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Abstract

Introduction: Hepatic fibrosis is wound-healing response that is the result of hepatic stellate cell 

(HSC) activation and subsequent excess extracellular matrix deposition. HSCs can be activated 

by a variety of inflammatory stimuli as well as through the signal transducer and activator 

of transcription 3 (STAT3) pathway. HJC0416 is a novel, orally bioavailable small-molecule 

inhibitor of STAT3 that was developed by our team using a fragment-based drug design approach. 

Previously, our team has shown that HJC0416 has antifibrogenic effects in activated HSCs. 

Recently, increasing evidence suggests that nuclear factor kappa-light-chain-enhancer of activated 

B cells (NF-κB) plays an important role in the activation of HSCs.

In the present study, we examined the role of NF-κB inhibition of HSC activation by HJC0416.

Methods: LX-2 (human) and HSC-T6 (rat) cell lines were used. Expression levels of 

extracellular proteins, NF-κB and STAT3 expression and DNA binding, and inflammatory 

cytokine levels were determined using Western Blot, ELISA, and immunofluorescence assay.
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Results: HJC0416 decreased cell viability in a dose dependent manner in both cell lines and 

arrested the cell cycle at the S phase. Increased apoptosis was seen in LX-2 cells through Yo-Pro-1 

and Propidium Iodide immunofluorescent stating. HJC0416 significantly decreased expression of 

fibronectin and collagen I as well as markedly decreased α-SMA and laminin. HJC0416 inhibited 

the STAT3 pathway by decreasing phosphorylation of STAT3, as well as signal transduction 

pathway activation. Notably, HJC0416 also inhibited the classic and alternative pathways of 

NF-κB activation. HJC0416 inhibited LPS-induced p65 nuclear translocation and DNA binding, 

as well as prevented phosphorylation and degradation of inhibitory protein IκBα. HJC0416 also 

prevented phosphorylation of Serine residue 536 on p65.

Conclusion: HJC0416, an inhibitor of STAT3, was found to have anti-fibrogenic properties 

in activated hepatic stellate cell lines. Additionally, HJC0416 was found to inhibit the NF-κB 

pathway. Due to this double effect, HJC0416 demonstrates promise for in-vivo experimentation as 

an antifibrosis treatment.
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Introduction

Sustained inflammatory signaling in hepatocytes can lead to an aberrant wound-healing 

response, resulting in hepatic fibrosis.1,2 Hepatic fibrosis typically occurs in response to 

chronic liver disease and can ultimately lead to cirrhosis.1 Hepatic fibrosis is a reversible 

dynamic process, but cirrhosis more permanently alters hepatic structure and function.3 

Prevention of progression from advanced fibrosis to cirrhosis or inducing regression of 

advanced hepatic fibrosis is a therapeutic target for agents to treat cirrhosis.4,5

Hepatic fibrosis is a result of hepatic stellate cell (HSC) activation and the deposition of 

excess extracellular matrix (ECM). In the quiescent state, HSCs have a variety of functions, 

including ECM homeostasis and vasoregulation.6 However, HSC activation leads to over

expression of multiple cytokines and overexpression of α-smooth muscle actin (α-SMA) 

as well as ECM proteins collagen I, fibronectin and laminin.7–11 Activation of the signal 

transducer and activator of transcription 3 (STAT3) and nuclear factor kappa-light-chain 

enhancer of activated B cells (NF-κB) pathways promotes HSC activation and proliferation, 

thereby promoting hepatic fibrogenesis.12–14 Previous work from our lab and others has 

demonstrated that STAT3 and NF-κB inhibition results in HSC apoptosis and accelerated 

recovery from hepatic fibrosis.4,15–17

Fragment-based drug design allows for synthesis of new molecules with enhanced properties 

by chemically merging privileged fragments from small molecule libraries.18,19 Using 

fragment-based drug design, our group has designed and synthesized a family of STAT3 

specific inhibitors, which have been shown to have potent anti-cancer effects.20–23 Given 

the previous demonstrated success of inhibiting STAT3 in the treatment of hepatic fibrosis, 

we hypothesized that this family of compounds could successfully attenuate fibrosis in 

activated HSCs. After screening of the molecules for efficacy, HJC0123 and HJC0416 

were both identified to have potent anti-fibrotic effects.16 However, HJC0416 was noted to 
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have additional anti-inflammatory properties which we sought to further characterize in the 

current study.

Methods

Experiments/Assays were done in triplicate unless otherwise stated in results.

Cell Culture

Cell culturing was done as previously published30, briefly: Immortalized HSC lines: LX-2 

and HSC-T6 (Mount Sinai Medical Center, New York – Dr. Scott Friedman) were cultured 

at 37° C with 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM), a high glucose 

concentration (4.5 g/L), and 5% fetal bovine serum (FBS), 1% penicillin/streptomycin.

Reagents

HJC0146 was obtained from the department of pharmacology and toxicology at UTMB. 

HJC0146 was created via a fragment-based drug design approach as previously described, 

stored at −4°C and administered in DMSO.16,20 LPS and Stattic were obtained from Sigma

Aldrich (St. Louis, MO) and stored according the manufacturer’s instructions.

Cell Cycle

2 X 106 cells were trypsinized, washed with PBS, and resuspended in a low-salt solution 

for staining (3% polyethylene glycol 8000, 50 μg of propidium iodide per mL, 0.1% Triton 

X-100, 4 mM sodium citrate, 180 units of RNase A per mL). They were then incubated 

for 20 minutes at 37°C; an equal volume higher salt containing solution was added (3% 

polyethylene glycol 8000, 50 μg of propidium iodide per ml, 0.1% Triton X-100, and 400 

mM sodium chloride). Propidium iodide stained cells were stored at 4°C for 3 hours before 

the fluorescence-activated cell sorter analysis (BD FACSCanto II flow cytometer: Becton, 

Dickinson and Company, Franklin Lakes, NJ). We used ModFit LT for Win32 software for 

data analysis (Verity Software House, Inc., Topsham, ME).

Western Immunoblotting

Whole cell extracts were prepared as previously described.31 Protein (10–30 μg) was 

fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

(Life Technologies Corporation, Carlsbad, CA) under denaturing conditions and transferred 

to a polyvinylidene fluoride (PVDF) membrane. After 1 hour of blocking buffer incubation 

(LI-COR Inc., Lincoln, NE), the membrane was probed with each antibody for 2 hours 

at room temperature. Membranes were then washed three times with phosphate buffered 

saline, 0.1% Tween 20 (PBST), and incubated with infrared fluorescent dye: IRDye 680

conjugated anti-mouse or IRDye 800-conjugated anti-rabbit antibodies (LI-COR, Inc.) for 

1 hour. Finally, the membranes were washed with PBST, and signals were visualized using 

Odyssey Infrared Imaging System (LICOR, Inc., Lincoln, NE).

Immunofluorescence Staining

0.25×105 cell/well were grown in chamber slides with supplemented medium. After 24 

hours of incubation, the cells were treated as indicated for 48 hours. Cells were fixed with 
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4% formaldehyde, diluted in PBS for 15 minutes at room temperature, and again washed 

with PBS. After incubating for 60 minutes with blocking buffer and 2 hours of incubation 

at room temperature with the corresponding antibody cells were rinsed with PBS 3x for 5 

minutes, followed by another 1 hour incubation period with each corresponding secondary 

antibody at room temperature in the dark. Immunofluorescence was determined by Nikon 

Eclipse Ti confocal microscope at 20x or 60x magnification (Nikon Instruments, Inc, 

Melville, New York). Using Image J (v1.50b, NIH), mean corrected cellular fluorescence 

was equalized and calculated. Stains included: Hoechst33342 (Catalog #62249,Thermofisher 

Scientific Waltham, Massachusetts) for dsDNA binding, ab34471 AND ab34710 (Abcam 

Biotechnology, Cambridge, United Kingdom); corresponding manufacturer’s instructions 

were utilized.

Yo-Pro-1 and Propidium Iodide Staining

For the detection of apoptosis, cells were seeded in 24-well plates with 0.25×105 cells/well. 

Next day, cells were treated with 1μM of HJC0416 for 24 hours. After being washed 

with PBS, cells were incubated with 1 μM of Yo-Pro-1 (Life Technologies Corporation, 

Grand Island, NY) or propidium iodide (PI) (Life Technologies Corporation, Grand Island, 

NY) for 1 hour. Yo-Pro-1 and PI uptake were determined by confocal microscope (Nikon 

Instruments Inc. Melville, NY).

Alamar Blue/Cell Viability Assay

3×103 cells/well of LX-2 cells and 4×103 cells/well of HSC-T6 cells were seeded into 96 

well plates; after 24 hours incubation once cells reached 50–60% confluence, fresh medium 

was given and treatment with the indicated concentrations and time with HJC0416. Alamar 

blue solution (Life Technologies Corporation, Grand Island, NY) was diluted into culture 

medium at 1:1 with a volume of 25μL/well, creating a 10% concentration. Four more hours 

of incubation was done, then fluorescence was monitored with SpectraMax M2 microplate 

reader (Molecular Devices, LLC, Sunnyvale, CA) with excitation and emission wavelengths 

set at 540 and 590 nm.

ELISA

Cells were treated with 1.0μM HJC0416 pretreatment for 1 hour, LPS 0.5μg/mL for 24 

hours, then the culture supernatant was collected for measurement of cytokine secretion. 

IL-6 ELISA kit (#KHC0061; Life Technologies, Frederick, MD) was used according 

manufacturer’s instructions and normalized to the total amount of protein in the cell pellets.

Nuclear Protein Extraction

Nuclear protein was isolated with NE-PER nuclear and cytoplasmic extraction reagent 

(Pierce Biotechnology; Rockford, IL) according to the instructions of the manufacturer.

NK-κB p65 DNA Binding and STAT3 Signal Transduction Activation Assay

The Trans-AM NF-κB p65 Transcription Factor kit was used to assess DNA binding 

(Active Motif North America, Carlsbad, CA) and the manufacturer’s instructions were 

followed. For STAT3 signal transduction pathway activation, a Qiagen Assay with STAT3 
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responsive/luciferase reporter plasmid (CCS-9028L, Hilden, Germany) was used following 

manufacturer’s instructions.

Data and statistical analysis

Statistical analysis was performed using GraphPad Prism 7.03 (GraphPad Software Inc. La 

Jolla, CA). The results are representative of independent experiments. Data was compared 

using paired t-test for Western Immunoblotting and non-paired t-tests/Mann-Whitney tests 

or one-way ANOVA/Kruskal-Wallis tests for measurement of immunofluorescence and 

ELISA studies depending on normality. Data is presented as mean ± standard deviation 

in results, and graphs are given as mean ± 95% confidence interval; level of significance was 

set as p <0.05.

Results

HJC0416 inhibits LX-2 and HSC-T6 cell viability and causes cell cycle arrest

HJC0416 decreased LX-2 cell viability in a dose-dependent manner (Figure 1A) with an 

IC50 of 0.43 μM. HJC0416 decreased HSC-T6 cell viability in a dose-dependent manner 

(Figure 1B) with an IC50 of 1.3 μM.

HJC0416 induced cell cycle arrest at the S phase in LX-2 cells (30.3% ± 0.6% vs. 48.5 % ± 

1.25%, p=0.01, Figure 1C). HJC0416 induced apoptosis in LX-2 cells; decreases were seen 

in Hoescht33342, a dsDNA stain, (12.7 ± 0.4 vs. 9.4 ± 0.2, p<0.001) while Yo-Pro-1 and 

propidium iodide, a markers of apoptosis, were increased (2.1 ± 0.09 vs. 4.6 ± 0.3, p<0.001; 

0.006 ± 0.003 vs. 0.25 ± 0.1, p<0.001, Figure 1D).

HJC0416 decreased extracellular matrix protein expression and α-SMA expression

Next we examined ECM proteins as a surrogate for HSC activation. α-SMA, a key marker 

of HSC activation, was markedly decreased after HJC0416 administration (Figure 2A). 

Treatment with HJC0416 demonstrated a significant decrease in fibronectin (Figures 2B, 

2C, 2D) and collagen I (Figures 2C, 2D) in both LX-2 and HSC-T6 cells. Additionally, 

laminin was significantly decreased in LX-2 cells after HJC0416 administration (Figure 2B). 

Immunofluorescence staining for collagen I confirmed significant decrease in collagen I 

expression (Figure 2C).

HJC0416 inhibited the STAT3 pathway

HJC0416 was designed to be a STAT3 pathway inhibitor and we confirmed its effects on the 

STAT3 pathway in activated HSCs. HJC0416 decreased phosphorylated STAT3 (Tyrosine 

705) in LX-2 and HSC-T6 total cell lysate expression in a dose dependent manner, with 

an up to 20-fold decrease in expression (Figures 3A, 3B). HJC0416 decreased the nuclear 

expression of STAT3 in LX-2 cells by 2-fold and in HSC-T6 cells by up to 20-fold (Figures 

3A, 3B). STAT3 signal transduction pathway activation had a significant decrease in after 

HJC0416 treatment (Figure 3C). Downstream target of STAT3, cyclin D1, was decreased in 

LX-2 cells after HJC0416 administration (Figure 3D). Similarly, another downstream target 

of STAT3, c-myc, is decreased in LX-2 cells after HJC0416 administration. (Figure 3D).
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To confirm the role of STAT3 pathway in activated HSC fibrogenesis, we used commercially 

available STAT3 specific inhibitor Stattic. Stattic demonstrated similar decreases in cell 

viability in Alamar Blue assays in the LX-2 cell line (Figure 4A) and the HSC-T6 cell line 

(Figure 4B). Stattic also demonstrated a marked decrease in α-SMA expression (Figure 4C).

HJC0416 inhibited pro-inflammatory cytokines and the NF-κB pathway

Hepatic fibrosis is tied to inflammatory signaling, therefore we sought to test the role 

of HJC0416 on inflammation. LPS-stimulated IL-6 secretion in LX-2 cells demonstrated 

a 10-fold decrease after HJC0416 treatment (Figure 5A). HJC0416 also decreased LPS

stimulated expression of IL-1ß and ICAM-1 (Figure 5B).

NF-κB pathway activation is known to regulate these pro-inflammatory cytokines, and 

we hypothesized that HJC0416 may affect the NF-κB pathway in addition to the STAT3 

pathway. HJC0416 prevented the phosphorylated and degradation of NF-κB inhibitory 

protein IκBα, and decreased phosphorylation of IκBα kinase IKKα/ß (Figure 5D). 

HJC0416 significantly inhibited LPS-induced NF-κB p65 nuclear translocation and DNA 

binding activity in LX-2 cells (Figure 5C). Additionally, HJC0416 prevented the alternative 

pathway of NF-κB activation by significantly decreasing Serine 536 residue phosphorylation 

of p65 (Figure 5D).

Discussion

Our results demonstrate that HJC0416 is a novel inhibitor of both the STAT3 and NF-κB 

pathways with potential for in vivo testing as an anti-fibrogenic agent. HJC0416 induced 

apoptosis as well as decreased cell viability in two activated HSC cell lines. HJC0416 

attenuated the fibrogenic activity of activated HSCs by decreasing expression of fibrosis

related ECM proteins collagen I, fibronectin, and laminin as well as myofibroblast marker 

α-SMA. We confirmed that HJC0416 inhibited the STAT3 pathway by measuring the 

levels of total phosphorylated STAT3 and nuclear STAT3 expression, as well as STAT3 

downstream targets c-myc and cyclin D1. The role of the STAT3 was confirmed by 

a chemical STAT3 inhibitor, Stattic, which decreased cell viability and α-SMA levels. 

HJC0416 also inhibited hepatic inflammation by inhibiting the classic and alternative 

pathways of NF-κB activation as well as NF-κB regulated pro-inflammatory cytokines IL-6, 

IL-1ß, and ICAM-1. HJC0416 acts as both an anti-fibrotic and anti-inflammatory agent 

through dual inhibition of the STAT3 and NF-κB pathways. This is unique to its family of 

STAT3 inhibitors and makes HJC0416 a particularly attractive agent for in vivo testing as a 

treatment for hepatic fibrosis.

When activated, HSCs deposit excess ECM in the liver parenchyma. The ECM is a hydrated 

gel which is composed of collagens, elastins, fibronectins, laminins, and proteoglycans.24 

Previous studies have demonstrated that apoptosis of HSCs accelerates recovery from 

hepatic fibrosis.17 Our study demonstrates that HJC0416 decreases cell viability in both 

activated HSC lines, as well as increases cell-cycle arrest and apoptosis, which could 

possibly represent induction of senescence. The senescent form of activated HSCs is 

characterized by decreased cellular mitosis and increased apoptosis.25 While it is unclear 
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why HSCs eventually enter senescence, senescence of activated HSCs provides a barrier 

which limits liver fibrosis.26

Senescent activated HSCs also downregulate genes encoding ECM components and 

upregulate ECM-degrading enzymes, such as matrix metalloproteinases.26 Our results 

demonstrated that HJC0416 administration resulted in decreased expression of ECM 

proteins. Collagen I, fibronectin, and laminin are all key ECM proteins expressed by 

activated HSCs.7–11 In addition, treatment with HJC0416 resulted in decreased expression 

of α-SMA. α-SMA is a surrogate marker of HSC activation.27 Attenuation of these key 

proteins establishes the anti-fibrotic properties of HJC0416.

STAT3 is an important factor in HSC activation and represents a therapeutic target for anti

fibrotic treatment.14,28,29 HJC0416 treatment resulted in inhibition of the STAT3 pathway. 

Typically, the STAT3 pathway is activated by phosphorylation of the tyrosine 705 residue 

of STAT3.30 However, dimers of non-phosphorylated STAT3 can also exist and be active 

and phosphorylation of other sites such as Serine 727 can result in STAT3 transcriptional 

activity.31,32 HJC0416 inhibits both phosphorylation of the tyrosine 705 residue of STAT3 as 

well as decreases STAT3 nuclear translocation, theoretically blocking multiple pathways of 

activation. Additionally, HJC0416 decreases expression of STAT3 regulated genes c-myc 

and cyclin D1. Downregulation of cyclin D1 is associated with G1 phase arrest and 

could be contributing to the increased apoptosis and cell cycle arrest seen after HJC0416 

administration.33,34

HJC0416 also inhibited pro-inflammatory cytokine expression and the NF-κB pathway, 

effects which are unique to it within its family of STAT3 inhibitors.20–23 HJC0416 decreased 

expression of Il-6, IL-1ß, and ICAM-1. IL-6 is a driving force of hepatic fibrogenesis 

due to its activation of the STAT3 pathway as well as its role in a positive feedback 

circuit which lead to further activation of HSCs.29 IL-1ß has been implicated in the 

transformation of steatosis to steatohepatitis and liver fibrosis.35–37 ICAM-1 expression 

has been linked to HSC activation, hepatic inflammation and hepatic fibrogenesis.38 

Since IL-6, IL-1ß and ICAM-1 are NF-κB regulated genes, we then sought to further 

define the molecular mechanism by which HJC0416 exerted its anti-inflammatory effects. 

HJC0416 decreased the phosphorylation and activation of IKKα/ß, the kinase responsible 

for the phosphorylation and degradation of NF-κB inhibitory protein IκBα. Similarly, 

HJC0416 prevented phosphorylation and degradation of IκBα as well as NF-κB p65 DNA 

binding activity. Finally, HJC0416 inhibited the alternative pathway of NF-κB activation by 

attenuating phosphorylation of Serine 536 on subunit p65. Unlike the phosphorylation of 

IKKα/ß, which results in equal expression of all NF-κB associated genes, activation through 

p65 phosphorylation has gene-specific effects. Phosphorylation of p65 is the result of at 

least 5 different kinases and is also involved in the recruitment of components of the basal 

transcriptional machinery.39,40

The future direction of our work will include in vivo testing of HJC0416 in a murine 

hepatic fibrosis model. While we cannot predict our future results, other studies have 

demonstrated that in vivo inhibition of the STAT3 and NF-κB pathways ameliorates hepatic 

fibrosis. IL-22, an anti-inflammatory cytokine, has been shown to induce cellular senescence 
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in a murine model of hepatic fibrosis via the STAT3 pathway.41 STAT3 modulation 

additionally has a theoretical benefit to modulating hepatic fibrosis due its activation by 

the pro-inflammatory cytokines which elicit fibrogenic cell behavior in HSCs.42–44 Similalry, 

the NF-κB pathway has been shown to both inhibit fibrogenesis in in vivo models as well 

as have a theoretical anti-fibrotic benefit.45 In addition, NF- κB target genes, such as IL-6, 

activate the STAT3 pathway, allowing for cross-talk between these two pathways.46,47,48

Conclusions

In activated human and rat HSCs, HJC0416 has demonstrated a significant ability to inhibit 

hepatic fibrogenesis. While HJC0416 was designed for STAT3 inhibition, it additionally 

demonstrates the ability to inhibit the NF-κB pathway. This dual effect makes HJC0416 a 

promising future candidate for in vivo testing as an anti-fibrosis agent.
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Figure 1: 
HJC0416 inhibits LX-2 and HSC-T6 cell viability and causes cell cycle arrest

(A) LX-2 and (B) HSC-T6 cells were treated with a series of concentrations of HJC0416 for 

48 hours, and cell viability was determined using alamar blue assay. (C) HJC0416 induced 

cell cycle arrest at the S phase in LX-2 cells. (D) HJC0416 decreased Hoechst dsDNA 

staining, and increased staining for Yo-Pro-1 and Propidium Iodide, markers of apoptosis. 

The results are representative of at least three different experiments.
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Figure 2: 
HJC0416 decreased extracellular matrix protein expression and α-SMA expression

(A) HJC0416 decreases α-SMA expression in LX-2 cells after 48 and 72 hours. (B) 

HJC0416 decreases fibronectin and laminin expression in LX-2 cells after 48 hours. (C) 

HJC0416 decreases collagen I immunofluorescence and decreases fibronectin and collagen I 

in LX-2 cells in a dose-dependent manner. (D) HJC0416 decreases fibronectin and collagen 

I in HSC-T6 cells in a dose-dependent manner. The results are representative of at least three 

different experiments.

Sommerhalder et al. Page 12

J Surg Res. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: 
HJC0416 inhibited the STAT3 pathway

(A) HJC0416 decreased total and nuclear levels of phosphorylated STAT3 in LX-2 cells. (B) 

HJC0416 decreased total and nuclear levels of phosphorylated STAT3 in HSC-T6 cells. (C) 

HJC0416 decreases STAT3 signal transduction pathway activation. (D) STAT3 downstream 

targets c-myc and cyclin D1 expression are decreased after HJC0416 treatment. The results 

are representative of at least three different experiments.
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Figure 4: 
Chemical inhibitor Stattic confirms the role of STAT3 pathway in activated HSCs

(A) LX-2 and (B) HSC-T6 cells were treated with a series of concentrations of Stattic 

and cell viabilitywas determined using alamar blue assay. (C) Stattic decreases α-SMA 

expression in LX-2 cells after 48 and 72 hours. The results are representative of at least three 

different experiments.
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Figure 5: 
HJC0416 inhibited pro-inflammatory cytokines and the NF-κB pathway

(B) ELISA for (A) IL-6 antibodies demonstrates that HJC0416 significantly inhibits LPS

induced expression. (B) IL-1ß and ICAM-1 expression is decreased after treatment with 

HJC0416. (C) HJC0416 decreases LPS-induced NF-κB nuclear translocation and DNA 

binding. (D) HJC0416 decreases LPS-induced NF-κB pathway activation. The results are 

representative of at least three different experiments.
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