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ARTICLE INFO ABSTRACT

Keywords: Proliferation and differentiation of hepatic stellate cells (HSCs) are the most noticeable events in hepatic fibrosis,

ATGL in which the loss of lipid droplets (LDs) is the most important feature. However, the complex mechanisms of LD

Hepatic stellate cell disappearance have not been fully elucidated. In the current study, we investigated whether oroxylin A has the

Lipid droplet pharmacological activity of reversing LDs in activated HSCs, and further examined its potential molecular

gg;’(yhn A mechanisms. Using genetic, pharmacological, and molecular biological measure, we found that LD content
significantly decreased during HSC activation, whereas oroxylin A markedly reversed LD content in activated
HSCs. Interestingly, oroxylin A treatment observably decreased the expression of adipose triglyceride lipase
(ATGL) without large differences in classical LD synthesis pathway, LD-related transcription factors, and au-
tophagy pathway. ATGL overexpression could completely impair the effect of oroxylin A on reversing LD con-
tent. Importantly, reactive oxygen species (ROS) signaling pathway mediated oroxylin A-induced ATGL down-
regulation and LD revision in activated HSCs. ROS specific stimulant buthionine sulfoximine (BSO) could
dramatically diminish the antioxidant effect of oroxylin A, and in turn, abolish reversal effect of oroxylin A on LD
content. Conversely, ROS specific scavenger N-acetyl cystenine (NAC) can significantly enhance the pharma-
cological effect of oroxylin A on LD revision. Taken together, our study reveals the important molecular me-
chanism of anti-fibrosis effect of oroxylin A, and also suggests that ROS-ATGL pathway is a potential target for
reversing LDs.

1. Introduction

Hepatic fibrosis is a complex compensatory response, which is the
only way for all chronic liver diseases to develop into cirrhosis [1-3]. If
not diagnosed and detected in time, it will destroy normal liver struc-
ture and affect normal liver function, finally culminating in cirrhosis
and hepatocellular carcinoma (HCC) [4-6]. It is universally agreed that
proliferation and differentiation of hepatic stellate cells (HSCs) are the
most noticeable events in hepatic fibrosis, in which the loss of lipid
droplets (LDs) is the most important feature [7]. In normal physiolo-
gical state, HSCs in normal liver contain large amounts of LDs in the
cytoplasm, which is also the main reason why HSCs are called fat sto-
rage cells [8]. In abnormal pathological state, various injury factors

stimulate HSCs to proliferate, in which HSCs lose their LDs and over-
synthesize extracellular matrix (ECM) that triggers lesion in hepatic
architecture [8]. Of note, it has been confirmed that the components of
HSC LDs mainly include retinol, triglyceride and cholesterol [9]. Fatty
acid is the metabolite of LDs, which can produce ATP by beta oxidation
[10]. Many studies suggested that the loss of LDs is an important energy
source for HSC activation [11-13]. Therefore, blocking LD metabolism
could inhibit HSC activation by cutting off energy supply [14]. How-
ever, although LD disappearance of HSCs has attracted concerns of
numerous scholars, the underlying molecular mechanisms are largely
unknown.

It is well known that LD metabolism involves many signaling
pathways including the classical LD synthesis pathway [15], LD
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degradation pathway [16], LD-related transcription factors [17], and
recently discovered non-classical autophagy pathway [18]. The synth-
esis and degradation pathways of LDs are mainly involved in classical
cytoplasmic short-term regulation, whereas LD-related transcription
factors serve as an important role in long-term regulation in the nucleus
[19]. Noteworthy, autophagy is a cellular protective mechanism against
various extreme environments, which is closely related to various
physiological and pathological processes [20]. However, it is used to be
thought that autophagy is not selective for degradation of various in-
tracellular components [21]. Until recently, scholars began to realize
that the concept of autophagy was far beyond the cognitive of the past
academic circles [22]. The recent discovery shows that autophagy re-
presents a more selective process than originally expected, and that
selective autophagy delivers a wide range of autophagic cargo [23].
Revealing molecular mechanism of LD disappearance will provide an
innovative perspective for the diagnosis and prevention of hepatic fi-
brosis.

Oroxylin A (C;16H;1205), extracted from Scutellaria baicalensis Georgi,
is a bioactive flavonoid [24]. Many studies supported that oroxylin A
has a variety of pharmacological functions including anti-oxidant stress
[25], anti-metastasis [26], anti-cell senescence [27], anti-hepatic stea-
tosis [28], anti-inflammation [29], and so on. The evidence related to
the current study is that oroxylin A can ameliorate hepatic fibrosis by
inhibiting HSC activation [30-33]. Chen W et al. reported that induc-
tion of autophagy is necessary for oroxylin A to alleviate carbon tet-
rachloride-induced liver fibrosis and HSC activation [30]. Moreover,
Zhang C et al. showed that the inhibition of YAP/HIF-1a signaling is
required for oroxylin A to inhibit angiogenesis of liver sinusoidal en-
dothelial cell (LSECs) in liver fibrosis [31]. Furthermore, Wang F et al.
revealed that oroxylin A prevents HSC contraction by inhibiting dehy-
drogenase A dependent glycolysis [32]. Besides, Zhu R et al. revealed
that treatment with oroxylin A accelerates liver regeneration in acute
liver injury mice [33]. To our knowledge, few studies have assessed the
effect of oroxylin A on LD turnover in activated HSCs.

In the current study, we found that oroxylin A can alleviate hepatic
fibrosis by reversing LD content of activated HSCs. Further molecular
mechanism studies showed that ROS-dependent adipose triglyceride
lipase (ATGL) downregulation mediates oroxylin A-induced reversion
of LDs. Our study provides experimental evidence for understanding of
the important mechanisms of oroxylin A in anti-hepatic fibrosis.

2. Materials and methods
2.1. Antibodies and reagents

Recombinant mouse platelet derived growth factor-BB (PDGF-BB,
#PMGO0043), dimethyl sulfoxide (DMSO, #D12345), and N-acetyl-L-
cysteine (NAC, #R210250) were obtained from Thermo Fisher
Scientific (Waltham, MA, USA). Oroxylin A (#PHL82615), carbon tet-
rachloride (CCly, #488488), L-Buthionine-sulfoximine (BSO, #B2515),
phosphate buffered saline (PBS, #P5368), and Dulbecco's Modified
Eagle's Medium (DMEM, #D0819) were ordered from Sigma-Aldrich (St
Louis, MO, USA). Trypsin-EDTA (#25200056), fetal bovine serum (FBS,
#10099141), and Opti MEM medium (#31985062) were purchased
from GIBCO BRL (Grand Island, NY, USA). Primary antibody against
ATGL (#ab109251) was bought from Abcam (Cambridge, UK). Anti-
mouse IgG (#7076) and anti-rabbit IgG (#7054) were purchased from
Cell Signaling Technology (Danvers, MA, USA). SLC7A11 siRNA, con-
trol siRNA, ATGL plasmid, control vector, VA-Lip-ATGL-plasmid, and
VA-Lip-Control-vector were obtained from Hanbio (Shanghai, China).
Lipofectamine™ 3000 Transfection Reagent (#L3000008) was ordered
from Thermo Fisher Scientific (Waltham, MA, USA).

2.2. Establishment of animal model and drug treatment scheme

Male C57BL/6 mice were ordered from Nanjing Medical University
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(Nanjing, China) at the age of about 8 weeks. Fifty mice were randomly
divided into five groups on average. According to previous reports
[34-36], 10% CCl, solution (0.5 ml/100 g bodyweight) was used to
establish classical mouse liver fibrosis model. Briefly, mice from control
group were intraperitoneally (i.p.) injected with olive oil of equal vo-
lume as a negative control. Mice from CCly+ VA-Lip-Control-vector
group were i.p. injected with CCl, (every other day for 8 weeks) and
were injected with VA-Lip-Control-vector by tail vein (every two weeks
for 8 weeks). Mice from CCl,+ VA-Lip-Control-vector + oroxylin A
group were i.p. injected with CCl, (every other day for 8 weeks), in-
jected with VA-Lip-Control-vector by tail vein (every two weeks for 8
weeks), and were treated with oroxylin A (20 mg/kg, every day from
the last four weeks). Mice from CCl,+ VA-Lip-ATGL-plasmid group
were i.p. injected with CCl, (every other day for 8 weeks) and were
injected with VA-Lip-ATGL-plasmid by tail vein (every two weeks for 8
weeks). Mice from CCly+ VA-Lip-ATGL-plasmid + oroxylin A group
were i.p. injected with CCl, (every other day for 8 weeks), injected with
VA-Lip-ATGL-plasmid by tail vein (every two weeks for 8 weeks), and
were treated with oroxylin A (20 mg/kg, every day from the last four
weeks). After the experiment, all liver samples were collected com-
pletely. All experimental procedures were approved by the institutional
and local committee on the care and use of animals of Nanjing Uni-
versity of Chinese Medicine (Nanjing, China), and all animals received
humane care according to the National Institutes of Health (USA)
guidelines.

2.3. Histopathological examination

The obtained liver tissue samples were treated with 10% stationary
solution (#G6257, Sigma-Aldrich) for 2 days. Then, the liver tissue was
dehydrated in 70% ethanol for 5 min, 95% ethanol for 5 min two times,
100% ethanol for 15 min three times. Subsequently, these tissue sec-
tions were embedded in molten paraffin and catted into 5-um thick
slices. The sections were stained with hematoxylin and eosin (H&E)
staining, masson staining, and sirius red staining for pathological ex-
amination.

2.4. Isolation and culture of primary HSCs

Primary mouse HSCs were isolated from normal male C57BL/6 mice
according to previous literature reports [34-36]. Isolated HSCs were
cultured in cell culture medium including 90% DMEM, 10% FBS, and
1% antibiotics, and were maintained at 37 °C in a humidified atmo-
sphere of 5% CO, and 95% air.

2.5. Plasmid construction and gene transfection

ATGL plasmid and control vector were used to increase ATGL ex-
pression in vitro, while VA-Lip-ATGL-plasmid and VA-Lip-Control-
vector were used to upregulate ATGL expression in vivo according to
the reported method [34-36]. Real-time PCR was used to further vali-
date the transfection efficiency.

2.6. Detection of LD content by nile red staining

The LD content of HSCs was determined by Nile red staining ac-
cording to previous reports [36]. Briefly, a proper amount of HSCs were
treated with indicated treatments, and then were immobilized with
paraformaldehyde (#16005, Sigma-Aldrich) for 15min, and were
stained with Nile red in different concentrations of isopropanol
(#278475, Sigma-Aldrich). HSCs were washed with PBS for 5 min, and
the typical images of LDs were captured by inverted microscope with
100 amplification.
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Table 1

Primer sequences.
Gene Forward Reverse
a-SMA 5-GCCACATCGCTCAGACACC-3’ 5-CCCAATACGACCAAATCCGT-3’
Collagen1 5-CGATGGCGTGCTATGCAA-3’ 5’-ACTCGCCCTCCCGTTTTT-3’
Fibronectin 5-GGGCAAGTTTCCAGGTACAG-3’ 5-CAGCTCTGCAGT GTCGTCTT-3"
Desmin 5-AGCTCAAGTCATCGCCCTTC-3’ 5-GCAGATCCCAACACCCTCTC-3"
FAS 5-CAAATACAATGGCACCCTGA-3" 5-TGGCGAAGCCGTAGTTAGTT-3"
ACC 5-TACTGAACTACATCTTCTCCC-3’ 5-AAGCAATAAGAACCTGACGA-3’
DGAT1 5-TTCCGCCTCTGGGCATT-3’ 5-AGAATCGGCCCACAATCCA-3"
DGAT2 5-AGTGGCAATGCTATCATCATCGT-3" 5-TCTTCTGGACCCATCGGCCCCAGGA-3"
ACSL3 5’-CAATTACAGAAGTGTGGGACT-3’ 5’-CACCTTCCTCCCAGTTCTTT-3"
ACAT1 5-AGCCCAGAAAAATTTCATGGACACATACAG-3’ 5-CCCTTGTTCTGGAGGTGCTCTCAGATCTTT-3’
ACAT2 5-TTTGCTCTATGCCTGCTTCA-3’ 5-CCATGAAGAGAAAGGTCCACA-3’
MGAT1 5-CTGGTTCTGTTTCCCGTTGT-3’ 5-TGGGTCAAGGCCATCTTAAC-3"
HMG-CoA 5-CAGGATGCAGCACAGAATGT-3’ 5-CTTTGCATGCTCCTTGAACA-3’
HSL 5-GCCACAATGACACAGTCACTGGT-3" 5-CAGGCAGCGGCCGTAGAAGCA-3’
ATGL 5-GAGACCAAGTGGAACATC-3" 5-GTAGATGTGAGTGGCGTT-3"
HL 5-GCCTTTCTCCTGATGACGCT-3" 5-AACTCAGGCAGAGCCCTTTC-3"
LPL 5-CGAGAGGATCCGAGTGAAAG-3’ 5-TTTGTCCAGTGTCAGCCAGA-3’
PPARa 5’-CCTCAGGGTACCACTACGGAGT-3" 5-GCCGAATAGTTCGCCGAA-3’
PPARYy 5-TTTCAAGGGTGCCAGTTT-3" 5-GAGGCCAGCATCGTGTAG-3"
SREBP-1C 5-GTGAGCCTGACAAGCAATCA-3’ 5-GGTGCCTACAGAGCAAGAGG-3’
C/EBP-a 5-CAAGAACAGCAACGAGTACCG-3’ 5-GTCACTGGTCAACTCCAGCAC-3’
NRF2 5-AGGACATGGAGCAAGTTTGG-3" 5-AGGACATGGAGCAAGTTTGG-3"
LC3 5-ATCATCGAGCGCTACAAGGGTGA-3" 5-GGATGATCTTGACCAACTCGCTCAT-3’
ATG3 5-TGATGGGGGATGGGTAGATA-3’ 5-GCTTCCCCTTCATCTTCCTC-3"
ATGS5 5-GTGCTTCGAGATGTGTGGTTTGGA-3’ 5-CGTCAAATAGCTGACTCTTGGCAA-3’
BECN1 5-AGGTACCGACTTGTTCCCTA-3" 5-TCCATCCTGTACGGA AGACA-3’
ATG7 5-GCTAATGGACACCAGGGAGA-3’ 5-AAAAAGTGAGGAGCCCAGGT-3"
ATG9 5-GTGCTTATTGCCCTCACCAT-3’ 5-GGCATGTAGTGGATGTGTGC-3"
ATG12 5-ACAAAGAAATGGGCTGTGGA-3" 5-TTTGCAGTAATGCAGGACCA-3’
ATG14 5’-CTAGACCACCCCTATCGTGA-3" 5-CCACAATCTCACAAGGCTGA-3’

P62 5’-GTGGGACAGCCAGAGGAACA-3’

SLC7A11 5’-TTGCAAGCTCACAGCAATTCTG-3’
SLC3A2 5’-CCAGAATGCCGAGATGATAGA-3"
GAPDH 5’-GCCACATCGCTCAGACACC-3"

5’-GCCCTTCCGATTCTGGCAT-3"
5’-CAGGTCCAGACGCAGGATGGC-3"
5-CACTTGAGGCCAAGAGTTGA-3’
5’-CCCAATACGACCAAATCCGT-3’

2.7. Detection of main components and products of LDs

The levels of retinol (#YFXER00573, YIFEIXUE BIO TECH), cho-
lesterol (#MAKO043-1 KT, Sigma), triglycerides (#TRI19-1 KT, Sigma),
and fatty acid (#MAKO044, Sigma) were determined by commercially
available kits according to manufacturer's instructions [36].

2.8. Real-time PCR analysis

After the appropriate amount of HSCs was treated with indicated
treatments, the total RNA was completely extracted using the RNA
extraction kit (#DP419, TIANGEN). cDNA synthesis was conducted
using TransScript First-Strand cDNA Synthesis SuperMix (#AT301-02,
TransGen Biotech). qRT-PCR was performed using TransStart Green
gqPCR SuperMix (#AQ101-01, TransGen Biotech). Primer sequences
were present in Table 1.

2.9. Western blot analysis

HSC cells were washed three times with PBS and then used for ex-
traction of total proteins. Protein extracts were prepared by mammalian
lysis buffer (#MCL1, Sigma-Aldrich). Protein concentration was mea-
sured using BCA Protein Quantification Kit (#P0006, Beyotime). 40 ug/
well proteins were separated by SDS-polyacrylamide gel (#M00652,
GenScript), and then were transferred to a PVDF membrane (#88518,
Thermo Fisher Scientific). The membranes were blocked with Western
Blocking Buffer (#SW3010, Solarbio), and then were incubated over-
night at 4 °C with the primary antibody against ATGL (#ab109251, 1/
1000 dilution, Abcam). Next, the membranes were incubated with a
secondary antibody (#7054, 1,/10000 dilution, Cell Signaling
Technology) for 1 h at room temperature. Protein bands were visualized
using the chemiluminescence system (Merck Millipore, Darmstadt,

Germany). Densitometry analysis was performed using Image J soft-
ware.

2.10. Detection of intracellular ROS level

After the appropriate amount of HSCs was treated with indicated
treatments, intracellular ROS levels were measured using Reactive
oxygen species assay kit (#CA1410, Solarbio) according to manufac-
turer's instructions [36].

2.11. Detection of intracellular GSH level

After the appropriate amount of HSCs was treated with indicated
treatments, intracellular GSH levels were measured using Reduced
glutathione assay kit (#A006-2, Nanjing Jiancheng Bioengineering
Institute) according to manufacturer's instructions [36].

2.12. Transmission electron microscopy

After the appropriate amount of HSCs was treated with indicated
treatments, cell climbing tablets was fixed by glutaraldehyde for
15 min. Classic LD images were collected using transmission electron
microscope (#EM208S, Olympus) [34-36].

2.13. Statistical analyses

Data were expressed as mean *+ standard error of the mean (SEM).
Statistical analysis was performed using either Student's t-test (two-
group comparison) or one-way analysis of variance followed by
Student-Newman-Keuls test (more than two groups). In all analyses, a
probability of less than 0.05 was considered to indicate statistical sig-
nificance. All statistical analyses were performed using the SPSS
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Fig. 1. LD content significantly decreased during HSC activation.

program (version 20.0; IBM, Somers, NY, USA).

3. Results
3.1. LD content significantly decreased during HSC activation

Many important studies suggested that in vitro stimulation of PDGF-
BB can lead to the activation of quiescent primary HSCs, which may
simulate HSC activation in vivo during hepatic fibrosis [9,37]. There-
fore, quiescent primary mouse HSCs, which were isolated from normal
C57BL/6 mice [38], were treated with PDGF-BB for 7 days. As ex-
pected, we found that the expression level of HSC activation markers
including a-SMA (Fig. 1A), collagenl (Fig. 1B), fibronectin (Fig. 1C),
and desmin (Fig. 1D) was increased almost 3 fold, when HSCs were
treated with PDGF-BB for 7 days. These results were in good agreement
with the previous theoretical and experimental studies that treatment
with PDGF-BB triggered the activation of HSCs in vitro [9,37]. Mean-
while, we also detected the content of LDs from quiescent HSCs (Day 0)
to activated HSCs (Day 7). Interestingly, the most intuitive detection
method transmission electron microscope (TEM) showed that numerous
LDs present in the cytoplasm of quiescent HSCs (Day 0), whereas few
LDs appeared in the cytoplasm of activated HSCs (Day 7) (Fig. 1E).
Similarly, quantitative statistical analysis of the number of LDs revealed
that the number of LDs decreased by 50%, 80% and 90% respectively,
after 3, 5 and 7 days of PDGF-BB treatment (Fig. 1F). Importantly, it is
well known that retinol, triglyceride and cholesterol are the main
constituents of LDs [39]. Therefore, we determined the content of re-
tinol, triglyceride and cholesterol during HSC activation. Interestingly,
with the activation of HSCs, the level of retinol (Fig. 1G), cholesterol
(Fig. 1H) and triglyceride (Fig. 1I) was all significantly decreased. Of
note, fatty acids are the main degradation products of LD metabolism,
and can provide energy for the activation of HSC by producing ATP
through oxidation [40]. Indeed, compared with quiescent HSCs (Day
0), the fatty acid content of activated HSCs (Day 7) almost increased by
2 folds (Fig. 1J). Overall, these results indicated that LD content

significantly decreased during HSC activation.

3.2. Oroxylin A markedly reversed LD content in activated HSCs

Numerous studies have confirmed that oroxylin A can inhibit HSC
activation [30-33], but the complex mechanisms have not been fully
elucidated. In the current study, we hypothesized that oroxylin A in-
hibits HSC activation by restoring LD phenotype. To verify this hy-
pothesis, quiescent primary HSCs were treated with PDGF-BB for 7
days, following treatment with different concentrations of oroxylin A
for 24 h. Interestingly, Nile red staining showed that treatment with
PDGF-BB evidently reduced LD content compared with control,
whereas oroxylin A treatment increased LD content in a dose-dependent
manner (Fig. 2A). Moreover, we also measured the contents of three
important components of LDs. As expected, treatment with oroxylin A
completely eliminated PDGF-BB-induced reduction of retinol (Fig. 2B),
cholesterol (Fig. 2C) and triglyceride (Fig. 2D). It is important to note
that high-doses of oroxylin A almost restored the lipid content of acti-
vated HSCs to quiescent state (Fig. 2A-D). Furthermore, the metabolites
of LDs were also detected following oroxylin A treatment. Attractively,
fatty acid content significantly increased during HSC activation, sug-
gesting that fatty acid storage sites LDs markedly reduced (Fig. 2E). By
contrast, oroxylin A treatment remarkably impaired PDGF-BB-driven
fatty acid upregulation (Fig. 2E). Meanwhile, we further determined the
inhibitory function of oroxylin A on HSC activation. Real-time PCR
showed that oroxylin A treatment down-regulated the expression of
HSC activation markers a-SMA (Fig. 2F), collagenl (Fig. 2G), fi-
bronectin (Fig. 2H), and desmin (Fig. 2I). Altogether, these findings
suggest that oroxylin A markedly reversed LD content in activated
HSCs.

3.3. The downregulation of ATGL was required for oroxylin A to reverse LD
content in activated HSCs

To further investigate the molecular mechanism of oroxylin A-
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Fig. 2. Oroxylin A markedly reversed LD content in activated HSCs.

induced LD reversal, we investigated changes of the classical LD
synthesis pathway (Fig. 3A), LD degradation pathway (Fig. 3B), LD-
related transcription factors (Fig. 3D), and non-classical autophagy
pathway (Fig. 3C) in activated HSCs. Interestingly, real-time PCR
showed that treatment with oroxylin A observably reduced the ex-
pression of ATGL without large differences in classical LD synthesis
pathway, LD-related transcription factors, and autophagy pathway, al-
though the expression of hormone-sensitive lipase (HSL) and autop-
hagy-related gene 5 (ATG5) was slightly changed (Fig. 3A-D). Fur-
thermore, western blot also confirmed that oroxylin A treatment
reduced the protein expression of ATGL in a dose-dependent manner
(Fig. 3E). These data suggest that oroxylin A-induced LD reversal was
probably based on the inhibition of ATGL in the classical LD degrada-
tion pathway. To further validate this hypothesis, we constructed an
ATGL overexpression plasmid for reverse validation. Of note, ATGL
plasmid not only increased the expression of ATGL by about 2.5 folds,
but also completely counteracted the oroxylin A-induced ATGL down-
regulation (Fig. 3F). Subsequently, we examined the effect of ATGL
plasmid on LD content. As expected, ATGL overexpression could reduce
intracellular lipid content, and also significantly decreased oroxylin A-

mediated increase of intracellular lipid (Fig. 3G), suggesting

involvement of ATGL in the reversion of intracellular LDs. Besides,
oroxylin A treatment almost doubled the diameter of LDs, whereas
ATGL plasmid partially eliminated the promotion of oroxylin A
(Fig. 3H). Additionally, we examined the effect of oroxylin A combined
with ATGL plasmid on the main components of LDs. Similarly, treat-
ment with oroxylin A alone significantly increased retinol (Fig. 3I),
cholesterol (Fig. 3J) and triglyceride (Fig. 3K) levels, but the combi-
nation of oroxylin A and ATGL plasmid did not evidently increase their
levels (Fig. 3I-K). It is well-known that fatty acids are the main de-
gradation products of LD metabolism, and can provide energy for the
activation of HSC by producing ATP through oxidation [40]. Therefore,
we determined the effect of oroxylin A on fatty acid level. Interestingly,
oroxylin A treatment dramatically reduced fatty acid levels, whereas
ATGL overexpression almost impaired the inhibitory action of oroxylin
A (Fig. 3L). More importantly, we explored whether overexpression of
ATGL could impair the effect of oroxylin A on HSC activation. Attrac-
tively, ATGL plasmid completely reduced the inhibitory effect of or-
oxylin A on HSC activation markers a-SMA (Fig. 3M), collagenl
(Fig. 3N), fibronectin (Fig. 30), and desmin (Fig. 3P). Collectively,
these findings support the hypothesis that the downregulation of ATGL
was required for oroxylin A to reverse LD content in activated HSCs.
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Fig. 3. The downregulation of ATGL was required for oroxylin A to reverse lipid droplet content in activated HSCs. (A-D) Quiescent primary HSCs were
exposed to 20 ng/ml PDGF-BB for 7 days, and then were treated with 20 pM oroxylin A for 24 h. The mRNA expression of the LD synthesis, degradation, transcription
factors, and autophagy related molecules was determined by real-time PCR analysis. (E) Quiescent primary HSCs were exposed to 20 ng/ml PDGF-BB for 7 days, and
then were treated with different concentrations of oroxylin A (20, 30, 40 uM) for 24 h. The protein expression of ATGL was examined by western blot analysis. (F)
Quiescent primary HSCs stably transfected with ATGL plasmid were exposed to 20 ng/ml PDGF-BB for 7 days, and then were treated with 20 pM oroxylin A for 24 h.
The mRNA expression of ATGL was determined by real-time PCR analysis. (G, H) LD content was examined by Nile red staining, and average diameter of LDs was
measured. (I-L) The levels of retinol, cholesterol, triglycerides, and fatty acid were determined by commercially available kits. (M-P) The mRNA expression of a-
SMA, collagen 1, fibronectin, and desmin was determined by real-time PCR analysis. For the statistics of each panel in this figure, data are expressed as mean * SD

(n = 3). *P < 0.05 versus Control vector, **P < 0.01 versus Control vector,

P

< 0.001 versus Control vector. P < 0.05 versus Control vector + oroxylin A,

##p < 0.01 versus Control vector + oroxylin A, **#P < 0.001 versus Control vector + oroxylin A. . (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

3.4. ROS signaling pathway mediated oroxylin A-induced ATGL
downregulation and LD reversal in activated HSCs

A large number of studies have pointed out that oxidative stress is
closely related to LD metabolism [41,42]. Therefore, we assumed that
ROS metabolic system may be involved in the reversal of LDs and the
downregulation of ATGL induced by oroxylin A. To test this assump-
tion, we first examined the levels of ROS and GSH during LD dis-
appearance. In line with many previous studies [43-45], ROS level
increased and GSH level decreased with the reduction of LD content
(Fig. 4A). These findings suggest that the ROS accumulation may drive
the loss of LDs during HSC activation. Subsequently, we explored the
effects of oroxylin A on intracellular ROS and GSH levels. Interestingly,
treatment with oroxylin A dose-dependently reduced ROS

accumulation and increased GSH content (Fig. 4B) in activated HSCs.
Importantly, under elevated ROS conditions, endogenous L-Cysteine
production is insufficient for GSH synthesis, and the system X. -
mediated uptake of exogenous cystine is required for the production of
L-Cysteine and subsequent synthesis of GSH [46]. Therefore, we hy-
pothesized that oroxylin A reduced ROS levels and increased GSH levels
in a system X. -dependent mechanism. To test this hypothesis, we
determined the effect of oroxylin A on system X.~ (SLC7A11/SLC3A2).
Interestingly, oroxylin A treatment significantly upregulated the ex-
pression of SLC7A11, but did not markedly affect the expression of
SLC3A2 (Fig. 4C). More importantly, siRNA-mediated knockdown of
SLC7A11 completely impaired oroxylin A-induced SLC7A11 upregula-
tion (Fig. 4D), and, in turn, abolished oroxylin A-induced ROS reduc-
tion and GSH generation (Fig. 4D). To further confirm the role of ROS in
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Fig. 4. ROS signaling pathway mediated oroxylin A-induced ATGL downregulation and LD reversal in activated HSCs. (A) Quiescent primary HSCs were exposed to
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were determined. (G) The mRNA expression of ATGL was determined by real-time PCR analysis. (H) LD content was examined by Nile red staining. (I-L) The levels
of retinol, cholesterol, triglycerides, and fatty acid were determined by commercially available kits. (M-P) The mRNA expression of a-SMA, collagen 1, fibronectin,

and desmin was determined by real-time PCR analysis. For the statistics of each panel in this figure, data are expressed as mean = SD (n =

Control, **P < 0.01 versus Control, ***P < 0.001 versus Control.

the reversal of LDs induced by oroxylin A, the levels of cellular ROS and
GSH were altered by either NAC, a precursor of GSH by supplying cy-
steine, or by BSO, a specific inhibitor of glutamate-cysteine ligase. As
expected, oroxylin A as well as NAC markedly eliminated ROS

3). *P < 0.05 versus

accumulation (Fig. 4E) and increased the levels of cellular GSH
(Fig. 4F). However, the pretreatment of cells with BSO not only re-
markably driven ROS accumulation and depleted cellular GSH levels,
but also diminished the antioxidant effect of oroxylin A or NAC (Fig. 4E
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and F). Next, we further explore the regulatory effect of ROS on ATGL
in oroxylin A-treated cells. Attractively, NAC-induced ROS scavenge
was able to enhance the inhibitory effect of oroxylin A on ATGL
(Fig. 4G), whereas pretreatment with BSO impaired oroxylin A-induced
ATGL downregulation (Fig. 4G). Furthermore, the LD content and its
degradation product were all detected. Importantly, ROS clearance in-
duced by NAC enhanced the reversal of LDs by oroxylin A (Fig. 4H-L),
but ROS accumulation induced by BSO weakened the effect of oroxylin
A on LD reversion (Fig. 4H-L). In addition, we also examined the effect
of ROS on the inhibition of HSC activation by oroxylin A. ROS removal
by NAC or oroxylin A could downregulate the expression of HSC acti-
vation markers a-SMA (Fig. 4M), collagenl (Fig. 4N), fibronectin
(Fig. 40), and desmin (Fig. 4P), whereas ROS accumulation by BSO
could upregulate their expression (Fig. 4M-P). Altogether, ROS
scavenging mediated oroxylin A-induced ATGL downregulation and LD
reversal in activated HSCs.

3.5. Oroxylin A reversed LD content in an ATGL-dependent mechanism in
vivo

In order to study the potential mechanism of oroxylin A-induced LD
reversion in vivo, we used VA-Lip-ATGL-plasmid to target upregulate
ATGL expression in activated HSCs [35]. First of all, the effect of VA-
Lip-ATGL-plasmid on liver fibrosis was examined by macroscopic ex-
amination. As shown in Fig. 5A, the classical fibrosis changes occurred
in the liver of model mice compared with the control, but oroxylin A
treatment significantly alleviated the pathological state of liver fibrosis.
Interestingly, VA-Lip-ATGL-plasmid not only aggravated liver fibrosis,
but also partially counteracted the anti-fibrosis effect of oroxylin A
(Fig. 5A). Moreover, pathological analysis was used to detect collagen
deposition in fibrotic scar area [36]. As expected, treatment with or-
oxylin A reduced collagen deposition, whereas VA-Lip-ATGL-plasmid
almost eliminated the pharmacological effects of oroxylin A (Fig. 5B).
More importantly, primary HSCs were further isolated to detect LD
content. Of note, oroxylin A treatment increased the levels of LDs
(Fig. 5C), retinol (Fig. 5D), cholesterol (Fig. 5E) and triglyceride
(Fig. 5F), whereas VA-Lip-ATGL-plasmid apparently abolished phar-
macological activity of oroxylin A (Fig. 5C-F). Furthermore, the levels
of ROS and GSH in primary HSCs were determined. Attractively, or-
oxylin A exhibited significant antioxidant activity, but VA-Lip-ATGL-
plasmid abolished its effects (Fig. 5G and H). Additionally, the influence
of VA-Lip-ATGL-plasmid on HSC activation markers was detected.
Consistently, treatment with oroxylin A reduced the expression of HSC
activation markers a-SMA (Fig. 5I) and collagenl (Fig. 5J), whereas
pretreatment with VA-Lip-ATGL-plasmid impaired anti-hepatic fibrosis
effect of oroxylin A (Fig. 5I and J). Overall, oroxylin A reversed LD
content in an ATGL-dependent mechanism in vivo.

4. Discussion

Hepatic fibrosis is a complex chronic pathological process, and ac-
tivation of HSCs has been considered as the most important fibrosis-
promoting event [7]. Attractively, among the numerous morphological
and biochemical changes in HSC activation, the loss of LDs is the most
noticeable phenomenon [8]. The most important discovery at present is
that LD loss is mainly used to provide sufficient energy for sustained
activation of HSCs [11-13]. Therefore, blocking the disappearance of
LDs and cutting off the energy supply may become a new strategy to
inhibit the activation of HSCs. Recently, Qiu S et al. showed that the
blockade of lipophagy pathway is necessary for docosahexaenoic acid
to regulate LD turnover of activated HSCs, and to inhibit HSC activation
[47]. Moreover, Miyamae Y et al. demonstrated that tetrandrine in-
duces lipid accumulation through blockade of autophagy in a hepatic
stellate cell line, which is a potential mechanism of anti-hepatic fibrosis
[48]. Furthermore, Lin J et al. revealed that perilipin 5 restores the
formation of LDs in activated HSCs and inhibits HSC activation [49]. In
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addition, Zhang F et al. found that curcumin raises lipid content by Wnt
pathway to inhibit HSC activation [50]. Consistent with previous lit-
erature reports, we showed that LD reversion of activated HSCs effec-
tively improved the pathological conditions of the hepatic fibrosis in
the classical animal model. Meanwhile, we also identified and char-
acterized a novel mechanism of oroxylin A-induced LD revision of ac-
tivated HSCs in hepatic fibrosis. Oroxylin A markedly reversed LD
content in activated HSCs, which depends on ATGL downregulation. To
our knowledge, although many literatures have reported that oroxylin
A has excellent anti-hepatic fibrosis pharmacological activity [30-33],
few researches studied the molecular mechanism of oroxylin A's anti-
fibrosis from the perspective of LD reversal. Our study is the first to
point out that restoring LD phenotype of activated HSCs may be a po-
tential molecular mechanism of oroxylin A's anti-hepatic fibrosis effect.
As an almost universal rule, the homeostasis of LDs is regulated
synthetically by both the classical lipolysis pathway and recently dis-
covered non-classical autophagy pathway [15-18]. Interestingly, to
further explore the molecular mechanism of oroxylin A-induced LD
reversal, we investigated changes of the classical LD synthesis pathway,
LD degradation pathway, LD-related transcription factors, and autop-
hagy pathway in activated HSCs, following oroxylin A treatment. Im-
portantly, oroxylin A treatment observably decreased the expression of
ATGL without large differences in classical LD synthesis pathway, LD-
related transcription factors, and autophagy pathway, although the
expression of HSL and ATG5 was slightly changed. These results suggest
that oroxylin A-induced LD reversal was probably based on the in-
hibition of ATGL in the classical LD degradation pathway. These results
fixed our attention to the classical pathway of lipolysis in the following
study of molecular mechanism. Although our results suggest that the
mechanism of LD reversal is related to classical lipolysis, we cannot rule
out that other potential mechanisms also play an important role. Her-
néndez-Gea V et al. showed that autophagy releases lipid that promotes
fibrogenesis in mice and in human tissues [51]. Moreover, Zhang Z
et al. also found that autophagy regulates turnover of LDs via ROS-
dependent Rab25 activation in activated HSCs [9]. Additionally, Yo-
komori H et al. reported that Caveolin-1 is related to LD formation in
HSCs [52]. Caveolin-1 transport to LDs might represent an intracellular
pathway from the endoplasmic reticulum in cirrhotic liver tissue [52].
Chen M et al. revealed that AMP-activated protein kinase regulates lipid
metabolism and the fibrotic phenotype of HSCs through inhibition of
autophagy [53]. In addition, Lin J et al. demonstrated that perilipin 5
restores the formation of LDs in activated HSCs and inhibits HSC acti-
vation [49]. It may be that each drug has its own unique molecular
mechanism. The characteristic of oroxylin A is that it regulates classical
lipolysis pathway rather than autophagy pathway. The origin of this
characteristic may be attributed to the drug structure of oroxylin A.
ATGL functions as a key enzyme catalyzing the conversion of tria-
cylglycerol stores to fatty acid during intracellular lipolysis [54].
Therefore, regulation of ATGL activity is important for maintaining
dynamic balance of LD storage and metabolism [54]. Interestingly,
Schweiger M et al. reported that pharmacological inhibition of ATGL
corrects high-fat diet-induced insulin resistance and hepatosteatosis in
mice [55]. Moreover, Grace SA et al. showed that ATGL expression is
associated with adiposity and tumor stromal proliferation in patients
with pancreatic ductal adenocarcinoma [56]. Furthermore, Riederer M
et al. demonstrated that downregulation of ATGL reduces arachidonic
acid release and prostacyclin secretion in human aortic endothelial cells
[57]. Besides, Chen G et al. revealed that IncRNA SRA induces hepatic
steatosis through inhibiting the expression of ATGL [58]. Importantly,
in the current study, we found that the downregulation of ATGL was
required for oroxylin A to reverse LD content in activated HSCs.
Treatment with oroxylin A reduced the protein expression of ATGL in a
dose-dependent manner. Meanwhile, ATGL overexpression could re-
duce intracellular lipid content, and also significantly decreased orox-
ylin A-mediated increase of intracellular lipid, strongly suggesting in-
volvement of ATGL in the reversion of intracellular LDs. Although our
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Fifty male C57BL/6 mice were treated with vehicle, CCl4+ VA-Lip + Control vector, CCl4+ VA-Lip + Control vector + Oroxylin A, CCl,+ VA-Lip + ATGL plasmid,
and CCl4+ VA-Lip + ATGL plasmid + Oroxylin A. (A) Morphological changes of the liver were examined by macroscopic examination. The representative pictures
were showed, and the Bar is 1 cm. (B) Collagen deposition in fibrotic scar area was detected by pathological analysis. The representative pictures were showed, and
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determined by commercially available kits. (G, H) The levels of ROS and GSH were determined. (I, J) The mRNA expression of a-SMA and collagen 1 was determined
by real-time PCR analysis. For the statistics of each panel in this figure, data are expressed as mean = SD (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001. . (For
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Fig. 6. Oroxylin A regulates the turnover of LD via downregulating ATGL in hepatic stellate cellsOroxylin
A induces reversion of LDs by depressing ROS-dependent ATGL in activated HSCs, which can inhibit HSC activation and alleviate hepatic fibrosis.

research reveals the key role of ATGL in the reversal of LDs by oroxylin
A, we do not know why oroxylin A has the most significant regulatory
effect on ATGL than other molecules. An acceptable hypothesis is that
the chemical structure of oroxylin A has a higher affinity with the
molecular structure of ATGL, but this hypothesis needs further experi-
mental verification. Another concern is that oroxylin A can increase LD
content in HSC cytoplasm by inhibiting ATGL, and whether oroxylin A
can also increase LD levels in other cell types? It requires more ex-
periments to verify. Nevertheless, our study is the first to reveal the
important role of ATGL in the pharmacological activity of oroxylin A
against hepatic fibrosis.

The close relationship between oxidative stress and lipid metabo-
lism has been confirmed by many literatures [41,42]. Recently, Pang
XY et al. showed that retinol saturase modulates lipid metabolism and
the production of ROS [59]. Similarly, Pereira HA et al. reported that
fluoride intensifies hypercaloric diet-induced endoplasmic reticulum
oxidative stress and alters lipid metabolism [60]. Moreover, Pan YX
et al. found that oxidative stress and mitochondrial dysfunction medi-
ated Cd-induced hepatic lipid accumulation in zebrafish Danio rerio
[61]. Additionally, Lee J et al. demonstrated that oxidative stress trig-
gers LD accumulation in primary cultured hepatocytes by activating
fatty acid synthesis [62]. More importantly, Yilancioglu K et al. iden-
tified oxidative stress as a mediator for increased lipid accumulation in
a newly isolated dunaliella salina strain [63]. Considering the above
research background, we proposed hypothesis that ROS metabolic
system may be involved in the reversal of LDs and the downregulation
of ATGL induced by oroxylin A. To test this assumption, we first ex-
amined the levels of ROS and GSH during LD disappearance. In line
with many previous studies, ROS level increased and GSH level de-
creased with the reduction of LD content. These findings suggest that

10

the accumulation of ROS may drive the loss of LDs during HSC acti-
vation. Subsequently, we explored the effects of oroxylin A on in-
tracellular ROS and GSH levels. Interestingly, treatment with oroxylin A
dose-dependently reduced ROS accumulation and increased GSH con-
tent in activated HSCs. Attractively, ROS clearance induced by NAC
observably enhanced the reversal of LDs by oroxylin A, but ROS ac-
cumulation induced by BSO weakened the effect of oroxylin A on LD
reversion. Of note, NAC-induced ROS scavenge was able to significantly
enhance the inhibitory effect of oroxylin A on ATGL, whereas pre-
treatment with BSO prominently impaired oroxylin A-induced ATGL
downregulation. Our study reveals the potential molecular mechanisms
underlying oroxylin A regulation of ATGL and reversal of LDs.

Our study has several limitations that should be mentioned. First,
this study lacks the support of clinical data. The results obtained from
this study need to be verified in a multicenter study with a large sample
size. Second, this study was only performed in primary mouse HSCs,
and more HSC cell lines such as HSC-T6 (rat HSC lines) and HSC-LX2
(human HSC lines) need to be used to validate the results. Third, we
used VA-Lip-ATGL-plasmid to target upregulate ATGL expression of
HSCs in vivo. However, the transfection efficiency is not high, and more
reliable transgenic mice should be used for experimental verification.

5. Conclusion

In summary, we found that oroxylin A induces reversion of LDs by
depressing ROS-dependent ATGL in activated HSCs (Fig. 6). These
findings are especially noteworthy because they provide an experi-
mental basis for the development of oroxylin A as a novel anti-hepatic
fibrosis drug and identify ATGL as a potential target for screening drugs
for lipid metabolism diseases.
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