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Jing Zhang', Chenyin Wang', Shunwang Li’, Jinque Luo, Xiao Wang', Yang Xu', Yanni Xu'*,
Jingcai Cheng?* and Shuyi Si™*

"NHC Key Laboratory of Biotechnology of Antibiotics, National Center for New Microbial Drug Screening, Institute of Medicinal
Biotechnology, Chinese Academy of Mediical Sciences and Peking Union Medical College (CAMS and PUMC), Beijing, China, °JC
(Wuxi) COMPANY, Inc., Wuxi, China

Phenethyl isothiocyanate is widely present in cruciferous vegetables with multiple
biological effects. Here we reported the antiatherogenic effects and the underlying
mechanisms of JC-5411 (Phenethyl isothiocyanate formulation) in vitro and in vivo.
Luciferase reporter assay showed that JC-5411 increased the activity of nuclear factor
erythroid 2-related factor 2 (Nrf2) and antioxidant response element (ARE). JC-5411
treatment significantly increased the protein expression of Nrf2 and its downstream
target gene hemeoxygenase 1 (HO-1) in liver of apolipoprotein E deficient (ApoE™")
mice. Importantly, JC-5411 treatment significantly reduced atherosclerotic plaque area
in both en face aorta and aortic sinus when compared with model group in WD induced
ApoE ™~ mice. JC-5411 obviously decreased proinflammatory factors’ levels in serum of
ApoE™~ mice, LPS stimulated macrophages and TNFa« induced endothelial cells,
respectively. JC-5411 significantly decreased the levels of total cholesterol (TC) and
triglyceride (TG) in both serum and liver of ApoE~~ mice and hyperlipidemic golden
hamsters. Mechanism studies showed that JC-5411 exerted anti-inflammatory effect
through activating Nrf2 signaling and inhibiting NF-<B and NLRP3 inflammasome
pathway. JC-5411 exerted regulating lipid metabolism effect through increasing
cholesterol transfer proteins (ABCA1 and LDLR) expression, regulating fatty acids
synthesis related genes (p-ACC, SCD1 and FAS), and increasing fatty acids
p-oxidation (CPT1A) in vivo. Furthermore, JC-5411 treatment had a favorable
antioxidant effect in ApoE~~ mice by increasing the antioxidant related genes
expression. Taken together, we conclude that JC-5411 as a Nrf2 activator has anti-
inflammatory, rebalancing lipid metabolism, and antioxidant effects, which makes it as a
potential therapeutic agent against atherosclerosis.
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INTRODUCTION

Atherosclerosis, the underlying pathological basis for numerous
cardiovascular diseases, is a chronic disease with complex
pathogenesis (Wolf and Ley, 2019). It is well established that
inflammation, lipid deposition, and oxidative stress are all
involved in the initiation and progression of atherosclerosis
(Libby et al, 2016; Wu et al, 2017a; Libby et al, 2011).
Inflammation is an important driver and one major risk factor
in the progression of atherosclerosis. Inflammation has been
shown to lead to endothelial dysfunction and results in the
increasing monocyte adhesion and formation of foam cells,
leading to lipid accumulation in the artery wall and ultimately
to atherosclerosis (Mimura and Itoh, 2015; Chen and Frishman,
2016; Gimbrone and Garcia-Cardena, 2016; Grebe et al., 2018).
Additionally, there is a strong associative link between high level
of serum lipids and an increased risk of atherosclerosis (Libby
et al,, 2011). It has been observed that high levels of serum lipid
lead to lipid accumulation in the artery wall, which accelerates the
progression of atherosclerosis. A further contributor to the
deterioration of the vessel and the acceleration of
atherosclerotic plaques are uncontrolled redox processes, as
observed in the presence of reactive oxygen species (ROS)
(Forstermann et al., 2017). Therefore, alleviating inflammation,
improving lipid metabolism, and limiting oxidative stress all have
the potential for anti-atherosclerosis treatment strategies (Libby
et al.,, 2011; Hansson et al., 2006; Kattoor et al., 2017).

Nuclear factor erythroid 2-related factor 2 (Nrf2), regarded as
a redox-sensitive switch in cells, is a member of the Cap’n’Collar
(CNC)-bZIP transcription factor family (Cuadrado et al., 2019;
Yamamoto et al., 2018). Nrf2 binds to its natural repressor Kelch
like ECH-associated protein 1 (Keapl) and degrades rapidly
through proteasomal degradation under basal conditions.
However, Nrf2 can translocate from Keapl, and subsequently
binds to the antioxidant response element (ARE) in the nucleus
(Mimura and Itoh, 2015). This in turn regulates downstream gene
expression that includes hemeoxygenase 1 (HO-1), glutathione
(GSH) related genes and superoxide dismutase 1 (SOD1) upon
oxidative stress (Tonelli et al., 2018). Many studies have shown
that Nrf2 signaling modulates physiological processes associated
with the progression of atherosclerosis, such as redox regulation,
inflammation and lipid homeostasis (Mimura and Itoh, 2015).
Moreover, several studies suggest that upregulating Nrf2
signaling may have a beneficial effect on the prevention of
atherosclerosis (Jakobs et al, 2017; Zhu et al, 2019; Zhang
et al, 2016; Zakkar et al, 2009). It has been reported that
Nrf2 signaling activators such as hydrogen sulfide, and
isothiocyanates exert anti-inflammatory and antioxidant effects
in vitro and in vivo (Huang et al., 2013; Aboonabi and Singh,
2015; Xie et al., 2016).

Phenethyl isothiocyanate (PEITC) is widely present in
cruciferous vegetables with multiple biological effects (Dayalan
Naidu et al., 2018). PEITC has been shown to exert anti-
inflammatory effects in endotheliocytes through activation of
the Nrf2 signaling pathway. This activation subsequently leads
to an increase in the expression of Nrf2 and its downstream
target gene HO-1 (Huang et al, 2013). But the direct
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anti-atherosclerosis activity of PEITC in vivo is unknown. In
this study we utilized apolipoprotein E-deficient (ApoE™")
atherosclerosis mouse models to explore whether JC-5411
(PEITC formulation) has anti-atherosclerosis activity in vivo,
and to ascertain the underlying mechanism of its action.
According to our data, we report JC-5411 exhibits
antiatherogenic activities through attenuation of inflammation,
improvement of lipid metabolism and increase of antioxidant
activity.

MATERIALS AND METHODS

Reagents

JC-5411 used in animal experiments is a formulated PEITC
capsule provided by JC (Wuxi) COMPANY, Inc., Wuxi,
China. JC-5411 used in in vitro assays is a formulated PEITC
liquid provided by provided by JC (Wuxi) COMPANY, Inc.,
Wuxi, China. In this article, they are collectively called JC-5411.

Cell Culture
Human Umbilical Vein Endothelial Cells (HUVEC) (PromoCell,

Heidelberg, Germany) were cultured in endothelial cell growth
medium (PromoCell, Heidelberg, Germany). THP-1 cells
(ATCC, Rockville, MD) were grown in RPMI 1640 (Thermo
Fisher Scientific, Waltham, MA) with 10% Fetal Bovine Serum
(FBS) (Thermo Fisher Scientific, Waltham, MA). HepG2 cells
(ATCC, Rockville, MD) were cultured in DMEM (Thermo Fisher
Scientific, Waltham, MA) with 10% FBS. J774A.1 mouse
macrophage cell line (ATCC, Rockville, MD) was cultured in
RPMI 1640 with 10% FBS. All cells were cultured at 37°C with 5%
CO, in a cell incubator.

Transfection and Luciferase Assay
HepG2 cells were co-transfected with pGL4.73 (luc2P-ARE-

Hygro, Promage, Madison, WI) and pGL4.75 (hRluc/CMYV,
Promage, Madison, WI) (mass ratio 1:100, 10 ug total DNA
for a 100-mm dish of cells) using Lipofectamine 2000
(Thermo Fisher Scientific, Waltham, MA) in a 96-well plate
for 6 h. JC-5411 were diluted to different concentration (1.25,
2.5, 5 and 10 uM) with DMEM containing 10% FBS and added to
a 96-well plate (200 ul per well) for 24 h. The luciferase reporter
gene activity was then measured using Dual-Glo® Luciferase
Assay System (Promage, Madison, WI).

pNLF1-NRF2 (CMV/neo, Promage, Madison, WI) and
pKEAP1 (Promage, Madison, WI) (mass ratio 1:100, 10 ug
total DNA for a 100-mm dish of cells) were co-transfected
into HepG, cells using Lipofectamine 2000. After incubating
with JC-5411 (active pharmaceutical ingredient) for 24 h, the
reporter gene activity was measured using Nano-Glo® luciferase
Assay System (Promage, Madison, WI).

Western Blot Analysis
The fresh liver tissues were homogenized and the total proteins

from tissues or cells were extracted using RIPA buffer (Applygen
Technologies, Beijing, China) supplemented with 1 mmol/L
phenylmethanesulfonyl fluoride (PMSF) (Applygen
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Technologies, Beijing, China). The protein concentrations were
determined with bicinchoninic acid (BCA) Protein Assay Kits
(Thermo Fisher Scientific, Waltham, MA), and then separated by
SDS-PAGE gels.

Target proteins were detected by Western blot with the
corresponding antibodies. The antibodies used in this study
included Nrf2 (Abcam, cambridge, United Kingdom), HO-1
(Abcam, cambridge, United Kingdom), p-actin (Abcam,
cambridge, United Kingdom), ABCA1 (Novus Biologicals,
Colorado, United States), LDLR (Abcam, Cambridge, United
Kingdom), CPT1A (Abcam, cambridge, United Kingdom),
SCD1 (Abcam, cambridge, United Kingdom), ACC (Cell
Signaling Technology, Danvers, MA), p-ACC (Cell Signaling
Technology, Danvers, MA), NLRP3 (Abcam, cambridge,
United Kingdom), pro-Caspase-1 (Abcam, cambridge, United
Kingdom), IL-1p (Abcam, cambridge, United Kingdom), p65
(Cell Signaling Technology, Danvers, MA), p-p65 (Abcam,
cambridge, United Kingdom) ICAM-1 (Abcam, cambridge,
United Kingdom), VCAM-1 (Abcam, cambridge, United
Kingdom), PPAR« (Abcam, cambridge, United Kingdom),
LXRa (Abcam, cambridge, United Kingdom), SREBP-1
(Abcam, cambridge, United Kingdom), FAS (Abcam,
cambridge, United Kingdom) and the corresponding
secondary anti-rabbit and anti-mouse IgG antibodies (Cell
Signaling Technology, Danvers, MA). All relative protein levels
of target genes were normalized to p-actin. The intensities of
protein band were analyzed by NIH Image J software.

RNA Isolation and Real-Time Quantitative
PCR (RT-qPCR)

The fresh liver tissues were homogenized, total RNA was
extracted using QIAGEN RNeasy Mini kit (Qiagen, Hilden,
Germany), reverse transcribed using TransScript One-Step
gDNA Removal, and cDNA synthesized using Synthesis
SuperMix (Transgen Biotech, Beijing, China). Real-time
quantitative PCR (RT-qPCR) assay was performed using
FastStart Universal SYBR Green Master (Roche) and
corresponding primers with FTC-3000 Real-Time Quantitative
Thermal Cycler (Funglyn Biotech Inc, Richmond Hill, Canada).
Relative mRNA expression of target genes was normalized to
GAPDH and the quantification result was calculated using the
A4Ct method.

The sequences of the primers used were as follows: mouse Nrf2
(forward: 5'-CTCCGTGGAGTCTTCCATTTAC-3', reverse: 5'-
GCACTATCTAGCTCCTCCATTTC-3"); mouse HO-1
(forward: 5'- GTACACATCCAAGCCGAGAA-3/, reverse: 5'-
TGGTACAAGGAAGCCATCAC -3'); mouse NQO1 (forward:
5'-GAGAAGAGCCCTGATTGTACTG -3/, reverse: 5'- ACC
TCCCATCCTCTCTTCTT-3'); mouse GCLC (forward: 5'-
CATCGACCTGACCATCGATAAG -3/, reverse: 5'- AGGGTG
AGTGGGTCTCTAATAA -3"); mouse GCLM (forward: 5'- CAG
CCTTACTGGGAGGAATTAG -3/, reverse: 5'- GCTCCAACT
GTGTCTTGTCT -3'); mouse IL-6 (forward: 5'- CAGCCTTAC
TGGGAGGAATTAG -3', reverse: 5'- GCTCCAACTGTGTCT
TGTCT -3'); mouse IL-1p (forward: 5'- CCACCTCAATGGACA
GAATATCA -3, reverse: 5'- CCCAAGGCCACAGGTATTT
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-3"); mouse TNFa (forward: 5'- CTTCCATCCAGTTGCCTT
CT -3/, reverse: 5'- CTCCGACTTGTGAAGTGGTATAG -3);
human Nrf2 (forward: 5- TGATTCTGACTCCGGCATTT -3/,
reverse: 5'- GCCAAGTAGTGTGTCTCCATAG -3'); human
HO-1 (forward: 5- ACCAAGTTCAAGCAGCTCTAC -3/,
reverse: 5'- GCAGTCTTGGCCTCTTCTATC -3'); human
GCLC (forward: 5'- CCCAAACCATCCTACCCTTT -3/,
reverse: 5'- CATGTTGGCCTCAACTGTATTG -3’); human
GCLM (forward: 5'- GAGTTGCACAGCTGGATTCT -3/,
reverse: 5'- CCTCCCAGTAAGGCTGTAAATG -3'); human
NQO1 (forward: 5- GGGATGAGACACCACTGTATTT -3/,
reverse: 5'- TCTCCTCATCCTGTACCTCTTT -3).

Monocyte Adhesion to Human Umbilical
Vein Endothelial Cells

HUVECs were cultured in 6-well plates and incubated with
vehicle (0.1% DMSO) or JC-5411 (1 and 5uM) in an
incubator for 18 h. Human tumor necrosis factor alpha (TNFaq,
final concentration 10 ng/ml; R&D Systems, Minneapolis, MN)
was then added to the culture, and the cells were incubated for
another 6h followed by the addition of approximately 7x10°
THP-1 cells to the culture and co-cultured for 30 min (Xu et al,,
2017). The cells were gently washed with endothelial cell growth
medium twice and examined under a microscope (Leica CM1950;
Wetzlar and Mannheim, Germany).

siRNA Transfection
HUVECs were transfected with the negative control siRNA (siNC

final concentration 50 nM; Santa Cruz Biotechnology, Santa
Cruz, CA) or Nrf2 siRNA (final concentration 50 nM; Santa
Cruz Biotechnology, Santa Cruz, CA) in opti-MEM (Thermo
Fisher Scientific, Waltham, MA), with Lipofectamine RNAi™**
(Thermo Fisher Scientific, Waltham, MA). Six hours later, the
medium was replaced with endothelial cell growth medium
(PromoCell GmbH, Heidelberg, Germany), and cells were
incubated for another 24 h before treating with or without JC-
5411 for another 18h followed by adding TNFa« (final
concentration 10 ng/ml) to the culture, and continue to
incubate for 6h. The monocyte adhesion assays or western
blot and were then performed.

To established oxidative stress model in HUVEC:s, after siNC
or Nrf2 siRNA was transfected, cells was incubated with or
without JC-5411 (5uM) for 18h, then H,O, (200.M) was
added for another 6 h, the total mRNA was extracted for RNA
analysis.

Macrophage J774.1 cells were transfected with siNC or Nrf2
siRNA as described above, then cells were treated with
lipopolysaccharide (LPS) (1 pg/ml) (Beyotime Biotechnology,
Beijing, China) with or without JC-5411 (5uM) for another
24 h, western blot or elisa assays were then performed.

Anti-Atherosclerosis Analysis of JC-5411

Treatment in ApoE~~ Mice

Eight-week-old male ApoE™'~ mice were purchased from Beijing
VitalRiver Laboratory Animal Technology Co., Ltd. (Beijing,
China). To establish the model of atherosclerosis, ApoE™~
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mice were fed with a Western Diet (WD) (TP26300 (21% fat,
0.2% cholesterol, 49.1% carbohydrate, 19.8% protein), Trophic
Animal Feed High-tech Co., Ltd., Nantong, China) while JC-5411
(60 mg/kg, in 0.5% carboxymethylcellulose-Na (CMC-Na) or
0.5% CMC-Na (model group) were given by gavage paralleled
with WD feeding. Rosuvastatin (10 mg/kg; AstraZeneca, London,
United Kingdom, Lot number: 134160) was selected as positive
control and was given to the mice once a day in 0.5% CMC-Na.
Considering the pharmacokinetics characteristics of JC-5411 (Ji
et al.,, 2005), JC-5411 (60 mg/kg) was intragastrically administered
twice a day for 10 weeks. ApoE ™~ mice in the control group were
kept on a normal laboratory diet (ND, #Co60, SPF; Beijing
Biotechnology Co., Ltd.) and intragastrically administered 0.5%
CMC-Na. Body weight was monitored weekly. All animal
experiments were approved by the Institutional Animal Care
and Use Committee of the Institute of Medicinal Biotechnology
Institute and performed in accordance with the regulations, and the
ethical review number is IMB-20180320-D1.

At the end of administration, blood samples were taken from
the retro-orbital plexus under fasted conditions before mice were
euthanized. Serum levels of TC high density lipoprotein cholesterol
(HDL-C), low density lipoprotein cholesterol (LDL-C) and
triglyceride (TG) were measured using Automatic biochemical
analyzer (Hitachi 71800, Chiyoda, Japan) and the commercial
available Assay Kits (BIOSINO Bio-Technology and Science,
Beijing, China). Serum levels of TNFa, Interleukin-1p (IL-1p),
intercellular adhesion molecule-1 (ICAM-1) and vascular cell
adhesion molecule-1 (VCAM-1) were determined, respectively, by
enzyme linked immunosorbent assay method using the
corresponding Elisa Kits (SBJ bio, Nanjing, China).

Whole aortas from ApoE ™'~ mice were isolated carefully and
fixed in 4% formalin. Aortas were stained with Oil Red O (ORO)
(Sigma-Aldrich, St. Louis, MO) for 30 min, and the images of the
open luminal surface were captured with a digital camera (Sony).
The fixed heart with upper aortic root was embedded in optimum
cutting temperature compound (Sakura Finetek, Torrance, CA)
and then sectioned into serial 7 um cryosections of aortic sinus
cross sections on a cryostat (Leica, Microsystems, Wetzlar, Germany).
To analyze the areas of atherosclerotic lesion in aortic sinus cross,
ORO and hematoxylin and eosin (H&E) (Beyotime Biotechnology,
Beijing, China) were used to stain the cryosections, respectively. Both
lesion areas of the stained aortic sinus cross sections and aortas were
analyzed with NIH Image J software.

The livers were collected and frozen in liquid nitrogen
promptly before storing at —80°C for preparations of mRNA,
protein or others as indicated. TG and TC in liver were extracted
and measured with corresponding Assay Kit (Applygen
Technologies, Beijing, China), and the contents of TG and TC
were finally expressed as ymol per gram protein.

The SOD activity and Malonaldehyde (MDA) level in the liver
were determined with a SOD Activity Assay Kit (Beyotime
Biotechnology, Beijing, China) and an MDA Assay Kit
(Beyotime Biotechnology, Beijing, China), respectively.

The superoxide (O, ) production in atherosclerotic lesions
was detected by dihydroethidium (Thermo Fisher Scientific,
Waltham, MA) according to the manufacturer’s instructions.
Briefly, the aortic sinus cross sections were incubated with

Nrf2 Activator JC-5411 Inhibits Atherosclerosis

dihydroethidium for 30 min, and then washed with phosphate
buffer saline for three times. The fluorescence was detected with
High Content Analysis System (Operetta CLSt, PerkinElmer,
Fremont, CA), and the positive staining area was analyzed using
NIH Image ] software.

Hyperlipidemia Golden Hamsters Treated
With JC-5411

Eight-week-old male golden hamsters were purchased from
Beijing VitalRiver Laboratory Animal Technology Co, Ltd. The
hamsters were given a standard chow diet in the negative control
group, or were fed on high fat diet (HFD, TP4H100, 20% fat, 40%
fructose, 0.25% cholesterol, Trophic Animal Feed High-tech Co.,
Ltd., Nantong, China) for a week to establish hyperlipidemia
disease model. Animals fed on HFD were further randomly
divided into four groups, and were intragastrically treated with
JC-5411 in 0.5% CMC-Na at dose of 20 mg/kg, 40 mg/kg,
60 mg/kg, or vehicle, twice a day for 3 weeks, respectively. The
negative control group were continuously fed on ND and 0.5%
CMC-Na for 3 weeks The hamsters were fasted overnight, and the
blood and liver samples were collected. TG, TC, HDL-C and
LDL-C level in serum as well as liver TG and TC were determined
the same was as described in section of ApoE™'~ mice treatment.
All animal experiments were approved by the Institutional
Animal Care and Use Committee of the Institute of Medicinal
Biotechnology Institute and performed in accordance with the
regulations, and the ethical review number is IMB-20180913-D3.

Immunofluorescence Staining
Cells and aortic sinus cross sections were treated as described

above. Then cells and aortic sinus cross sections were fixed in 4%
formalin for 30 min, then incubated with antibodies at 4°C
overnight. After washed with phosphate buffer saline for three
times, appropriate secondary antibodies were used for 30 min at
temperature. Then nucleus was stained with 4’,6-diamidino-2-
phenylindole (DAPI, Thermo Fisher Scientific, Waltham, MA).
The fluorescence was detected and analysis with High Content
Analysis System (Operetta CLSma, PerkinElmer, Fremont, CA).

Immunohistochemical Staining
Livers from both ApoE ™'~ mice and golden hamsters were fixed in

4% formalin overnight and stored in 20% sucrose at 4°C. The
paraffin-embedded and optimum cutting temperature-embedded
sections were then prepared for H&E and ORO staining,
respectively. The interested images were captured using Leica
Q550cw Graphic Analysis System (Leica Microsystems, Wetzlar,
Germany).

Fast Protein Liquid Chromatography (FPLC)

Total 300 ul serum from six different ApoE ™~ mice (50 ul per
mice) per group was filtrated with Superose six columns (GE
Healthcare Europe GmbH, Munich, Germany) with a speed of
0.2 ml per min buffer with AKTA explorer analysis system (GE
Healthcare Europe GmbH, Munich, Germany). The TC level in
each fraction was measured using the cholesterol assay kit
mentioned above.
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FIGURE 1| JC-5411 was a Nrf2 signaling activator and exerted anti-atherosclerosis effect in WD induced ApoE ™~ mice. (A) The chemical structure of JC-5411. (B)
Increase in luciferase reporter gene activity of luc2P-ARE-Hygro and hRIuc/CMV (Fold over control) by JC-5411. HepGs cells were co-transfected with luc2P-ARE-Hygro
and hRIuc/CMV. After transfection, cells were treated with JC-5411 (1.25, 2.5, 5, and 10 uM) for 24 h, and the reporter activity was determined as described in the
related section of “Method of Methods.” (C) Increase in luciferase reporter gene activity of pNLF1-NRF2 and pKEAP1 (Fold over control) by JC-5411. HepG, cells
were co-transfected with pNLF1-NRF2 and pKEAP1 24h, the transfected cells were then treated with JC-5411 (1.25, 2.5, 5 and 10 pM) for 24 h. (B, C) Student’s t test, *
*p < 0.01, **p < 0.001, n = 4. (D, E) Eight-week-old male ApoE™~ mice were fed with a standard chow diet and given 0.5% CMC-Na (control) or WD and administered
with 0.5% CMC-Na (model group) or WD and given JC-5411 (60 mg/kg) or rosuvastatin (positive control) for ten weeks. Respective images of aortas stained (D) and
quantified (E) by ORO (plague area/total area) of each group. One-way ANOVA analysis was performed: o < 0.01, **p < 0.001, n = 6-10. (F, G) Respective images of
aortic sinus cross sections stained and quantified by ORO (lesion area size) of each group. One-way ANOVA analysis was performed, **p < 0.01, **p < 0.001,n = 6. (H, )
Respective images of aortic sinus cross sections stained and quantified by H&E staining (lesion area size) of each group. One-way ANOVA analysis was performed, *p <
0.05, *p < 0.01, **p < 0.001, n = 4. (J-L) The mMRNA level was determined using RT-qPCR (J), and the protein level of Nrf2 and HO-1 in the liver from ApoE™~ mice
described above were measured by western blot (K, L) Student’s ¢ test was performed, *p < 0.05, ** p < 0.01, n = 4.
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Statistical Analysis
All the data were analyzed and presented as mean + standard

error of the mean (SEM). Student’s ¢ test or one-way ANOVA
analysis was conducted using GraphPad Prism eight software. A
p < 0.05 was regarded as statistically significant.

RESULTS

JC-5411 Increased Nuclear Factor Erythroid
2-Related Factor 2 and ARE Luciferase
Reporter Gene Activity

The structure of JC-5411 is shown in Figure 1A, and it is reported
to be a Nrf2 activator (Dayalan Naidu et al., 2018). To confirm the
effect of IC-5411 on the Nrf2-ARE signal pathway, pGL4.73
(luc2P-ARE-Hygro) and pGL4.75 (hRluc/CMV) or pNLF1-
NRF2 (CMV/neo) and pKEAP1 were co-transfected into
HepG, cells as described in the methods section. Our results
showed that JC-5411 increased the luciferase reporter gene
activity of both Nrf2 and ARE significantly in a dose-
dependent manner (Figure 1B, C), indicating that JC-5411
can indeed activate the Nrf2 signal pathway in vitro.

JC-5411 Reduced Atherosclerotic Lesions
in ApoE ™"~ Mice
Upregulating Nrf2 signaling may reduce the risk of
atherosclerosis, and we therefore speculate and examine
whether JC-5411 has the potential to decrease atherosclerotic
lesions in ApoE ™'~ mice. ApoE™~ mice fed on WD were treated
with JC-5411 for 10 weeks and the subsequent disease lesions
were quantitatively analyzed. As shown in Figures 1D, E, mice
treated with JC-5411 exhibited lower plaque ratios (plaque area/
total area) along the en face aorta than that of the mice in model
group. JC-5411 treatment also resulted in decreased plaque area
observed in ORO stained aortic root sections when compared to
that of model group (Figures 1F, G). The H&E stain of aortic root
sections also shows the same trend (Figures 1H, I). Moreover, as
mentioned above, JC-5411 was found to increase Nrf2 luciferase
reporter expression in vitro. To further confirm it acts as an
activator of Nrf2 signaling, the expression of Nrf2 in livers was
determined by RT-qPCR and western blot, respectively. The
results showed that JC-5411 increases Nrf2 expression at both
mRNA and protein level in the livers of ApoE™~ mice (Figures
1J-L), demonstrating that JC-5411 activates Nrf2 signaling
in vivo.

Collectively, our data suggest that JC-5411 can reduce
atherosclerotic lesions in WD induced ApoE™~ mice.

JC-5411 Decreased Serum
Proinflammatory Cytokines’ Levels in
ApoE~~ Mice

Inflammation plays a crucial role in the development of
atherosclerosis. To explore the anti-inflammatory effects of
JC-5411 in vivo, serum levels of proinflammatory cytokines
including TNFa, IL-1p and IL-6, VCAM-1 and ICAM-1 were
examined using an enzyme-linked immunosorbent assay. As

Nrf2 Activator JC-5411 Inhibits Atherosclerosis

shown in Figure 2A, JC-5411 treatment significantly decreased
the serum TNFa, IL-1p, IL-6, and ICAM-1 levels when compared
with the model group. Furthermore, this is corroborated by the
paralleled decreases in the mRNA level of TNFq, IL-1p and IL-6 in
livers measured by RT-qPCR (Supplementary Figure S1A).

JC-5411 Decreased Serum TG and VLDL

Levels in ApoE~’~ Mice

In addition, serum lipid levels were determined as described in
the methods. As shown in Figure 2B, serum TG level of JC-5411
treatment group was significantly lower than that of model group.
Serum TC and LDL-C levels in JC-5411 treatment group were
lower than those observed in the model group but with no
statistically ~ significant  differences, while HDL-C levels
remained unchanged (Figure 2B). And there is no change in
the body weight of JC-5411 treated ApoE™~ mice when
compared with that in model group (Supplementary Figure
S1B).

To further separate the lipoprotein classes in the serum of
ApoE ™" mice properly, FPLC was performed and the TC level in
each fraction was detected. As shown in Figure 2C, when
compared with model group, JC-5411-treatment decreased the
serum VLDL (very low-density lipoprotein) level remarkably, and
decreased LDL-C level in some degree.

JC-5411 attenuated inflammatory activity
via Nrf2 signaling in LPS-treated
macrophage J774A.1 cell and ApoE~~ mice

The inflammatory state in macrophage is an initial event at the
onset of atherosclerosis (Bick et al, 2019). JC-5411 could
significantly decrease serum proinflammatory cytokines’ level
in WD induced ApoE™~ mice, then we wondered whether it
had anti-inflammatory effect in LPS-treated macrophage J774A.1
cell. LPS induced macrophage J774A.1 cell was used to establish
the cell inflammation model as described in the methods. The
results showed that LPS stimulation significantly increased
proinflammatory cytokine’ level such as TNFq, IL-1p and IL-6
in the cell supernatants of macrophage J774A.1 cells (Figure 3A),
while JC-5411 significantly reduced these increased cytokine
levels (Figure 3A). Furthermore, this reduced effect of JC-
5411 on the cytokines could be obviously reversed when nrf2
knockdown, which indicated that the anti-inflammatory of JC-
5411 in LPS induced macrophage was dependent on Nrf2 (Figure
3A).

After confirming the anti-inflammatory effects of JC-5411 in
macrophages, we wondered how JC-5411 played anti-
inflammatory effect in vitro and in vivo. Recent studies have
indicated that the NOD-like receptor family pyrin domain
containing 3 (NLRP3) inflammasome mediated inflammation
plays a key role in the progression of atherosclerosis (Grebe
et al., 2018; Hoseini et al., 2018; Baldrighi et al., 2017). The
process of the NLRP3 inflammasome activation includes
priming and NLRP3 activation stages. Initially, The nuclear
factor «xB (NF-«kB) signaling is activated and the expression of
NLRP3 and pro-IL-1p increases, which subsequently triggers the
assembly of the inflammasome leading to the release of mature
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FIGURE 2 | JC-5411 decreased proinflammatory cytokines and lipid level in the serum of ApoE~~ mice. (A) Serum levels of TNFa, IL-1 B, IL-6, ICAM-1 and VCAM-1
inthe serum of ApoE ™~ mice were determined by enzyme linked immunosorbent assay. n = 8 per group. (B) Serum TC, TG, LDL-C and HDL-C level in ApoE ™~ mice. (A,
B) One-way ANOVA was performed *p < 0.05, **p < 0.01, **p < 0.001, n = 6-10. (C) FPLC assay results from serum of ApoE ™~ mice. Total 300 ul serum from six
different mice (50 ul per mice) per group was filtrated with Superose six columns, and the cholesterol level in each fraction was measured using an assay kit.

IL-18 (Grebe et al, 2018; Prochnicki and Latz, 2017;
Bauernfeind et al., 2009). Therefore, we investigated whether

after treated with LPS and JC-5411 simultaneously for 24 h,
the protein level of NLPR3, p-p65, caspase-1 p20 and IL-1p p17

JC-5411 mediated anti-inflammatory effects are related to
NLRP3 inflammasome pathway. Our results showed that

were decreased when comparing with LPS treated group
(Figures 3B, C). To confirm that Nrf2 was involved in the
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anti-inflammatory effects of JC-5411, specific Nrf2 siRNA was
used. It was noticed that when nrf2 was knockdown, the
downregulating proteins including NLPR3, phosphorylated
protein level of p-p65, caspase-1 p20 and IL-1p pl7 effect of
JC-5411 disappeared in some degree (Figures 3B, C). In addition,
in vivo results also demonstrated that JC-5411 treatment inhibited
liver NF-«B signaling through downregulation of p-p65 (Figures
3D, E). JC-5411 treatment also decreased NLRP3 and its
downstream protein levels including pro-Caspase-1, Caspase-1
p10, pro-IL-1g, IL-1p p17 protein levels in the livers of ApoE ™/~
mice (Figures 3D, E), which indicated that JC-5411 inhibited the
activation of NLRP3 inflammasome in vivo.

Taken together, our results indicate that JC-5411 mediated
anti-inflammatory effects are associated with Nrf2, NF-«B and
NLRP3 inflammasome pathway both in LPS-treated J774A.1 cell
and WD fed ApoE™"™ mice.

JC-5411 Exerted Anti-inflammatory Effect
in TNFa Induced Human Umbilical Vein
Endothelial Cells via Nuclear Factor
Erythroid 2-Related Factor 2 Signaling
Dysfunction of the endothelial cells is an important contributor
to the pathobiology of atherosclerosis, and the increased
secretion of adhesion molecule such as ICAM-1 and VCAM-
1 in endothelial cells facilitates the macrophage adhesion to
endothelial cells (Gimbrone and Garcia-Cardefia, 2016).
Monocyte adhesion assay was then performed to evaluate
the anti-inflammatory effect of JC-5411 in TNFa induced
HUVECs. As shown in Figure 4A, TNFa treatment
remarkably increased the number of adhering THP-1 cells,
while JC-5411 significantly decreased TNFa« induced THP-1
cells adhesion. When nrf2 gene was knockdown, the number of
adhering THP-1 cells obviously increased compared with that
of JC-5411 treated group (Supplementary Figures S3A, B),
which indicated that the decreasing THP-1 adhering effect of
JC-5411 was dependent on Nrf2. Meanwhile, JC-5411 increased
the protein expression of Nrf2 and HO-1, but decreased the
protein expression of ICAM-1 and VCAM-1 when compared
with that of TNFa only induced group in HUVECs (Figures 4B,
C), and this effect could be reversed when nrf2 knockdown
(Figures 4D, E).

As the translocation of Nrf2 into nucleus is a crucial part in the
process of Nrf2 signaling activation (Tonelli et al., 2018), we then
detected the Nrf2 expression location in HUVECs treated with
JC-5411 by immunofluorescence staining assay. The results
showed that JC-5411 significantly increased the Nrf2 protein
level in nucleus (Figure 4F), which is in accordance with the
result from cytoplasm and nucleus proteins by western blot
analysis (Figure 4G).

Additionally, immunofluorescence staining showed that the
expression of ICAM-1 and VCAM-1 in the aortic sinus of
ApoE™" mice was significantly decreased as compared with
the vehicle-treated model group (Figure 4H).

Taken together, these results indicated that JC-5411 exerts
anti-inflammatory effect through activating Nrf2 signaling in
HUVECs.

Nrf2 Activator JC-5411 Inhibits Atherosclerosis

JC-5411 Improved Lipid Accumulation in
Liver of ApoE~’~ Mice

Abnormal lipid accumulation also plays a key role in the
pathology of atherosclerosis (Moore et al., 2013), and lipid
accumulation is closely linked to inflammation. (de Jager and
Pasterkamp, 2013). As mentioned above, JC-5411 decreased
serum VLDL and TG levels in serum of ApoE”~ mice
(Figures 2B, C). Therefore, we examined whether treatment
with JC-5411 could restore lipid metabolism in liver of ApoE ™"~
mice. As shown in Figure 5A, the ORO staining of ApoE™~
livers from JC-5411 treatment mice showed significantly less
positive area than that of the model group. In addition, JC-5411
treatment decreased TG (p < 0.05) and TC (p = 0.08) levels in
liver in comparison with the model group in ApoE™~ mice
(Figure 5B).

To further investigate this improvement of lipid metabolism
by JC-5411 treatment in ApoE ™'~ mice, we decided to evaluate the
liver protein expression levels of lipid metabolism related genes.
ATP-binding cassette transporter A1 (ABCA1) and low-density
lipoprotein receptor (LDLR) are two crucial proteins within the
process of cholesterol transfer (Yu et al., 2019). The results
showed that JC-5411 treatment significantly increased the
protein expression levels of ABCA1 and LDLR in the livers of
ApoE™"~ mice when compared with model group (Figures 5C,
D). Moreover, JC-5411 treatment decreased the protein level of
SCD1 (an enzyme that catalyzes the synthesis of fatty acids
(ALJohani et al., 2017)), but increased the inactivation form of
the rate-limiting enzyme of de novo fatty acid synthesis p-ACC
(Kim et al, 2017) and the fatty acid p-oxidation CPT1A
(Pavethynath et al.,, 2019) protein levels when compared with
model group (Figures 5C, D). What’s more, JC-5411 treatment
also decreased the protein level of fatty acid synthase (FAS), one
of the important lipogenic genes (Wang and Tontonoz, 2018), but
did not affect the protein level of sterol regulatory element-
binding protein 1 (SREBP-1), peroxisome proliferator-
activated receptor a (PPARa) and Liver X receptors a (LXRa)
(Figures 5C, D). These observations indicate that JC-5411 is
capable hindering lipid accumulation and accelerates fatty acid
g-oxidation in liver of ApoE™~ mice.

JC-5411 Improved Lipid Metabolism in
Hyperlipidemic Golden Hamsters

Hamster has been found a better animal model in lipid
metabolism study because of its more similar feature of lipid
biological process to human (Jiang et al., 2013). Therefore, the
regulating effects of lipid metabolism by JC-5411 were further
evaluated in hyperlipidemic golden hamsters. The serum levels
of TG, TC and LDL-C from all three dose groups of JC-5411
were significantly lower than that of the model group
(Supplementary Figure S3A). There was no significant
change in serum HDL-C levels between JC-5411 20 mg/kg,
40 mg/kg treatment groups and the model group while in the 60
mg/kg dose group which showed a lower level than in model
group (Supplementary Figure S3A). The ORO staining result
of JC-5411 in golden hamster livers also showed significantly
fewer positive areas as compared with the model group
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(Supplementary Figure S3B). In addition, JC-5411
significantly decreased the levels of TG and TC in the liver
as compared with the model group in hyperlipidemic golden
hamsters (Supplementary Figure S3C). JC-5411 improved the
steatosis of liver cells compared with model group by H&E
staining (Supplementary Figure S3D), which is identical with
the result observed in ApoE™'~ mice. These results demonstrate
that JC-5411 treatments reduce the lipid accumulation in
dyslipidemic golden hamsters.

JC-5411 Increased the Antioxidant Capacity
in ApoE~~ Mice and in H,0, Stimulated
Human Umbilical Vein Endothelial Cells
Nrf2 plays an important role in protecting cells from the damage
caused by oxidative stress (Jakobs et al., 2017). Oxidative stress is
another factor involved in the pathogenesis of atherosclerosis.
What’s more, inflammation and oxidative stress help each other
forward when causing tissue damage in atherosclerosis, and
abnormal lipid accumulate aggravates inflammatory and
oxidative stress state in vivo (Olechnowicz et al., 2018). We
thus investigated the protective characteristics of JC-5411
using a DHE assay to determine the superoxide (O,")
formation in atherosclerotic plaques of ApoE~~ mice. As
expected, JC-5411 could decrease the positive area ratio
(fluorescence area in plaque/total area of plaque) in
comparison with model group (Supplementary Figures S4A,
B), suggesting that JC-5411 is able to reduce superoxide levels in
atherosclerotic plaques. In parallel, JC-5411 treatment increased
the SOD activity and decreased the MDA level in the livers of
ApoE™"" mice (Supplementary Figures 4C, D). Additionally, JC-
5411 treatment significantly increased the antioxidant genes’
mRNA levels of Nrf2 downstream including NAD(P)H
quinone dehydrogenase 1 (NQO1), glutamate synthesis related
genes, glutamate-cysteine ligase catalytic subunit (GCLC) and
glutamate-cysteine ligase modifier subunit (GCLM) (Chapple
et al,, 2012) in liver of ApoE™’~ mice (Supplementary Figure
S4E).

Then HUVECs stimulated with H,O, was used to establish the
oxidative stress cell model. As shown in Figures 4F-I, JC-5411
increased the mRNA level of antioxidant related genes including
Nrf2, NQO1, GCLC and GCLM when compared with H,O,
group. What’s more, these genes decreased significantly in nrf2
knockdown group when compared with JC-5411-treated group,
which means JC-5411 also increased the antioxidant capacity in
H,0,-treated HUVECs via Nrf2 signaling. Our results indicate
that JC-5411 treatment activates Nrf2 signaling and increases the
antioxidant capacity in WD fed ApoE™~ mice and H,O,
stimulated HUVECs.

Nrf2 Activator JC-5411 Inhibits Atherosclerosis

DISCUSSION

Atherosclerosis is a chronic disease characterized with the
formation of atheromatous plaques in arteries (Libby et al,
2011). Several complex pathogenetic processes are involved in
the development and progression of the disease, which include
inflammation, lipid metabolism disorder and oxidative stress
(Libby et al., 2011; Forstermann et al,, 2017). In this study,
JC-5411 can increase the expression of Nrf2 and its
downstream gene HO-1 in vitro and in the liver of ApoE™~
mice, suggesting that JC-5411 upregulates Nrf2 signaling. We
then showed, for the first time, that JC-5411 as a Nrf2 activator
was able to effectively attenuate atherosclerotic lesions in ApoE ™~
mouse model fed on WD. We found that this reduction is
achieved via attenuating inflammatory activities, rebalancing
lipid metabolism and increasing the capacity of antioxidation
(Figure 6). Importantly, we provide the first direct evidence that
JC-5411 has the potential to treat hyperlipidemia observed
through animal models including WD induced ApoE™"~ mice
and hyperlipidemic golden hamsters.

It has been demonstrated that inflammation facilitates the
pathogenetic process of lesion formation in atherosclerosis
(Libby, 2012) in which Nrf2 signaling plays a critical role
(Mimura and Itoh, 2015; Zakkar et al., 2009; Boyanapalli et al.,
2014). In this study, we found that JC-5411 was effective
against inflammation in ApoE™~ mouse model fed with WD,
LPS induced macrophage J774A.1 cell and TNFa stimulated
HUVECs. We demonstrated that JC-5411 could attenuate
monocyte adhesion in TNFa induced HUVECs and
decrease inflammatory factors’ secretion in LPS stimulated
macrophages via Nrf2 dependent manner (Figures 3, 4). We
then demonstrated that JC-5411 positively affected Nrf2
signaling through inhibiting the activation of NF-«B and
NLRP3 inflammasome pathway both in ApoE™~ mouse
and LPS induced macrophage J774A.1 cell. Since NF-«B
signaling plays an important role in the primary stage of
NLRP3 inflammasome activation which in turn is suppressed
by the activation of Nrf2 signaling (Grebe et al., 2018; Dayalan
Naidu et al., 2018; Ahmed et al., 2017; Juurlink, 2012), we
concluded that the anti-inflammatory activities of JC-5411 in
WD fed ApoE ™~ mice and in vitro were via its regulation on
the Nrf2/NF-«B/NLRP3 inflammasome signaling.

Dysregulation of lipid metabolism is the central part in the
progression of atherosclerosis (Libby et al, 2011; Lu and
Daugherty, 2015). In animal study, we chosen rosuvastatin as
positive control. Both JC-5411 and rosuvastatin could decrease
the serum TC level in ApoE™"~ mice (Figure 5A), but our data
showed that JC-5411 had different regulating lipid metabolism
mechanism compared with rosuvastatin. As reported,

FIGURE 4 | ICAM-1 and VCAM-1. All protein bands were normalized by -actin and expressed as a fold of control. One-way ANOVA analysis was performed, *p < 0.05,
**p <0.01, **p < 0.001, n = 3. (D, E) siNrf2 was used as described above, then cell protein of each group was collected and detected using western blotting. All protein
bands were normalized by -actin and expressed as a fold of control. One-way ANOVA analysis was performed, *p < 0.05, o < 0.01, **p < 0.001, n = 3. (F) HUVECs
were treated as described above, then immunofluorescence staining was performed. A representative image was captured with High Content Analysis System. Scale
bars, 50 um; n = 3. (G) The proteins from cytoplasm and nucleus were extracted and detected by western blotting, respectively. The cytoplasm protein bands were
normalized by g-actin, and the nucleus protein bands were normalized by histone H3, all protein bands were expressed as a fold of control, Student’s t test were
performed, “p < 0.05, *p < 0.01, n = 3. (H) Representative immunofluorescence staining of ICAM-1 (red) and VCAM-1 (green) in aortic sinus cross sections of each
treatment group where DAPI (blue) was used to highlight the cell nucleus. Scale bars, 200 um.
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expression levels of PPARa, LXRa, SREBP-1, ABCA1, p-ACC, ACC, LDLR, CPT1A and SCD1 were detected by western blot, respectively. Representative images were
shown. All protein bands were normalized by -actin and expressed as a fold of control. Student’s t test, *p < 0.05, **p < 0.01, **p < 0.001, n = 4 per group.
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rosuvastatin exerts that effect via competitively inhibiting the 3-
hydroxy-3-methylglutaryl coenzyme A reductase, a liver enzyme
responsible of the rate-limiting step in cholesterol synthesis, and
this effect contributes a lot in attenuating atherosclerosis
development (Cortese et al., 2016). While the effect of JC-5411
on lipid metabolism was through increasing cholesterol transfer
gene (ABCA1 and LDLR) expression and decreasing fatty acids

synthesis related gene (SCD1 and FAS) expression, and
increasing the inactivation form of rate-limiting enzyme of de
novo fatty acid synthesis (p-ACC) and fatty acids p-oxidation
(CPT1A) in the liver of ApoE ™~ mice. Though many studies have
suggested the association of lipid metabolism with Nrf2 signaling
(Mimura and Itoh, 2015; Tanaka et al., 2008), we failed to
demonstrate the direct relationship between JC-5411 and these
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FIGURE 6 | The proposed mechanism of action of JC-5411 via activation of Nrf2 pathway against arteriosclerosis. Specifically, JC-5411 exerts anti-inflammatory
effect by inhibiting the activation of NF-kB and NLRP3 inflammasome signaling, thus reducing the release of IL-1p, and its anti-inflammatory effect was dependent on
activating Nrf2. In addition, JC-5411 improves lipid metabolism by increasing the expression level of cholesterol transfer genes (ABCA1 and LDLR), decreasing the fatty
acid synthesis genes (SCD1 and FAS), and increasing inactivation form of the rate-limiting enzyme of de novo fatty acid synthesis (p-ACC) and fatty acid f-oxidation
genes (CPT1A)in ApPOE™~ mice. Moreover, JC-5411 has antioxidant capacity by activating Nrf2 pathway and thus increasing the expression of various antioxidant genes
including HO-1, NQO1, GCLC and GCLM in both ApoE ™~ mice and HUVECs. Taken together, JC-5411 as a Nrf2 activator protects against atherosclerosis through
antiinflammation, regulating lipid metabolism and antioxidation.

lipid metabolism related genes such as ABCA1 and LDLR when In addition, considering oxidative stress can be regulated by
we knocked down nrf2 in JC-5411 treated HepG2 cells with nrf2 ~ Nrf2 signaling, we assume that the increased activity of SOD and
specific siRNA (date not shown). Further investigation is required ~ decreased expression of MDA in the liver by JC-5411 could be, at
to elucidate how JC-5411 mediated lipid metabolism is involved  least in part, through upregulation of Nrf2 signaling, which is in
in Nrf2 signaling. line with the results of previous reports by other Nrf2 activators
As liver plays a pivotal role in lipid metabolism (You and (Du et al.,, 2016; Wu et al., 2017; Wang et al.,, 2018). Since the
Arteel, 2019), a high level of lipid within the liver facilitates the ~ production of O,~, which can be regulated by Nrf2 signaling
formation of lipotoxic species and induces the release of  (Ashino et al., 2013), is strongly associated with the pathological
chemokines and pre-inflammatory cytokines such as TNFa,  process of atherosclerosis (Vendrov et al, 2007; Lazaro et al,
IL-18 and IL-6. Furthermore, it is now accepted that these 2018), reduction in the accumulation or concentration O,  in
lipotoxic species also contribute to oxidative stress damage in  atherosclerotic plaques by JC-5411 gives further evidence that this
liver cells (Friedman et al., 2018; Byrne and Targher, 2015; Marra ~ compound has the potential to become an important therapy for
and Svegliati-Baroni, 2018; Buzzetti et al., 2016). Our data showed  atherosclerosis.
that JC-5411 could restore the balance of lipid metabolism in In summary, we have shown that JC-5411 can act as a Nrf2
WD-fed ApoE™"~ mice, which would be beneficial to decrease  activator which in turn inhibits the progression of
oxidative stress and attenuate inflammation. Therefore, it is  atherosclerosis in ApoE~~ mice, and demonstrate that this
concluded that JC-5411 exerts the anti-inflammatory and  inhibition is achieved through multiple mechanisms including
antioxidant effects within liver of WD-fed ApoE™~ mice may  the attenuation of inflammation, regulation of dysregulated
result from the indirect rebalancing of the lipid accumulation in  lipid metabolism and increase in antioxidant activity. Although
liver of JC-5411. the role that Nrf2 plays in atherosclerosis is still disputable
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(Mimura and Itoh, 2015; Freigang et al., 2011; Ruotsalainen
et al., 2013), some Nrf2 activators have been shown to exhibit
marked activity in combatting atherosclerosis (Zhu et al., 2019;
Aboonabi and Singh, 2015; Xie et al., 2016; Lazaro et al., 2018).
Even so, our findings provide further evidence that JC-5411, as
a Nrf2 activator, might have the potential to be an effective
therapy for atherosclerosis and its related cardiovascular
diseases.
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