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A B S T R A C T

Scoparone, a naturally-occurring, bioactive compound isolated from the Chinese herb Artemisia capillaria, has
been shown to ameliorate hepatotoxicity and cholestasis in liver diseases. However, the pharmacological effect
of scoparone in non-alcoholic steatohepatitis (NASH) has not been elucidated. In this study, we investigated the
protective effects and mechanisms of scoparone in NASH. In vivo, the NASH model was established in mice fed a
methionine and choline-deficient (MCD) diet for 4weeks, with or without simultaneous scoparone treatment. In
vitro, RAW264.7 cells induced by lipopolysaccharide (LPS) were pretreated with or without different con-
centrations of scoparone. Hepatic triglycerides and serum AST and ALT levels were examined by biochemical
assays. Hepatic histology was assessed by H&E, oil red O and Masson's trichrome staining methods, which were
applied to analyze the protective effects of scoparone in NASH. To further explore the underlying mechanism of
scoparone, immunohistochemistry, TUNEL, qRT-PCR, and Western blotting assays were applied to liver tissue or
LPS-induced RAW264.7 cells. We found that scoparone can effectively improve hepatic steatosis, apoptosis,
inflammation, and fibrosis in an MCD diet-induced NASH murine model. Mechanistically, we demonstrated that
scoparone treatment alleviates NASH- and lipopolysaccharide (LPS)-induced immune responses in macrophages
partly by blocking TLR-4/NF-κB signaling in a dose-dependent manner. Taken together, our results present the
potential protective effects and mechanism of scoparone in NASH, suggesting a potentially beneficial drug
treatment for NASH.

1. Introduction

With the current epidemic of obesity and diabetes, the morbidity of
nonalcoholic fatty liver disease (NAFLD) is steadily increasing, and
NAFLD is emerging as the most prevalent chronic liver disease world-
wide [1]. NAFLD is defined as a clinicopathological syndrome, ranging
from non-alcoholic fatty liver (NAFL) to nonalcoholic steatohepatitis
(NASH), which is characterized by the appearance of lobular in-
flammation, hepatocyte ballooning and apoptosis, with or without fi-
brosis. As the progressive inflexion of worsening NAFLD, NASH can
lead to cirrhosis and hepatocellular carcinoma (HCC) and increased
mortality [2–4]. According to the “parallel, multiple-hit” hypothesis,
the progression from NAFL to NASH is the consequence of multiple
interactive factors, such as insulin resistance, lipotoxicity, oxidative
stress, endoplasmic reticulum stress (ERS) and endotoxin from gut
microbiota. Although these pathogenic molecular events, which con-
verge on intracellular inflammatory signaling, may be potential

therapeutic targets, there is still no effective pharmacologic treatment
approved for NASH [5–9]. Therefore, there is an urgent need to find
effective therapies to counteract NASH progression.

Inflammatory responses and accompanying fibrosis are key de-
terminants of the long-term prognosis of NASH. Inflammatory cytokines
and chemokines secreted by liver tissue are upregulated in NASH and
then further recruit mononuclear macrophages of peripheral blood,
initiating a cascade of immune responses. The polarization of macro-
phages toward a pro-inflammatory M1 phenotype is an important
contribution to the progression of NASH [49]. As a classical inducer of
macrophage activation and inflammation, serum lipopolysaccharide
(LPS) is elevated due to intestinal microbiota dysbiosis in NASH pa-
tients [11]. Toll-like receptor 4 (TLR4), a pattern recognition receptor,
recognizes LPS, which, in turn, recruits adaptor protein myeloid dif-
ferentiation primary response gene 88 (MyD88) and activates down-
stream pro-inflammatory transcription factor nuclear factor-kappa B
(NF-κB) [5,6,12]. In addition, upon continuous liver inflammation
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injury, hepatic stellate cells (HSCs) are activated to be the central factor
causing hepatic fibrosis [6]. Therefore, drugs targeting the TLR4/
MyD88/NF-κB signaling pathway may be a potential therapy for NASH.

Scoparone (6,7-Dimethoxycoumarin,molecular formula,
C11H10O4, Fig. S1), a naturally-occurring bioactive compound isolated
from the Chinese herb Artemisia capillaris Thunb (also known as
Yinchenhao), has multiple pharmacological properties, including anti-
allergenic, hypolipidemic, anti-hypertensive, anti-inflammatory and
anti-tumor properties [13–17]. In China, Yinchenhao has been a classic
potion for 1800 years, traditionally used to treat liver and choleretic
disorders. Currently, it is still applied for the treatment of acute jaun-
dice hepatitis and other liver disease [18]. It was reported that sco-
parone had hepatoprotective effects both on alcoholic-induced hepa-
totoxicity and carbon tetrachloride (CCL4)-induced liver damage in rats
[19–21] by potentiating transactivation of the bile salt export pump
gene (BSEP) both in mice and cultured cells transfected with human
BSEP promoter [22] and by attenuating the activation of HSCs by
suppressing TGF-β/Smad signaling pathway [23]. Importantly, a pre-
vious study on the pharmacokinetics and tissue distribution of sco-
parone in rats indicated that after oral administration, scoparone had
the highest level of distribution in the liver [24]. However, the effects
and underlying molecular mechanisms of scoparone in NASH and
macrophages are unknown.

In the present study, we investigated the effects and potential me-
chanisms of scoparone on methionine and choline deficient (MCD) diet-
induced NASH in mice and RAW264.7 macrophages induced by LPS.
Our results demonstrated that scoparone can improve inflammation,
apoptosis and fibrosis in NASH partly by inhibiting the activation of the
TLR4/NF-κB signaling pathway.

2. Materials and methods

2.1. Reagents and antibodies

Scoparone (HPLC≥98%, CAS number: 120-08-1, endotoxin-free)
was purchased from Dalian Meilun Biology Technology Co. Ltd.
(Dalian, China). Dimethyl sulfoxide (DMSO), LPS from E. coli 0111:b4
(cat. no.L2630), and corn oil were obtained from Sigma-Aldrich (Merck
KGaA, Darmstadt, Germany). Dulbecco's modified Eagle's medium
(DMEM) and fetal bovine serum (FBS) were purchased from Gibco
(Thermo Fisher Scientific, Inc., Waltham, MA, USA). Information on the
primary antibodies is shown in Table S1. Secondary antibodies labeled
with horseradish peroxidase (HRP, Western blot) were purchased from
Antgene Biotechnology Co., Ltd. (Wuhan, China). For the animal ex-
periments, scoparone was dissolved in 10% DMSO diluted with corn oil
immediately before intraperitoneal injection in mice. For the cellular
experiments, scoparone (200mM) was dissolved in DMSO stored at
−20 °C and diluted in culture medium with a final concentration of
0.1% DMSO.

2.2. Animals and treatments

C57BL/6 mice (male, 6-week-old, 18–20 g) and an MCD diet (cat.
no.H10401) were purchased from Huafukang Bioscience Co. Inc.
(Beijing, China). The mice were housed in a standard 12 h light/dark
cycle environment with controlled temperature (22 ± 2 °C) and hu-
midity (40%–60%) and received food and drinking water ad libitum in
specific pathogen-free (SPF) laboratory animal rooms. After an accli-
matization period of one week, mice were randomly divided into six
groups (n=6/group)with daily intraperitoneal injection as follows: (1)
Chow diet group (CD): mice were fed a chow diet treated with vehicle
(10% DMSO in corn oil, which was reported to be suitable for in vivo
usage in mice [25,26]); (2) Scoparone group (SC): mice were fed a chow
mice diet treated with80 mg/kg scoparone; (3) MCD diet group (MCD):
mice were fed an MCD diet treated with vehicle; (4) Low-dose sco-
parone (SC-L): mice were fed an MCD diet treated with 20mg/kg

scoparone; (5) Middle-dose scoparone group (SC-M): mice were fed an
MCD diet treated with 40mg/kg scoparone; (6) High-dose scoparone
(SC-H): mice were fed an MCD diet treated with 20mg/kg scoparone.
The scoparone dosing strategies were designed according to previous
studies with minor modifications [19,20,24]. The mice were weighed
once a week and given the same volume of vehicle in the above men-
tioned groups for 4 weeks. Then, mice were sacrificed under chloral
hydrate after an overnight fast. The fresh liver tissues were collected
and stored at −80 °C for molecular biological assays. The serums were
isolated from heart blood samples by centrifugation at 3000×g for
15min at 4 °C for the detection of serum transaminase. In addition, the
partial hepatic tissues were fixed with 4% paraformaldehyde for his-
tological examination. The animal study described above was approved
by the Animal Research Ethics Committee of Tongji Medical College,
Huazhong University of Science and Technology.

2.3. Cell culture and treatments

RAW264.7 cells (mouse mononuclear macrophage line) were cul-
tured in DMEM medium supplemented with 10% FBS and incubated at
37 °C in a humid atmosphere containing 5% CO2. Cells were gently
scraped for passage with a cell scraper and maintained healthy growth
in the logarithmic phase. RAW264.7 cells were pretreated with sco-
parone with progressive concentrations (25, 50, 100, and 200 μM) for
2 h and then incubated with LPS (1 μg/ml) for an additional 16 h. Cells
in all wells were treated with an equal volume of 0.1% DMSO, which
also served as a control.

2.4. Biochemical assays: liver TG and serum ALT and AST

The mouse serum levels of alanine aminotransferase (ALT) and as-
partate aminotransferase (AST) were measured using commercial re-
agent kits by the microplate method, according to the manufacturer's
instructions. The liver triglyceride (TG) levels of mice were measured
using reagent kits by an enzymatic colorimetric method, according to
the instructions. These reagent kits were obtained from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China).

2.5. H&E and oil red O staining analysis

Liver tissues were fixed in 4% paraformaldehyde, embedded in
paraffin, sectioned into 4 μm slices and stained with hematoxylin and
eosin (H&E). Histological scoring of the liver lesions was evaluated by
NAFLD activity score (NAS), which was calculated as the unweighted
sum of the scores for steatosis (0–3), lobular inflammation (0–3), and
ballooning (0–2), and ranged from 0 to 8. Liver tissue samples with
scores ≥5 were diagnosed as “NASH”, and samples with scores ≤2
were diagnosed as “not NASH” [27,28]. For oil red O staining, 8-μm-
thick frozen liver sections were fixed in 4% paraformaldehyde for
10min, washed with deionized water 3 times and stained with oil red O
working solution (Sigma-Aldrich) for 10min at room temperature,
washed in deionized water and stained with hematoxylin.

2.6. Immunohistochemistry analyses

Paraffin-embedded liver sections (4 μm thick) were dewaxed and
sequentially incubated with anti-F4/80 and anti-a-SMA primary anti-
bodies and biotinylated secondary antibody (Proteintech, Wuhan,
China). Positive staining was detected by using DAB chromogenic
agent, and then all sections were counterstained with hematoxylin. For
quantification of the positive staining area, five random fields were
selected from each stained section and analyzed using Image J V1.8.0
software (National Institute of Health).
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Fig. 1. Scoparone attenuates liver steatosis and injury in mice induced by an MCD diet. Mice were divided into six groups (CD, SC, MCD, SC-L, SC-M, SC-H) and
treated as described in “2.2 Animals and treatments”. (A–B) Representative images of H&E staining and oil red O staining from each group. (C) The histological NAS
of steatosis, hepatocyte ballooning and lobular inflammation. (D) The ratio of liver/body weight. (E) The curve of the body weight of the mice during feeding. (F-H)
Serum levels of ALT, AST and hepatic TG content. (I–J) The mRNA levels of ACC1, FASN, SREBP-1c, SCD1, PPARa and CPT1a were determined by qRT-PCR in mouse
liver samples. n= 5–6 mice/group. Data are shown as the mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001 vs CD group; #p < 0.05, ##p < 0.01,
###p < 0.001 vs MCD group.
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2.7. Masson and TUNEL assays

Paraffin-embedded liver tissues were sliced into 4 μm-thick sections
and stained with Masson's trichrome. In brief, liver sections were de-
waxed and then stained nuclei with hematoxylin; cytoplasm was
stained with a mix of xylidine ponceau and acid fuchsin; and collagen
fiber was stained with anilin blue. To quantify the blue staining area of
collagen fiber, five random fields were selected from each stained
section and analyzed using Image J software. Apoptosis was detected by
terminal deoxynucleotidyl transferase-mediated dUTP nick-end la-
beling (TUNEL) assay, and liver paraffin sections were obtained ac-
cording to the instructions of the In Situ Cell Death Detection kit (Roche
Diagnostics GmbH, Mannheim, Germany). Images were acquired on an
optical microscope at 40× magnification. TUNEL-positive nuclei of five
random fields per section were counted by Image J V1.8.0 software
(National Institute of Health).

2.8. Cell proliferation assay

Cell proliferation was measured using cell counting kit-8 (CCK-8)
(Dojindo Chemical Technology Co., Ltd. Shanghai, China). In brief,
RAW264.7 cells were seeded into 96-well plates at a density of 1×105

cells/ml and cultured for 24 h. Then, the cells were treated with various
concentrations of scoparone (25, 50,100, 200, 400 μΜ) or an equal
volume of DMSO for 24 h. In the LPS-intervention groups, cells were
pretreated with scoparone (25, 50, 100, and 200 μM) for 2 h and ex-
posed to LPS (1 μg/ml) for an additional 16 h. Then, 10 μl of CCK-8
reagent was added to each well and incubated with cells for 2 h in a
37 °C incubator. The absorbance was assessed at 450 nm using a mi-
croplate reader (BioTek Instruments, Inc., Winooski, VT, USA).

2.9. Protein extraction and Western blot assay

Protein extraction and Western blot were performed as described
previously [29]. In brief, total protein samples were extracted by
treating liver tissues or cells with RIPA lysis buffer and protease in-
hibitor cocktail tablets, and protein concentrations were measured.
Denatured proteins were separated by SDS-PAGE and transferred to

polyvinylidene difluoride (PVDF) membranes (Millipore Corp., Bill-
erica, MA, USA). The membranes were blocked and incubated with
specific primary antibodies (Table S1) overnight at 4 °C. Then, the
membranes were incubated with secondary antibodies, and im-
munoreactive protein bands were visualized with the enhanced che-
miluminescence (ECL) kit (Beyotime, China).

2.10. RNA extraction and quantitative real-time PCR

Total RNA from RAW264.7 cells and liver tissues was isolated with
RNAiso Plus reagent and reverse transcribed to cDNA using a
PrimeScript™ RT Master Mix according to the manufacturer's protocol
(Takara Biomedical Technology Co. Ltd., Beijing, China). The sequences
of the primers are listed in Table S2.Quantitative real-time polymerase
chain reaction (qRT-PCR) was performed with SYBR Premix Ex Taq™
(Takara, China)using the LightCycler 480 Software (Roche Diagnostics
GmbH, Mannheim, Germany). The qRT-PCR cycling parameters were
95 °C for 5min, followed by40 cycles of 95 °C for 5 s and 60 °C for 30 s.
The relative expression levels were calculated by the 2−ΔΔCt method
using GAPDH as a control.

2.11. Statistical analysis

Statistical analysis was performed with GraphPad Prism
7(GraphPad Software Inc., La Jolla, CA, USA). Statistical differences
between data of multiple groups were analyzed by one-way analysis of
variance (ANOVA). Numerical data are presented as the mean ±
standard deviation (SD). P < 0.05 was considered statistically sig-
nificant.

3. Results

3.1. Scoparone attenuates MCD-induced liver steatosis and injury in mice

To investigate the potential effect of scoparone on NASH, C57BL/6
mice were fed either a CD or MCD diet for 4 weeks. As expected, MCD-
induced mice exhibited a significant reduction in body weight and a
higher ratio of liver/body weight, while scoparone treatment reduced

Fig. 2. Scoparone reduces hepatocyte apoptosis induced by an MCD diet in mice. (A) Representative images of the TUNEL assay from each group. (B) Quantification
of the apoptotic index is shown by the percentage of TUNEL-positive cells (brown nucleus) in liver sections. (C–D) The protein levels of cleaved-caspase-3 and
caspase-3 were evaluated by Western blot in liver samples. n=5/group. Data are shown as the mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001 vs CD group;
#p < 0.05, ## p < 0.01, ###p < 0.001 vs MCD group. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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the liver/body weight ratio (Fig. 1D, E).
Histological H&E and oil red O staining showed that the MCD diet

triggered obvious hepatic macrovesicular steatosis and inflammatory
cell infiltration in mice compared with CD-fed mice. However, sco-
parone treatment ameliorated the number and size of lipid droplets,
inflammatory foci (Fig. 1A, B) and hepatic TG content (Fig. 1H). In
addition, the increased NAFLD activity score (NAS), calculated by
steatosis, hepatocyte ballooning and lobular inflammation, was sig-
nificantly decreased by scoparone supplementation according to his-
tological evaluation of the liver (Fig. 1C). Consistent with the histologic
findings, distinct hepatocyte damage, reflected by increased serum ALT
and AST levels, was also induced by the MCD diet. However, scoparone
treatment significantly reduced the increased levels of ALT and AST in a
dose-dependent manner in MCD-induced mice (Fig. 1F, G). Notably,
there were no obvious changes in hepatic histology and serum transa-
minase levels in scoparone (80mg/kg)-treated mice fed a chow diet (SC

group), suggesting that scoparone has no obvious side effects of hepa-
totoxicity in normal mice.

We next examined the possible mechanism of scoparone in lipid
metabolism. Despite no effect on lipid synthesis genes, SREBP-1c,
AAC1, FASN and SCD1, scoparone intervention markedly reversed the
expression of hepatic genes in fatty acid (FA) β-oxidation, PPARα, and
the downstream target gene CPT1a, which was inhibited by the MCD
diet in mice (Fig. 1I, J).

3.2. Scoparone reduces hepatocyte apoptosis induced by an MCD diet in
mice

Next, we explored the potential mechanism of scoparone in im-
proving hepatic injury. A previous study demonstrated that enhanced
hepatocyte apoptosis is a key mechanism accelerating inflammation
and fibrogenesis in NASH [30]. Here, we investigated the effect of

Fig. 3. Scoparone relieves inflammation induced by an MCD diet in mice. (A) Representative images of F4/80 immunohistochemical (IHC) staining in liver samples.
(B) Quantification of F4/80 IHC-positive staining area is shown (n=5 mice/group). (C–D) The protein levels of IL-1β were evaluated by Western blot in liver
samples (n= 5/group). (E–J) The mRNA levels of the pro-inflammatory cytokines IL-1β, MCP-1, TNF-α, F4/80, and iNOS were determined by qRT-PCR in mouse
liver samples (n= 5–6 mice/group). (K-M) The mRNA levels of the anti-inflammatory cytokines IL-10, Arg1 and IL-1RA were determined by qRT-PCR in mouse liver
samples (n=5–6 mice/group). Data are shown as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 vs CD group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs
MCD group.
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scoparone on inhibiting hepatocyte apoptosis by TUNEL assay and
determined the cleaved caspase-3 expression. A markedly increased
percentage of TUNEL-positive cells induced by the MCD diet was ob-
served, but it was significantly decreased in mice administered sco-
parone (Fig. 2A, B). A similar trend was observed in the hepatic ex-
pression of cleaved-caspase-3, a major terminal shear enzyme in
apoptosis (Fig. 2C, D).

3.3. Scoparone relieves inflammation of MCD-induced NASH in mice

It is well acknowledged that the accumulation of macrophages, in-
cluding local Kupffer cells and circulating monocyte-derived macro-
phages, and the overproduction of pro-inflammatory cytokines are vital
pathological characteristics of NASH [31]. Consistent with the histo-
pathological signs of inflammation in NASH, we found that the ex-
pression of F4/80, a marker of macrophage infiltration, was sig-
nificantly upregulated in MCD-fed mice, while its expression was
markedly downregulated in MCD-fed mice supplemented with

Fig. 4. Scoparone ameliorates fibrosis induced by an MCD diet in mice. (A, C) Representative images of Masson trichrome staining in liver sections (A) and
quantification of collagen fiber staining (blue staining area) (C) (n= 5 mice/group). (B, D) Representative images of immunohistochemical (IHC) staining of a-SMA
in the indicated groups (B) and quantification of a-SMA IHC-positive staining area (D) (n=5 mice/group). (E–H) The mRNA levels of a-SMA, TGF-β1 and CTGF were
determined by qRT-PCR in mouse liver samples (n= 5–6 mice/group). Data are shown as the mean ± SD, ***p < 0.001 vs CD group; #p < 0.05, ##p < 0.01,
###p < 0.001 vs MCD group. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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scoparone (Fig. 3A–C). We also found that the hepatic mRNA levels of
pro-inflammatory cytokines MCP-1, TNF-α, IL-6, IL-1β and iNOS were
obviously increased in mice fed the MCD diet but reduced by treatment
with scoparone in a dose-dependent manner (Fig. 3F–I). Corresponding
to these results, the decreased expression of anti-inflammatory cyto-
kines IL-10, Arg1 and IL-1RA in MCD-fed mice was upregulated by
scoparone treatment (Fig. 3K–M). The downregulation of IL-1β ex-
pression levels by scoparone treatment was also demonstrated by
Western blot assay (Fig. 3D, E).

3.4. Scoparone ameliorates NASH-related fibrosis induced by an MCD diet
in mice

To further investigate the effects of MCD diet and scoparone on fi-
brosis in mice, histological assays with Masson trichrome staining and

immunostaining of a-SMA were performed. As expected, the mice fed
the MCD diet showed collagen deposition by Masson trichrome
staining. However, scoparone treatment significantly reduced collagen
deposition (Fig. 4A, C). Consistently, the increases in positive im-
munostaining of a-SMA, a marker of activated HSCs, were suppressed in
MCD-fed mice treated with scoparone (Fig. 4B, D). Additionally, the
hepatic mRNA expression of pro-fibrotic markers α-SMA, COL1A1 TGF-
β1 and CTGF was enhanced in MCD diet-fed mice and attenuated by
scoparone treatment (Fig. 4E–H).

3.5. Scoparone blocks the hepatic TLR4/NF-κB signaling pathway in mice
with NASH induced by an MCD diet

We next explored the underlying molecular mechanism of the pro-
tective effects of scoparone on MCD-induced NASH. TLR4/NF-κB

Fig. 5. Scoparone blocks the TLR4/NF-κB signaling pathway in the liver of mice with NASH induced by an MCD diet. (A–B) The protein levels of MyD88 and TLR4
were evaluated by Western blot in liver samples from the indicated groups. (C–D) The protein levels of total p65, phosphorylated p65 and IκBα were evaluated by
Western blot in liver samples. n=5 mice/group. Data are shown as the mean ± SD, **p < 0.01 vs CD group; #p < 0.05, ## p < 0.01 vs MCD group.

Fig. 6. Effects of scoparone on cell proliferation in RAW264.7 cells. (A) Cells were treated with the indicated concentrations of scoparone or an equal volume of
DMSO for 24 h. (B) Cells were pretreated with the indicated concentrations of scoparone or an equal volume of DMSO for 2 h and then exposed to LPS (1 μg/ml) for
16 h. *p < 0.05, **p < 0.01 vs DMSO group; #p < 0.05, ##p < 0.01 vs DMSO + LPS group.
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signaling is known to be a critical factor in the pathogenesis of NASH in
both damaged hepatocytes and activated hepatic macrophages [32].
We presumed that scoparone might play an anti-inflammatory role by
inhibiting the TLR4/NF-κB pathway. As shown in Fig. 5, in the liver of
mice, the MCD diet upregulated the protein expression of TLR4 and
MyD88 and enhanced the phosphorylation of downstream NF-κB, but
treatment with scoparone blocked those increase.

3.6. The effect of scoparone on cell proliferation of RAW264.7 mouse
macrophages

The process of NASH development is accelerated due to activation
of monocyte-derived macrophages in the liver, which are implicated in
a secondary inflammatory response, and inhibition of monocyte mac-
rophage recruitment could reduce steatohepatitis [33]. Thus, we next
determined whether scoparone had an anti-inflammatory effect on ac-
tivated RAW264.7 mouse macrophages and the underlying mechanism.
First, we performed a CCK-8 assay to examine the effect of scoparone on
cytotoxicity and proliferation in RAW264.7 cells. We observed that

scoparone at concentrations of> 200 μM exhibited no cytotoxic effect
on untreated macrophages (Fig. 6A). Therefore, we decided to choose
the optimal concentrations of 25, 50, 100 and 200 μM scoparone for
pretreatment in the following experiments. In addition, the prolifera-
tion of RAW264.7 cells markedly increased by LPS, which was appar-
ently inhibited by scoparone supplementation (Fig. 6B). Hence, we
surmised that scoparone repressed LPS-induced activation of
RAW264.7 macrophages.

3.7. Scoparone inhibits the generation of pro-inflammatory cytokines in
RAW264.7 cells with activation induced by LPS

Liver macrophages could tilt polarization toward anti-inflammatory
M2 phenotype or pro-inflammatory M1 phenotype in the process of
NAFLD [34][49]. To demonstrate the effect of scoparone on macro-
phage polarization, we further investigated the expression of in-
flammatory mediators. Similar to the results in vitro, the mRNA levels
of pro-inflammatory cytokines and chemokines, MCP-1, TNF-α, iNOS,
F4/80, IL-1β and IL-6 were increased in RAW264.7 cells incubated with

Fig. 7. Scoparone inhibits the expression of proinflammatory cytokines in RAW264.7 cells stimulated by LPS. (A–F) The mRNA levels of MCP-1, TNF-α, iNOS, F4/80,
IL-1β, and IL-6 were determined by qRT-PCR in RAW264.7 cells. (G–H) The protein levels of IL-1β and ICAM1 were evaluated by Western blot in RAW264.7 cells.
Data are from at least three independent experiments and shown as the mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.001 vs DMSO group; #p < 0.05,
##p < 0.01, ###p < 0.001 vs DMSO+LPS group.
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LPS, which indicates the M1 polarization of macrophages. The mRNA
levels of these inflammatory mediators were significantly inhibited by
scoparone pretreatment in a dose-dependent manner (Fig. 7A–F). Ad-
ditionally, the downregulation of intercellular adhesion molecule 1
(ICAM1) and IL-1β by scoparone pretreatment was also confirmed by
Western blot assay in LPS-treated RAW264.7 cells (Fig. 7G, H). The
present results suggest that scoparone could markedly repress LPS-in-
duced macrophage pro-inflammatory M1 polarization and thus be
beneficial in ameliorating NASH.

3.8. Scoparone suppresses the TLR4/NFκB signaling pathway in RAW264.7
cells with activation induced by LPS

Considering the important relationship between LPS and the TLR4/
NF-κB signaling pathway, we presumed that scoparone may attenuate
pro-inflammatory cytokines by inhibiting the TLR4/NF-κB signaling
pathway in LPS-induced macrophages. As shown in Fig. 8, our results
are supported by the Western blot assay. The increased protein levels of
TLR4 and MyD88 and the activity of downstream phosphorylated NF-
κB stimulated by LPS were blocked by cotreatment with scoparone in
RAW264.7 cells. All of these effects of scoparone in RAW264.7 cells
were dose-dependent.

4. Discussion

NASH has become the major reason for chronic liver disease around
the world. However, a large number of NASH patients are left with no
effective treatment. In the current study, for the first time, we de-
monstrate that scoparone treatment modulates key events, including
steatosis, hepatocyte apoptosis, inflammation, and fibrosis, in the pa-
thogenesis of NASH in MCD-induced mice without obvious side effects.
Our study also shows that the anti-inflammatory effect of scoparone is
partly mediated by inhibiting the TLR4/NF-κB signaling pathway both

in mice fed an MCD diet and in LPS-induced RAW264.7 macrophages.
In terms of the experimental model, mice fed the MCD diet rapidly

developed clinicopathologic features of the progression from NAFL to
NASH, such as severe inflammation, oxidative stress, apoptosis, and
fibrogenesis [35,36]. Primarily, pathohistological features, the only
gold standard for diagnosis of NASH, and serum transaminase were
improved by scoparone treatment in mice fed the MCD diet. In the
progression of NASH, lipid accumulation and impaired mitochondrial
β-oxidation in the liver can lead to oxidative stress and then induce
inflammatory responses and HSC activation [36]. Activation of PPARα-
mediated FA β-oxidation and suppression of SREBP-1c-mediated lipo-
genesis are significant targets for NASH therapy [9]. Previously, sco-
parone was shown to inhibit TG accumulation in mature adipocytes and
alcohol-induced changes in lipid metabolism in the primary hepato-
cytes of rats [20,37]. Consistent with those results, in the NASH mouse
model induced by an MCD diet, we found that scoparone reduced he-
patic lipid accumulation and reversed the decreased PPARα expression
and its downstream gene CPT1a, which is involved in FA oxidation.
However, no obvious change in the gene expression of lipogenesis
(SREBP-1c and its target genes FASN and ACC1) was observed fol-
lowing scoparone treatment in the present study. This probably at-
tributed to the mechanism of the MCD model, in which lipids are de-
posited in the liver due to impaired production and secretion of very
low-density lipoprotein (VLDL) rather than increased lipogenesis [35].
According to the multiple-hit hypothesis, alleviation of hepatic steatosis
by scoparone treatment is likely due to the suppression of hepatic
oxidative stress, apoptosis and inflammation.

It has been proven that hepatocellular apoptosis is a critical me-
chanism that contributes to hepatic inflammation and fibrogenesis in
NASH [30]. In the current study, we showed that scoparone treatment
obviously lowered the amount of TUNEL-positive cells in liver tissue
and inhibited the protein level of cleaved caspase-3. These results
suggest that scoparone can ameliorate hepatocellular apoptosis

Fig. 8. Scoparone suppresses the TLR4/NF-κB signaling pathway in RAW264.7 cells stimulated by LPS. (A–D) The protein levels of MyD88, TLR4, IκBα, total p65 and
phosphorylated p65 were evaluated by Western blot in RAW264.7 cells. Data are from at least three independent experiments and shown as the mean ± SD;
**p < 0.01, ***p < 0.001 vs DMSO group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs DMSO+LPS group.
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resulting from MCD diet-induced NASH in mice.
In addition, it is well known that mice fed an MCD diet exhibit

enhanced inflammation by activation of NF-κB and concomitantly in-
creased pro-inflammatory factors and chemokines and infiltration of
activated macrophages into the liver [36]. NF-κB is a master regulator
of the inflammatory response to hepatic injury in NASH. Furthermore,
it has been well demonstrated that the TLR4/NF-κB signaling pathway
activated by gut-derived LPS contributes to NASH progression by
causing inflammatory liver damage [5,6,12]. Unsurprisingly, inhibition
of NF-κB activation has been proven to exert therapeutic effects in
several mouse models of NASH [38,39]. Recently, it was reported that
scoparone could suppress the inflammatory response in LPS-simulated
BV-2 microglial cells by inhibiting the IRF3/ERK signaling pathway and
in IL-1b-induced human osteoarthritis chondrocytes through the PI3K/
Akt/NF-kB signaling pathway [15,16]. Additionally, the study has
previously stated that scoparone treatment inhibited the expression of
TNF-a, IL-1b, IL-6, iNOS and COX-2 and prevented the production of
NO and PGE2 in RAW264.7 cells stimulated by LPS; however, the exact
molecular mechanisms remain under investigated [33]. In the current
study, we detected that scoparone was capable of reducing serum
transaminase, hepatic inflammation score and macrophage infiltration,
which were elevated in mice fed an MCD diet. Specifically, scoparone
attenuated the increased expression levels of pro-inflammatory med-
iators and the activation of the TLR4/MYD88/NF-κB signaling pathway
in a dose-dependent manner in both liver tissue from MCD diet-induced
NASH mice and LPS-stimulated RAW264.7 cells. These results suggest
that scoparone has a potent anti-inflammatory effect on inflammatory
models partly through the TLR4/NF-κB signaling pathway in vitro and
in vivo. Moreover, infiltrating hepatic macrophages secrete pro-in-
flammatory cytokines such as IL-1β and TNF that perpetuate

parenchymal damage by inducing apoptosis and encourage the pro-
gression of chronic liver injury and fibrosis through TGF-β/PDGF-
mediated HSC transdifferentiation and proliferation [31,40].

Hepatic fibrosis, a reversible condition that puts a patient at great
risk for cirrhosis, is a key histopathological feature in progressive NASH
patients. HSC activation plays a critical role in liver fibrosis [6]. Re-
cently, it was reported that scoparone could attenuate the proliferation
and activation of TGF-β1-stimulated HSC-T6 cells by inhibiting the
TGF-β/Smad signaling pathway [23]. Consistently, our current study
indicates that scoparone ameliorates hepatic collagen deposition and
the expression of profibrotic growth factors in liver tissue of mice fed an
MCD diet. Thus, these results suggest that scoparone protects against
NASH-related fibrosis by inhibiting HSC activation.

With the continued increase of theoretical and clinical studies of
traditional Chinese medicine (TCM), Chinese herbal medicine is emer-
ging with potential drug treatments for liver diseases [41]. Many nat-
ural herbal medicines have been demonstrated to be beneficial for
improving NAFLD, such as silibinin, polydatin, cangju qinggan jiangzhi
decoction and baicalin [42–45]. Silibinin, which modulates lipid
homeostasis and is anti-inflammatory and anti-fibrotic for NASH
[42,46,47], is suggested for clinical treatment of NASH in China [48].
As stated above, we first show the anti-inflammatory and hepatopro-
tective effects of scoparone on mice fed an MCD diet, suggesting that
scoparone is a potentially beneficial drug for NASH (Fig. 9). Further
studies of scoparone still need to be carried out to determine its clinical
applications in the future.

Mice fed an MCD diet are considered a well-established NASH
model with increased serum aminotransferase and hepatic histopatho-
logical features similar to human NASH, which is characterized by
steatosis, hepatocyte ballooning and apoptosis, inflammation and

Fig. 9. Schematic representation illustrating the mechanism of scoparone in the improvement of NASH. Scoparone is a naturally-occurring bioactive compound
isolated from Artemisia capillaria. Scoparone improves inflammation, apoptosis and fibrosis of NASH induced by an MCD diet in mice by inhibiting the TLR4/NF-κB
pathway.
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fibrosis. Nevertheless, a major disadvantage of this model is that the
metabolic profile is opposite to that normally observed in NASH pa-
tients, such as weight loss instead of obesity, lack of peripheral insulin
resistance, and reductions in plasma triglyceride and cholesterol levels
instead of increases in these levels [36].Therefore, further investiga-
tions in high-fat and high-fructose models need to be carried out to
confirm whether scoparone plays a protective role in obesity-induced
NASH.

In summary, in the present study, we demonstrated that scoparone,
isolated from the Chinese herb Artemisia capillaria, improved liver
steatosis, inflammation, apoptosis and fibrosis of NASH in MCD-fed
mice. In addition, we found that scoparone plays an anti-inflammatory
role in both the NASH murine model and LPS-induced RAW264.7 cells
partly through the TLR4/NF-κB signaling pathway. Our present study
suggests that scoparone may be a promising agent for the treatment of
NASH.
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