL4/IL13-induced restorative M2 
macrophages. We observed increased levels of STAT3 
expression in M1 inflammatory macrophages, indicating 
that STAT3 is associated with inflammation (Figure 
4A). Moreover, we investigated the activation of STAT3 
pathway (STAT3 phosphorylation) in M1 macrophages 
and found that LPS/IFNγ-induced STAT3 phosphorylation 
which was significantly attenuated by WP1066 (Figure 
4B,C). We then investigated the implication of STAT3 
inhibition in inflammatory macrophages. We found that 
WP1066 dose dependently inhibited M1 polarization as 
illustrated in M1-specific pro-inflammatory “signature” 
markers: nitric oxide (NO) release, mRNA expression 
of inducible nitric oxide synthase (iNOS), Interleukin 1 
beta (IL-1β), C-C motif chemokine ligand 2 (CCL2), C-C 
chemokine receptor type 2 (CCR2), and Interleukin 6 (IL-
6) (Figure 4D-I). Subsequently, we investigated secretion 
of pro-inflammatory cytokines TNF-alpha and IL-6 by 

F I G U R E  2  Inhibitory effect of WP1066 on TGFβ activated 3T3 fibroblasts. (A) Relative gene expression of STAT3 in mouse 3T3 
fibroblasts with and without TGFβ activation. Data are presented as the mean ± SEM (n = 5). #P < .05 denotes significance vs control. (B) 
Representative images (n = 5) of Collagen I protein staining in control and TFGβ (5ng/mL) activated murine 3T3 fibroblasts with and without 
treatment with STAT3 inhibitor, WP1066 (5 and 10 µmol/L)
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M1 polarized macrophages. After treatment with STAT 
3 inhibitor WP1066, we observed a significant reduction 
in both TNF-alpha and IL-6 levels (Figure S5). We also 
assessed the effect of WP1066 on the cell viability of RAW 
macrophages at different concentrations. We found that 
drug concentrations of 0-5  μmol/L showed no significant 
effects on the cell viability of macrophages, however, at 
10 μmol/L dose, cell viability was reduced to approximately 
75% compared to M1 macrophages. This reduction in cell 
viability might be due to the reduced metabolic activity, 
however, is still much higher than M0 macrophages. 
Notably, 25 μmol/L and 50 μmol/L doses, showed highly 
significant reduction in cell viability (Figure S6) indicating 
toxic effects of WP1066 at higher doses.

3.5 | In vivo STAT3 signaling pathway 
inhibition alleviates fibrogenesis in acute liver 
injury mouse model

To confirm the above described findings in vivo, we 
investigated the effects of WP1066 in acute liver injury 
mouse model. Carbon tetrachloride (CCl4) injection induced 
spontaneous liver damage with acute HSC activation thereby 
resulting in the elevated levels of intrahepatic protein 
expression of collagen I, collagen III, and desmin compared 
to the olive oil administered control livers, as evident by 
the staining and the respective quantitative analysis (Figure 
5A,B). Notably, in vivo treatment with WP1066 (5  mg/
kg) significantly reduced collagen I, collagen III, and 

F I G U R E  3  WP1066 inhibits TGFβ-induced activation and contractility of human HSC (LX2) cells. (A) Figure depicting the western blot 
bands and quantitative protein expression of phosphorylated STAT3 and β-actin (as protein normalization control) as analyzed in LX2 cells treated 
with medium alone (control), TGFβ with and without 10 μmol/L WP1066. Data are presented as the mean ± SEM (n = 5). *P < .05, ***P < .001 
denotes significance. (B) Representative images (n = 5) of collagen I and vimentin stained control and TFGβ (5 ng/mL) activated LX2 cells with 
and without treatment with STAT3 inhibitor WP1066 (5 and 10 µmom/L). (C) Relative mRNA expression for α-SMA, vimentin, and collagen I in 
control and TFGβ (5 ng/mL) activated LX2 cells with and without treatment with 10 µmol/L STAT3 inhibitor WP1066. Data are presented as the 
mean ± SEM (n = 5). **P < .05 denotes significance. (D) Representative images and quantitative analysis of 3D collagen-I gel contraction of LX2 
cells after 72 h following different treatments as indicated. Data are presented as the mean ± SEM (n = 5). **P < .01 denotes significance
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desmin expression (Figure 5A,B). The protein expression 
levels were further confirmed by analyzing intra-hepatic 
mRNA expression for collagen I, α-SMA (ACTA2 gene), 
and desmin, and that treatment with WP1066 inhibited 

CCl4-induced gene expression of major fibrotic markers 
(Figure 5C). These findings indicate a strong reduction 
in ECM deposition and HSC activation, thereby liver 
fibrogenesis, as a result of STAT3 inhibition in vivo.

F I G U R E  4  STAT3 inhibitor WP1066 attenuates gene and protein expression of inflammatory markers and nitric oxide release in LPS- and 
IFNγ-stimulated mouse RAW macrophages. (A) Relative gene expression of STAT3 in M0 (control), M1 inflammatory (LPS and IFNγ treated), 
and M2 restorative (IL-4 and IL-13 treated) macrophages. Data are presented as the mean ± SEM (n = 5). ##P < .01 denotes significance vs M0 
(control macrophages) and *P < .05 denotes significance vs M1 inflammatory macrophages. Western blot bands (B) and quantitative protein 
expression (C) of phosphorylated STAT3 and β-actin as analyzed in M0 and M1 macrophages treated with and without 10 μmol/L WP1066. Data 
are presented as the mean ± SEM (n = 5). #P < .05 denotes significance vs M0 (control macrophages) and *P < .05 denotes significance vs M1 
macrophages. (D) Nitric oxide release analyzed in supernatant of RAW cells that were incubated with medium alone, M1 stimulus (10 ng/mL LPS 
and 10 ng/mL IFNγ) without and with WP1066 (0, 0.5, 1, 1.5, 5, and 10 μmol/L). Data are presented as the mean ± SEM (n = 5). ##P < .01 denotes 
significance vs M0 (control macrophages) and *P < .05, **P < .01 denotes significance vs M1 macrophages. Relative gene expression in M0, M1, 
and M1 treated with WP1066 (0, 0.5, 1, 1.5, 5, and 10 μmol/L) for iNOS (E), IL-1β (F), CCL2 (G), (CCR2) (H), and IL-6 (I). Data are presented 
as the mean ± SEM (n = 5). ##P < .01 denotes significance versus M0 (control macrophages) and *P < .05, **P < .01, ***P < .001 denotes 
significance vs M1 inflammatory macrophages
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F I G U R E  5  STAT3 antagonist WP1066 inhibits fibrogenesis in acute CCl4-induced liver fibrogenesis mouse model. (A) Representative 
microscopic images (n = 5 per group) and (B) quantitative analysis of collagen I, collagen III, and desmin stained liver sections from normal 
and CCl4 mice with and without WP1066 treatment. Data are presented as the mean ± SEM (n = 5 per group). **P < .01, ***P < .001 denotes 
significance. (C) Relative gene expression for collagen-I, α-SMA (ACTA2) and desmin in normal and CCl4 mice with and without WP1066 
treatment. Data are presented as the mean ± SEM (n = 5 per group). *P < .05, **P < .01, ***P < .001 denotes significance
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3.6 | STAT3 signaling pathway inhibition 
ameliorates liver inflammation in acute liver 
injury mouse model

Acute CCl4 liver injury model is a model of acute liver 
inflammation with increased infiltration and activation of 
inflammatory M1 macrophages and polarization to M2 
restorative macrophages ensues resolution of liver damage. 
In this study, we also investigated the effects of STAT3 
inhibitor WP1066 on macrophage infiltration and polarization 

in vivo. Significant intrahepatic infiltration and/or de novo 
intrahepatic proliferation of macrophages was observed 
following CCl4-induced acute liver injury as confirmed by 
F4/80 (EMR1, EGF-like module-containing mucin-like 
hormone receptor-like 1) immunostainings (Figure 6A). 
Moreover, we found increased macrophage activation as 
observed by MHC-II (major histocompatibility complex 
class II) staining, and reduced M2 restorative macrophages 
as shown by YM1 staining's following CCl4 treatment as 
compared to livers from olive oil treated animals (Figure 

F I G U R E  6  WP1066 ameliorates intrahepatic inflammation in acute CCl4-induced liver fibrogenesis mouse model. (A) Representative 
microscopic images (n = 5 per group) of stained liver sections and (B) quantitative analysis from normal and CCl4 mice with and without WP1066 
treatment for F4/80 (macrophage infiltration marker), MHC-II (M1 marker), and YM-1 (M2 marker). Data are presented as the mean ± SEM (n = 5 
per group). *P < .05, **P < .01 denotes significance. (C) Relative gene expression for iNOS and Arginase I in normal and CCl4 mice with and 
without WP1066 treatment. Data are presented as the mean ± SEM (n = 5 per group). *P < .05, **P < .01, ***P < .001 denotes significance
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F I G U R E  7  Therapeutic efficacy of WP1066 in human 3D spheroid model. A. Spheroid assay schematic illustration: (a) The cell mixture 
containing HepG2, LX2, HUVECS, and THP1 was plated in 96-well ULA plates at a density of 1,200 cells/uL and grown for 7 d; (b) At day 7, 
spheroids were treated with or without LPS and WP1066; (c) After 7 d of treatment, the spheroids were retrieved, snap frozen, and sectioned. The 
corresponding cryosections were used for immunostaining. B. First panel of images depicts 3D spheroids stained with fibrosis marker, collagen I 
(in red); second panel depicts 3D spheroids stained with HSC activation marker, α-SMA (in green); third panel of images presents 3D spheroids 
stained with macrophage activation marker, MHC-II (in red); and fourth panel of images depicts 3D spheroids stained with M2 macrophage 
marker, mannose receptor (in green). Blue color shows DAPI nuclear staining. The data presented here represent n = 5 spheroids
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6A,B). This was further confirmed by mRNA expression 
levels of M1 marker iNOS and M2 marker Arginase I (Figure 
6C). Strikingly, WP1066 inhibited macrophage infiltration, 
reduced macrophage activation, and increased M2 restorative 
macrophages (Figure 6A-C). This effectively shifts the M1/
M2 balance towards M2 which alleviates inflammation thus 
mitigating acute liver injury.

3.7 | WP1066 inhibition of fibrosis and 
polarization toward M2 in LPS-induced human 
3D spheroid model

We further tested WP1066 in a developed human 3D spheroid 
model (Figure 7A) whereby 3D-spheroids were formed 
from human hepatocytes, human hepatic stellate cells, 
human monocytes, and human endothelial cells as described 
elsewhere.15 We treated spheroids with LPS to mimic acute 
liver damage, and thereafter incubated with WP1066 to 
investigate the effects of STAT3 inhibition on LPS-induced 
HSCs-specific and macrophage-specific parameters. We 
found that treatment with LPS increased HSCs activation 
as depicted by collagen-I, α-SMA staining, as well as 
proinflammatory macrophage activation as shown by 
increased MHC-II (major histocompatibility complex class 
II) expression, while reducing M2 restorative macrophage-
specific marker MRC1 (mannose receptor C-type 1) (Figure 
7B). Significantly, treatment with WP1066 dose dependently 
inhibited collagen I, α-SMA, as well as MHC-II expression 
while increasing MRC1 expression (Figure 7B).

4 |  DISCUSSION

In this study, we have investigated the therapeutic efficacy 
of selective STAT3 antagonist WP1066 in fibroblasts, in-
flammatory macrophages, in acute CCl4-induced liver injury 
murine model in vivo, and LPS-induced-3D human spheroid 
model. We have demonstrated that STAT3 is overexpressed 
in fibrotic human livers, in activated hepatic stellate cells, 
and inflammatory macrophages. Moreover, we have shown 
that WP1066 inhibits HSCs activation and inflammatory 
macrophages in vitro and in vivo in acute liver injury in mice 
and 3D spheroids model.

HSCs and macrophages are the core components of acute 
liver injury24 and simultaneous inhibition of these two cell 
types is essential for the alleviation of liver fibrosis. Studies 
have shown role of STAT3 pathway in tissue fibrosis.10-14,25,26 
In particular, STAT3 has been shown to be overexpressed in 
liver cirrhosis,26 and is implicated in aberrant fibroblasts ac-
tivation in fibrogenesis including systemic sclerosis,10 as well 
as macrophage activation in vagus nerves.25 Based on our 

findings, STAT3 expression is overexpressed and STAT3 sig-
naling pathway is activated in HSCs and inflammatory mac-
rophages, and hence involved in the pathogenesis of acute 
liver damage. Our findings also corroborate with the previous 
studies (Chakraborty et al, 2017) documenting that inhibition 
of STAT3 pathway reduces the activation and contractility of 
hepatic myofibroblasts.10

Importantly, the role of STAT3 pathway in inflammation 
and inflammatory macrophages remained unknown. Our 
results further demonstrate the overexpression of STAT3 in 
LPS/IFNγ-stimulated pro-inflammatory M1 macrophages 
as compared to control and IL-4/IL-13 stimulated restor-
ative M2 macrophages. We have shown that STAT3 inhibi-
tion reduces inflammatory markers both in vitro and in vivo. 
Furthermore, we establish that STAT3 inhibition reduces in-
trahepatic inflammation by reducing the accumulation of M1 
inflammatory macrophages while promoting polarization to 
restorative M2 phenotype macrophages, consecutively favor-
ing regression of liver injury.

The therapeutic effects of STAT3 inhibition in HSCs 
could be mediated by the combined action of JAK, SRC, 
c-ABL, and JNK kinases as suggested earlier.10 Since STAT3 
pathway activation was induced by TGFβ in HSCs this sug-
gests that STAT3 might also be involved in the TGFβ-induced 
signaling pathways that is, Smad2, Smad3, Akt, and ERK as 
recently suggested by Wang et al.27

In conclusion, we have shown the implication of the 
STAT3 signaling pathway in HSCs, inflammatory macro-
phages, and acute liver injury. Moreover, we have demon-
strated that suppression of STAT3 signaling pathway using 
WP1066 significantly reduced HSC activation, inflamma-
tory macrophages in vitro, in acute liver injury mouse model, 
as well as in human 3D spheroid model. To our best knowl-
edge, this is the first comprehensive study describing the 
role of STAT3 in HSCs and macrophages and demonstrating 
amelioration of acute liver injury attributed to the inhibition 
of HSCs and macrophages. Considering its potential effects 
on inflammatory macrophages and HSCs, STAT3 pathway 
is also a promising therapeutic target that can be explored in 
non-alcoholic fatty liver disease (NAFLD), one of the most 
common liver-related complications worldwide. This study 
suggests that selective inhibition of STAT3 pathway using 
WP1066 might be a promising therapeutic strategy to in-
hibit inflammatory and fibrotic diseases.

ACKNOWLEDGEMENTS
We thank B. Klomphaar for the technical assistance during the 
animal experiments. This project was supported by Netherlands 
Organization for Health Research and Development, ZonMw, 
NWO, VENI innovation grant 916.151.94 (to RB).

CONFLICT OF INTEREST
The authors declare no competing financial interests.



   | 89ÖZTÜRK AKCORA eT Al.

AUTHOR CONTRIBUTIONS
RB designed research. BOA, AVG, AO-P, and RB 
performed the research and analyzed the data. AVG and 
RB wrote the paper. RB received grants and provided 
resources for conducting this study. RB revised and edited 
the manuscript.

REFERENCES
 1. Bernal W, Wendon J. Acute liver failure. N Engl J Med. 

2013;369:2525-2534.
 2. Lee WM, Squires RH Jr, Nyberg SL, Doo E, Hoofnagle JH. 

Acute liver failure: summary of a workshop. Hepatology. 
2008;47:1401-1415.

 3. Tsuchida T, Friedman SL. Mechanisms of hepatic stellate cell acti-
vation. Nat Rev Gastroenterol Hepatol. 2017;14:397-411.

 4. Schuppan D, Afdhal NH. Liver cirrhosis. Lancet. 2008;371:838-851.
 5. Ju C, Tacke F. Hepatic macrophages in homeostasis and liver dis-

eases: from pathogenesis to novel therapeutic strategies. Cell Mol 
Immunol. 2016;13:316-327.

 6. Wynn TA, Vannella KM. Macrophages in tissue repair, regenera-
tion, and fibrosis. Immunity. 2016;44:450-462.

 7. Tacke F. Targeting hepatic macrophages to treat liver diseases. J 
Hepatol. 2017;66:1300-1312.

 8. Bansal R, van Baarlen J, Storm G, Prakash J. The interplay of the 
Notch signaling in hepatic stellate cells and macrophages deter-
mines the fate of liver fibrogenesis. Sci Rep. 2016;5:18272.

 9. Leask A, Abraham DJ. TGF-beta signaling and the fibrotic re-
sponse. FASEB J. 2004;18:816-827.

 10. Chakraborty D, Sumova B, Mallano T, et al. Activation of STAT3 
integrates common profibrotic pathways to promote fibroblast acti-
vation and tissue fibrosis. Nat Commun. 2017;8:1130.

 11. Yue P, Turkson J. Targeting STAT3 in cancer: how successful are 
we? Expert Opin Investig Drugs. 2009;18:45-56.

 12. Chen E, Xu D, Lan X, et al. A novel role of the STAT3 pathway in 
brain inflammation-induced human neural progenitor cell differen-
tiation. Curr Mol Med. 2013;13:1474-1484.

 13. Fagard R, Metelev V, Souissi I, Baran-Marszak F. STAT3 inhib-
itors for cancer therapy: have all roads been explored? JAKSTAT. 
2013;2:e22882.

 14. Siddiquee K, Zhang S, Guida WC, et al. Selective chemical probe 
inhibitor of Stat3, identified through structure-based virtual 
screening, induces antitumor activity. Proc Natl Acad Sci USA. 
2007;104:7391-7396.

 15. Kozyra M, Johansson I, Nordling A, Ullah S, Lauschke VM, 
Ingelman-Sundberg M. Human hepatic 3D spheroids as a model 
for steatosis and insulin resistance. Sci Rep. 2018;8:14297.

 16. Mas VR, Maluf DG, Archer KJ, et al. Genes involved in viral car-
cinogenesis and tumor initiation in hepatitis C virus-induced hepa-
tocellular carcinoma. Mol Med. 2009;15:85-94.

 17. Curtis MJ, Alexander S, Cirino G, et al. Experimental design 
and analysis and their reporting II: updated and simplified 
guidance for authors and peer reviewers. Br J Pharmacol. 
2018;175:987-993.

 18. Curtis MJ, Bond RA, Spina D, et al. Experimental design and anal-
ysis and their reporting: new guidance for publication in BJP. Br J 
Pharmacol. 2015;172:3461-3471.

 19. Shi SY, Martin RG, Duncan RE, et al. Hepatocyte-specific 
deletion of Janus kinase 2 (JAK2) protects against diet-in-
duced steatohepatitis and glucose intolerance. J Biol Chem. 
2012;287:10277-10288.

 20. Themanns M, Mueller KM, Kessler SM, et al. Hepatic deletion 
of Janus kinase 2 counteracts oxidative stress in mice. Sci Rep. 
2016;6:34719.

 21. Dooley S, ten Dijke P. TGF-beta in progression of liver disease. 
Cell Tissue Res. 2012;347:245-256.

 22. Fabregat I, Moreno-Caceres J, Sanchez A, Dooley S, Dewidar B, 
Giannelli G, Ten Dijke P, and Consortium, I.-L. TGF-beta signal-
ling and liver disease. FEBS J. 2016;283:2219-2232.

 23. Hinz B, Phan SH, Thannickal VJ, Galli A, Bochaton-Piallat ML, 
Gabbiani G. The myofibroblast: one function, multiple origins. Am 
J Pathol. 2007;170:1807-1816.

 24. Elpek GO. Cellular and molecular mechanisms in the patho-
genesis of liver fibrosis: an update. World J Gastroenterol. 
2014;20:7260-7276.

 25. de Jonge WJ, van der Zanden EP, The FO, et al. Stimulation of 
the vagus nerve attenuates macrophage activation by activating the 
Jak2-STAT3 signaling pathway. Nat Immunol. 2005;6:844-851.

 26. Horiguchi N, Ishac EJ, Gao B. Liver regeneration is suppressed in 
alcoholic cirrhosis: correlation with decreased STAT3 activation. 
Alcohol. 2007;41:271-280.

 27. Wang Z, Li J, Xiao W, Long J, Zhang H. The STAT3 inhibitor 
S3I–201 suppresses fibrogenesis and angiogenesis in liver fibrosis. 
Lab Invest. 2018;98:1600-1613.

SUPPORTING INFORMATION
Additional supporting information may be found online in 
the Supporting Information section. 

How to cite this article: Öztürk Akcora B, Vassilios 
Gabriël A, Ortiz-Perez A, Bansal R. Pharmacological 
inhibition of STAT3 pathway ameliorates acute liver 
injury in vivo via inactivation of inflammatory 
macrophages and hepatic stellate cells. FASEB 
BioAdvances. 2020;2:77–89. https ://doi.org/10.1096/
fba.2019-00070 

https://doi.org/10.1096/fba.2019-00070
https://doi.org/10.1096/fba.2019-00070

