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fibrosis by inhibiting the TGF-beta/Smad signaling
pathway
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Nonalcoholic steatohepatitis (NASH)-related liver fibrosis has been suggested to be a physiological

consequence of chronic hepatic injury, necrosis, inflammation and unbalanced intrahepatic lipid

metabolism. Accumulated evidence demonstrates that inducible nitric oxide synthase (iNOS) is highly

expressed in advanced liver fibrosis, and the knockout of iNOS inhibits the progression of hepatic

fibrosis. In our previous study, (Z)-N-(3-chlorophenyl)-2-(4-((2,4-dioxothiazolidin-5-ylidene)methyl)

phenoxy)acetamide (SKLB023), a novel small-molecule inhibitor of iNOS, blocked joint inflammation and

cartilage destruction in arthritis. However, the role and function of SKLB023 in liver fibrosis have not

been fully elucidated. In the present study, methionine- and choline-deficient (MCD) diet-induced NASH

mice and LX-2 hepatic stellate cells were chosen to investigate the pharmacological effects of SKLB023

against liver fibrosis and the associated mechanism. Our results show that SKLB023 significantly

alleviated MCD diet-induced liver injury, lipid accumulation and liver fibrosis. SKLB023 could suppress

the activation of hepatic stellate cells by interfering with TGF-b/Smad pathways. Importantly, SKLB023

inhibited the level of TGF-b1 and Smad2/3 phosphorylation by blocking the expression of iNOS. These

results suggest that SKLB023 might be an effective drug candidate for the treatment of liver fibrosis.
Introduction

Nonalcoholic steatohepatitis (NASH) is part of the spectrum of
the nonalcoholic fatty liver disease (NAFLD), which can ulti-
mately lead to the development of severe and irreversible liver
damage, including cirrhosis and hepatocellular carcinoma.1,2

The pathological characterization of NASH includes the pres-
ence of steatosis and inammation, and NASH has recently
been recognized as a major cause of liver brosis.3 Liver brosis
represents the liver's wound healing response to various
chronic liver injuries.4 The dynamic process involves the excess
accumulation of extracellular matrix (ECM) following injury.
The activation of hepatic stellate cells (HSCs) is well established
as a central driver of brosis in experimental and human liver
injury.5,6 In the normal liver, HSCs maintain a non-proliferative,
quiescent phenotype. Aer liver injury or in vitro culture, HSCs
are activated and then transform into myobroblasts, which are
proliferative and inammatory and produce excess ECM.
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The initiation of chronic liver diseases commonly involves an
inammatory phase, which progresses to brosis aer contin-
uous oxidative stress.7 Under these conditions, inducible nitric
oxide synthase (iNOS) is upregulated, leading to the production
of large amounts of nitric oxide (NO).8 Since NO is reported to
negatively regulate diverse HSC functions that lead to its activa-
tion, excessive NO production may promote the development of
liver brosis.9,10 In liver brosis patients, mild liver brosis dis-
played a faint and positive relationship with the iNOS expression,
while the expression of iNOS was higher in those with advanced
brosis.11,12 iNOS knockout mice fed a high-cholesterol diet for
six weeks exhibited a signicant reduction in hepatic brosis.13

Furthermore, the iNOS inhibitor FR260330 improved liver
brosis in rats aer oral administration.14 These results indicate
that iNOS plays crucial roles in the process of liver brosis, and
the pharmacological inhibition of iNOS shows promise for the
treatment of liver brosis.
Fig. 1 Chemical structure of SKLB023.
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(Z)-N-(3-Chlorophenyl)-2-(4-((2,4-dioxothiazolidin-5-ylidene)
methyl)phenoxy)acetamide (SKLB023, Fig. 1), is a novel, chem-
ically synthesized iNOS inhibitor based on the thiazolidine-2,4-
dione moiety.15 In our previous studies, SKLB023 was found to
exhibit excellent anti-inammatory activity in arthritis and
antibrotic effects in renal interstitial brosis.16,17 However, the
efficacy of SKLB023 in chronic liver diseases remains undeter-
mined. Thus, in the present study, we use methionine/choline-
decient (MCD) diet-induced NASH mice and LX-2 cells to
investigate the in vivo and in vitro inhibition of liver brosis by
SKLB023, respectively, and the associated mechanism.
Methods
Animal model and treatment

C57BL/6J male mice were purchased from Sichuan University
Laboratory Animal center (Chengdu, China). The mice were
housed with a 12 : 12 hours light/dark cycle and permitted ad
libitum consumption of water and diet. For the NASH model,
eight-week-old mice received a MCD diet (TrophicDiet, China)
or an amino acid diet (TrophicDiet, China) as a control for six
weeks. Aer diet feeding for four weeks, the mice were treated
with saline or SKLB023 (25 mg per kg per day) for two weeks by
gavage daily. At the end of diet treatment, all mice were sacri-
ced, and blood and liver samples were collected and stored for
further analysis. Animal experiments were approved by the
Animal Ethics Committee of West China Hospital, Sichuan
University (No. 2016-273).
Serum alanine transaminase (ALT) and aspartate
aminotransferase (AST) assays

Blood was held at 4 �C for 1 h and then centrifuged at 3000 rpm
for 10 min. Serum was collected from the supernatant and
stored at �80 �C. Serum ALT and AST levels were measured by
appropriate enzymic kits from Biosino (Beijing, China).
Hepatic lipid analysis

Liver samples (150 mg) were homogenized with 1 ml PBS for
5 min. The homogenates were added to 2.5 ml chloroform/
methanol (2 : 1) and centrifuged at 3000 rpm for 10 min. The
lower phase was transferred to a new tube. An additional 1 ml of
solvent was added to the upper phase and centrifuged. The
lower phase was collected and combined with washing buffer.
Aer centrifugation, the lower phase containing lipids was
evaporated. The dried pellet was resuspended in 1% Triton X-
100 in ethanol and analyzed using total cholesterol and
triglycerides kits (Biosino, Beijing, China).
Histological staining

Livers were xed in 10% formalin, embedded in paraffin,
sectioned at 4 mm, and stained with hematoxylin and eosin
(H&E) or Sirius Red. Frozen sections (6 mm) were used for Oil
Red O staining. Images were captured by a microscope (Nikon,
Tokyo, Japan).
30920 | RSC Adv., 2018, 8, 30919–30924
Cell culture and treatments

The human HSC line LX-2 was provided by Prof. Lieming Xu
from Shuguang Hospital, Shanghai University of Traditional
Chinese Medicine. The LX-2 cells were cultured in Dulbecco's
modied Eagle's medium (DMEM; Gibco, USA) supplemented
with 10% fetal bovine serum (FBS; Hyclone, USA) and incubated
at 37 �C with 5% CO2. To test the effect of SKLB023 on TGF-b1/
Smad signaling, the cells were exposed to TGF-b1 (2 ng ml�1;
Peprotech, USA) and treated with SKLB023 for 48 h.

RT-PCR analysis

Total hepatic RNA was extracted with Trizol reagent and reverse-
transcribed into complementary DNA (RR037A; TaKaRa, Kyoto,
Japan). Quantitative real-time PCR involved the SYBR green-
based assay with the CFX96 Real-Time system (Bio-Rad,
Hercules, CA). The primer sequence was as follows: a-SMA,
sense (50–30) CAGGGAGTAATGGTTGGAAT, anti-sense (50–30)
TCTCAAACATAATCT GGGTCA; Col1a1, sense (50–30) CAT-
GAGCCGAAGCTAACCC, anti-sense (50–30) TGTGGCAGATACA-
GATCAAGC; Col3a1, sense (50–30) TGCTCCTGTGCTTCCTGATG,
anti-sense (50–30) GACCTGGTTGTCCTGG AAGG; Timp-1, sense
(50–30) GCAACTCGGACCTGGTCATAA, anti-sense (50–30)
CGGCCCGTGATGAGAAACT.

Western blot analysis

Liver samples were lysed in lysis buffer and subjected to western
blot analysis with the following primary antibodies: a-SMA
(Sigma, USA), Col1a1 (Boster, China), iNOS (Abcam, USA), TGF-
b1 (Abcam, USA) t-Smad2/3 (CST, USA), p-Smad2/3 (CST, USA)
and b-tubulin (Zhengneng, China). Blots were visualized using
a LI-COR (Lincoln, NE) Odyssey System. Quantitative determi-
nation of band intensity was conducted using Image Studio
analysis soware version 4.0 (LI-COR).

Statistical analysis

Data are expressed as the mean � SEM for each sample. Statis-
tical signicance was determined by Student's unpaired two-
tailed t test or one-way ANOVA for multiple comparisons with
Tukey's test. P < 0.05 was considered statistically signicant.

Results and discussion
SKLB023 alleviates steatosis in MCD diet-induced mice

The most widely used diet to induce NAFLD/NASH is the MCD
diet, which results in liver injury histologically similar to human
NASH.18 The standard MCD diet has a high content of sucrose
(40% of energy) and is moderately enriched with fat (10–20%). It
is a very reproducible model that consistently induces the
phenotype of severe NASH, including steatosis, hepatic
inammation and brosis aer 6–8 weeks of administration.

To determine the effect of SKLB023 on NASH, we fed mice
with an amino acid control diet or the MCD diet for six weeks.
ALT and AST are surrogate markers for liver injury. As expected,
the MCD diet signicantly increased the serum levels of ALT
and AST compared to the control diet (Fig. 2A and B). The
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 SKLB023 alleviates steatosis in MCD diet-inducedmice. Serum levels of (A) ALT and (B) AST; hepatic levels of (C) total cholesterol (TC) and
(D) triglyceride (TG); and (E) representative H&E staining and Oil Red O staining of liver sections of mice with indicated treatments. *P < 0.05
versus the control group, #P < 0.05 versus the vehicle, n ¼ 6 for each group.
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elevation of serum ALT and AST was suppressed by treatment
with SKLB023 at a dose of 25 mg kg�1 day�1 for two weeks.
Meanwhile, the MCD diet signicantly increased the levels of
hepatic triglyceride (TG) and cholesterol (TC) compared to the
control diet (Fig. 2C and D). The elevation of hepatic TG and TC
was also inhibited by the oral administration of SKLB023.

Histological examination also provided evidence supporting
the results of the serum biochemical analysis. As shown in
Fig. 2E, MCD diet-treated mice had obvious vesicular lesions
and severe neutrophil inltration. In animals treated with
SKLB023, signicant reductions were observed in vacuoles and
inammation. Consistently, PBMM/SKLB023 exhibited greatly
reduced fat droplets compared to free SKLB023, as shown by oil
red staining. These results indicate that treatment with
SKLB023 prevented MCD diet-induced liver injury and lipid
accumulation.
SKLB023 alleviates hepatic brosis in MCD diet-induced mice

Hepatic brosis is a dynamic process characterized by the net
accumulation of ECM resulting from NASH.4 The assessment of
liver brosis indicated that the MCD diet induced collagen
deposition, as shown by Sirius Red staining (Fig. 3A). SKLB023
treatment reduced the collagen deposition. To investigate if
This journal is © The Royal Society of Chemistry 2018
SKLB023 suppressed the activation of HSCs in vivo, we exam-
ined the hepatic mRNA expression of activation markers. As
shown in Fig. 3B, the mRNA expressions of a-SMA, collagen and
Timp-1 were elevated considerably by the MCD diet. Treatment
with SKLB023 resulted in signicant decreases in the mRNA
expressions of the corresponding brosis-related genes. The
reduced protein expression levels of a-SMA and Col1a1 in
SKLB023-treated mice were further conrmed by western blot-
ting (Fig. 3C). Hence, these data indicate that SKLB023 can
inhibit liver brosis in vivo.
SKLB023 inhibits hepatic TGF-b1 and Smad2/3
phosphorylation

Excess iNOS-induced NO was implicated in the etiologies of
liver brosis.8 Given the benecial roles of iNOS inhibition and
gene deletion in liver brosis observed in experimental models,
iNOS is likely a potential therapeutic target for hepatic
brosis.9,13 In this study, the expression of iNOS protein was
barely detectable in the control group. The hepatic iNOS protein
content was signicantly increased in the group treated with
MCD diet compared to the control (Fig. 4A). Importantly, the
elevation of iNOS was successfully blocked by SKLB023
treatment.
RSC Adv., 2018, 8, 30919–30924 | 30921

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra04955f


Fig. 3 SKLB023 alleviates hepatic fibrosis in MCD diet-inducedmice. (A) Representative images of Sirius Red staining demonstrate hepatic collagen
deposition in the indicated group; (B) hepatic mRNA expressions of fibrosis-related genes measured by real-time polymerase chain reaction (n ¼ 6
for each group); and (C) protein expression levels of hepatic a-SMA and Col1a1measured by western blot analysis. The relative average protein level
was determined by densitometry and normalized with b-tubulin. *P < 0.05 versus the control group, #P < 0.05 versus the vehicle.
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The increase in transforming growth factor-b (TGF-b) expres-
sion is considered as a key driver in the activation of HSCs to
aggravate liver brosis.19,20 As shown in Fig. 4B, the expression of
TGF-b1 protein was markedly induced in the mice model of liver
brosis. The oral administration of SKLB023 signicantly
reduced the upregulation of hepatic TGF-b1 protein.

Previous studies have conrmed that the TGF-b/Smads
signaling pathway is the central regulator of HSC activation and
the onset of liver brosis.21,22 The TGF-b/Smads pathway is
activated by TGF-b binding to its receptors. The downstream
proteins, namely Smad2 and Smad3, are activated by phos-
phorylation, which further promotes the transcription of genes
responsible for ECM protein synthesis and the progression of
liver brosis. Western blot analysis indicated that the expres-
sion of total Smad2/3 in liver was not affected by MCD diet and
SKLB023 (Fig. 4B). However, the MCD diet-induced phosphor-
ylation of Smad2/3 was abolished by the oral administration of
SKLB023. Taken together, these results indicate that SKLB023
can inhibit the TGF-b/Smad signaling pathways in brotic liver.
30922 | RSC Adv., 2018, 8, 30919–30924
SKLB023 inhibits the TGF-b1-induced activation of hepatic
stellate cells

During chronic liver injury, TGF-b plays a prominent role in
stimulating liver brogenesis by myobroblast-like cells derived
from HSCs. To evaluate the potential inhibitory effect of
SKLB023 against HSCs, the in vitro inhibitory rate of SKLB023
for LX-2, a well-established HSC cell line, was detected and
quantied by CCK-8 assay. As shown in Fig. 5A, the 50%
inhibitory concentration of SKLB023 against LX-2 was 36.06 and
19.48 mM aer 24 and 48 h, respectively.

To investigate the regulatory effects of SKLB023 in the TGF-
b1-induced activation of LX-2, the expressions of a-SMA and
Col1a1 were examined by western blot analysis. In Fig. 5B,
following treatment with TGF-b1, the expressions of a-SMA and
Col1a1 in LX-2 were dramatically increased compared to the
control. SKLB023 treatment signicantly decreased the
production of a-SMA and Col1a1 in a dose-dependent manner
in LX-2 compared to in the TGF-b1-induced group.
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 SKLB023 inhibits Smad2/3 phosphorylation in vivo. The hepatic
protein expressions of (A) iNOS, and (B) TGF-b1 and p-Smad2/3 were
measured by western blot, and the relative average protein level was
determined by densitometry and normalized with b-tubulin or t-
Smad2/3, respectively. *P < 0.05 versus the control group, #P < 0.05
versus the vehicle.

Fig. 5 SKLB023 inhibits the TGF-b1-induced activation of hepatic
stellate cells. (A) The 50% inhibitory concentration (IC50) of SKLB023
against LX-2 was determined by CCK-8 assay. (B) The protein
expressions of a-SMA and Col1a1 were measured by western blot
analysis. TGF-b1-induced LX-2 cells were treated with SKLB023 (10
and 20 mM) for 48 h. The relative average protein level of a-SMA and
Col1a1 was determined by densitometry and normalized with b-
tubulin. *P < 0.05 versus the control group, #P < 0.05 versus the
vehicle.

Fig. 6 SKLB023 inhibits TGF-b1-induced Smad2/3 phosphorylation in
vitro. TGF-b1-induced LX-2 cells were treated with SKLB023 (10 and
20 mM) for 48 h. The protein expressions of iNOS and p-Smad2/3 were
measured by western blot analysis, and the relative average protein
level was determined by densitometry and normalized with b-tubulin
or t-Smad2/3, respectively. *P < 0.05 versus the control group, #P <
0.05 versus the vehicle.
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SKLB023 inhibits TGF-b1-induced Smad2/3 phosphorylation
in vitro

We also assessed the capacity of SKLB023 to inhibit the iNOS
expression of LX-2 by western blot analysis. As shown in Fig. 6,
the protein expression of iNOS was signicantly inhibited by
SKLB023 in a dose-dependent manner.

It is well-known that TGF-b1 is a major cytokine that induces
the activation of HSCs via the activation of Smad2/3.23 To
further explore the mechanism underlying the antibrotic
effect of SKLB023, the TGF-b1-induced activation of Smad2/3
was evaluated in LX-2. As shown in Fig. 6, exposure to TGF-b1
resulted in the signicant upregulation of Smad2/3 phosphor-
ylation compared to the control. SKLB023 treatment attenuated
This journal is © The Royal Society of Chemistry 2018
the expression of TGF-b1-induced Smad2/3 phosphorylation in
a dose-dependent manner.

Conclusions

NASH is a progressive form of NAFLD. Unlike simple steatosis,
NASH is characterized by hepatocellular injury accompanied by
steatosis, inammation and brosis. Although factors that
might forecast the progression of NAFLD have not been clearly
established, considerable studies have focused on the idea that
initial brosis severity might be one of the most key prognostic
factors. Therefore, preventing and treating liver brosis might
be an optimal treatment for NAFLD. In this study, SKLB023,
a potent small-molecule iNOS inhibitor, was conrmed to
improve the progression of liver brosis. SKLB023 suppressed
the activation of the TGF-b/Smad signaling pathway by blocking
iNOS expression to attenuate liver brosis in MCD diet-induced
mice. These data suggest that SKLB023 is a novel and potential
therapeutic strategy for antibrotic intervention of NASH.
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