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ABSTRACT

We previously reported the neuroprotective effects of (+)-balasubramide derived compound 3C, but its action
on atherosclerosis in vivo remains unknown. The study was designed to investigate the potential effects of 3C
on atherogenesis and explore the possible underlying mechanisms. 3C ameliorated high-fat diet-induced body
weight gain, hyperlipidemia, and atherosclerotic plaque burden in apolipoprotein E-deficient (ApoE”") mice
after 10 weeks of treatment. 3C suppressed the expression of genes involved in triglyceride synthesis in liver.
3C prevented aortic inflammation as evidenced by reduction of adhesive molecule levels and macrophage
infiltration. Mechanistic studies revealed that activation of AMP-activated protein kinase (AMPK) is central to
the athero-protective effects of 3C. Increased AMPK activity by 3C resulted in suppressing interferon-y (IFN-y)
induced activation of signal transducer and activator of transcription-1 (STAT1) and stimulator of interferon
genes (STING) signaling pathways and downstream pro-inflammatory markers. Moreover, 3C inhibited ox-LDL
triggered lipid accumulation and IFN-y induced phenotypic switch toward M1 macrophage in RAW 264.7 cells.
Our present data suggest that 3C prevents atherosclerosis via pleiotropic effects, including amelioration of lipid
profiles, vascular inflammation and macrophage pro-inflammatory phenotype. 3C has the potential to be
developed as a promising drug for atherosclerosis and related cardiovascular disease.

INTRODUCTION lead to myocardial infarction or stroke which are still
the leading cause of mortality and morbidity [1, 2].

Atherosclerosis is a progressive disease which arises

from disturbed lipid profiles and vascular inflammation
at the large artery. The basic pathological process of
atherosclerosis includes migration of the inflammatory
cells into the sub-endothelial area and deposition of
lipids and cell debris on the vessel wall that ultimately

Multiple risk factors participate in the process of
atherosclerosis development. Dysregulation of lipid
metabolism and other metabolic dysfunction such as
obesity, hypertension, insulin resistance, diabetes, and
disturbed hemodynamic shear stress lead to endothelial
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activation [3-5]. A variety of inflammatory cells such
as monocytes, T-lymphocytes, mast cells, eosinophils,
dendritic cells are attracted, rolling on the endothelium
surface and invade into the sub-endothelial sites,
upregulation of cytokines and chemokines further
facilitates this process [6]. These infiltrated
inflammatory cells, especially macrophages, play a
pivotal role in plague growth. Monocytes differentiate
into macrophages under the inflammatory micro-
environment, engulf large amounts of lipids to form
foam cells, and release a large number of inflammatory
factors which in turn accelerate foam cell formation.
Finally, the vascular bed collapses and vulnerable
plaques rupture to block blood vessels [7].

AMPK is a well-known intracellular energy sensor and
regulator, which can sense the intracellular energy level
when the ratio of AMP to ADP increases. Upon
AMPK’s activation, intracellular anabolic pathways are
restricted with the catabolic pathways activated to
restore the energy balance [8]. In addition to being an
energy sensor, increasing evidence has shown that
AMPK also exerts anti-inflammation effects by
inhibiting cytokines including interferons, tumor
necrosis factors, interleukins, mediated inflammatory
signaling pathways [9-12].

Janus kinases/signal transducer and activator of
transcription (JAK/STAT) signaling pathway is a major
intracellular inflammatory cascade that transmits the
intracellular signaling to the nucleus, promoting
inflammatory response, accelerating the development of
atherosclerosis [13, 14]. Moreover, deletion of STAT1
attenuates the progression of atherosclerosis [15]. Thus,
the JAK/STAT pathway is an attractive therapeutic
target for treating inflammation-mediated vascular
diseases especially atherosclerosis.

(+)-Balasubramide is an eight-membered lactam
compound extracted from the leaves of the Sri Lankan
plant Clausena indica. Previous studies have shown that
clausenamide, a  biosynthetic ~ precursor  of
balasubramide, has anti-apoptosis [16] and anti-
neuroinflammation effects, acting as an oxygen free
radical scavenger and AMPK activator [17, 18]. We
have previously demonstrated a central role of AMPK-
STAT1 axis in vascular inflammation regulation [19].
However, the pharmacological effect of (+)-
Balasubramide in atherosclerosis and the underlying
mechanism remain unknown.

In the present study, we demonstrated that 3C
administration potently attenuates atherosclerotic lesion
burden in HFD-fed ApoE~ mice, possibly by inhibiting
inflammatory response, modulating lipid metabolism
and deposition, resulting in improvement of plaque

stability. The mechanistic studies indicate that 3C
inhibits JAK2-STAT1-STING signaling pathway
through activation of AMPK. Thus, our studies have
established the potential therapeutic applications of 3C
as a novel atherosclerosis treatment.

RESULTS

Treatment of ApoE” mice with 3C ameliorates
plague burden and progression

We first examined the efficacy of 3C (10 mg/Kg/day) in
HFD-induced atherosclerosis model in ApoE”’ mice.
The aortas from 10 weeks HFD-fed ApoE’ mice
exhibited atherosclerotic plaques that were readily
visible on the inner side of the aortic arch, the
bifurcation of the brachiocephalic and left common
carotid arteries where exhibit disturbed blood flow and
are typical atheroprone area. Treatment with 3C
ameliorated the extent of plaques burden in these sites
(Figure 1B). As measured by En face Oil-red O
staining, aortas showed significantly attenuated
atherosclerotic lesion areas in the aortic tree (Figure
1C). QOil Red O staining of the aortic root cryosections
revealed a robust decrease of lipid disposition in
atherosclerotic lesion area after 3C treatment compared
to vehicle (Figure 1D, 1E). The smaller lesion size was
accompanied by a reduction in necrotic core formation,
evaluated using H&E staining according to established
protocols [20] (Figure 1F, 1G). Taken together, these
data demonstrate that 3C exerts preventative effect on
atherogenesis in HFD-fed ApoE" mice.

3C suppresses adhesive molecules expression in
atherosclerotic lesions

Atherosclerosis is a progressive disease characterized
by the process of constant accumulation of lipid in the
artery wall which can be accelerated by the chronic
inflammatory response. Because of the hemodynamic
effects, atherosclerotic plaques prefer to form at vessel
branch points, bifurcations, and regions of high
curvature where display oscillatory shear stress [21]. In
these atheroprone sites, endothelial cells undergo
apoptosis which is accompanied by increased vascular
permeability and upregulation of adhesive molecules
such as ICAM-1 and VCAM-1 [22]. These adhesion
molecules will recruit the circulating inflammatory cells
such as monocytes, T-lymphocytes, mast cells,
eosinophils, dendritic cells to the intima to engulf the
lipids which is the major cause for plaque progression.
To explore the involvement of adhesive molecules in
the preventive effect of 3C on atherogenesis, immuno-
staining was performed. Treatment with 3C
downregulated the ICAM-1/plaque ratio by 10%
(Figure 2A, 2B) and VCAM-1/plaque ratio by 15%
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(Figure 2C, 2D). These observations were further
confirmed by Western blotting analysis using the aortic
tissues (Figure 2E, 2F). These data support the concept
that 3C may mitigate vascular inflammation through
downregulating adhesive molecules expression.

3C improves lipid profile

ApoE~’- mice fed with high-fat diet exhibit accelerated
atherosclerosis plaques formation and dysfunctional
lipid metabolism characterized by the elevated level of
triglyceride (TG), total cholesterol (TC) and LDL-C.
Besides, long-term high-fat diet feeding causes weight

A

Vehicle

gain and lipid accumulation in the liver and adipose
tissue. Therefore we examined the lipid profile after 3C
treatment in the high-fat diet fed ApoE” mice. As
shown in Figure 3A, 3C treatment caused a slight
decrease in body weight. Intriguingly, food intake was
not altered by 3C (Figure 3B). H&E staining for the
liver showed less accumulation of lipid after the
treatment of 3C (Figure 3C), reduced lipid droplet size
was also observed with 3C treatment in inguinal white
adipose tissues (Figure 3D, 3E). 3C significantly
reduced the serum TG levels but had no obvious effects
on TC, or HDL-C, even though LDL-C had a trend to
be lower (Figure 3F).
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Figure 1. 3C protects ApoE” mice from high-fat diet-induced atherosclerotic plaque formation. (A) Chemical structure of
compound 3C. (B) Representative images in situ of aortic arch and its branches with white plaques. (C) Representative images of the Enface
staining with oil red-O of the whole aorta and quantification of Oil Red O-stained Enface aorta of plaque area for ApoE/- mice treated with
vehicle or 3C. (D) Representative images of plaques in the aortic root after 10 weeks of HFD was determined by staining sections with Oil red
0. (E) Quantification of Oil Red O—stained aortic root for the lipid disposition area (n=5 per group). (F) Representative images of plaques in
the aortic root staining sections with H&E staining. (G) Quantification of H&E-stained aortic root for the plaque lesion area and mean necrotic
area (n=5 per group). All data were assessed using Student’s t-test and are present as mean+SEM. *P <0.05; **P<0.01.
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Gene expression profiling in livers showed ACC, FASN,
and SCD-1, which are key enzymes in TG synthesis,
were dramatically downregulated with 3C treatment, but
genes involved in cholesterol synthesis remained
unchanged (Figure 3G). Furthermore, lipidomic analysis
of the liver samples using the PLS-DA model indicated
that 3C exhibited significant effects on lipid metabolism.
The score plot indicated significant metabolic
differences between the two groups with good model
quality (R? of 0.88, Q?of 0.67) (Figure 3H). A total of
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55 variables were chosen for the heatmap analysis. As
shown in the clustered image map (Figure 3I), most of
the differential metabolites showed correlations with
diglyceride. DG (14:0/0:0/18:2n6), DG (14:0/20:0/0:0),
DG (15:0/18:0/0:0), DG (15:0/18:1(112)/0:0), DG
(15:0/20:0/0:0) and DG (16:1n7/0:0/18:2n6) were
significantly increased. Diglyceride has been shown to
exert anti-obesity effect which is correlated to cardio-
vascular disease [23, 24] and may explain the body
weight loss with 3C treatment in the current study.
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Figure 2. Treatment of ApoE”" mice with 3C inhibits vascular inflammation. (A) Representative images of immunofluorescence
staining for ICAM-1 as an indicator of the vascular inflammation from the aortic root of ApoE”" mice treated with vehicle or 3C. (B)
Quantification of ICAM-1 positive areas in plaques (n=6 per group). (C) Representative images of immunofluorescence staining for VCAM-1
form the aortic root of ApoE”- mice treated with vehicle or 3C. (D) Quantification of VCAM-1 positive areas in plaques (n=6 per group). (E)
Protein expression level of ICAM-1 and VCAM-1 protein in the aorta were assessed by Western blot analysis. (F) Quantitative results for the
relative expression level of ICAM-1 and VCAM-1 normalized to B-Actin (n=3 per group). All data were assessed using Student’s t-test and are

present as mean+SEM. *P <0.05; **P<0.01.
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Figure 3. Treatment with 3C regulates the HFD induced dysfunctional lipid profile. (A) Weight gain curve of ApoE”- mice from
different groups. (B) Average food intake of every ApoE/- mouse from different groups. (C) Representative images of paraffin section of the
liver staining with H&E staining. (D) Representative images of paraffin section of epididymal fat with H&E staining. (E) Quantitation of relative
area of per adipocyte. (F) Quantification of plasma levels of triglycerides, total cholesterol, low-density lipoprotein cholesterol, and high-
density lipoprotein cholesterol in serum from different groups. (G) Fold change of ACC, FASN, SCD-1, HMGCoAs, SREBP-1c, CD36, and PPAR-y
MRNA expression level from livers of different groups (n=6 per group). (H) The OPLS-DA scores plot showing the groupings of 3C (also called
P2, green), and vehicle (red) individuals based on their lipid profiles. (I) Clustered heat image map of the relationship between differential
lipids and biochemical parameters. All data were assessed using Student’s t-test and are present as mean*SEM. *P<0.05; **P<0.01.
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3C inhibits macrophage activation and foam cell
formation

Migration of monocytes to the endothelium and
differentiation into M1 macrophages under the athero-
sclerotic inflammatory microenvironment are key events
in plaque initiation [25]. Macrophage engulfs lipid
deposited in the sub-endothelial area, resulting in foam
cell formation and accelerating the growth of plaques
[26, 27]. IFN-y is also a pro-inflammatory cytokine that
can stimulate polarization [28] and accelerate foam cell
formation [29]. So, we next examined the effect of 3C on
macrophage polarization and foam cell formation.
Treatment of RAW264.7 cells with 3C significantly
decreased the levels of M1 macrophage markers (Figure
4A). Foam cell formation is a critical step in
atherogenesis, exposure to ox-LDL (100ug/ml, 24h)
markedly increased lipid disposition in RAW264.7 cells,
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while pretreatment with 3C dose-dependently decreased
lipid levels in macrophages (Figure 4B, 4C).

3C suppresses JAK2/STATL signaling via AMPK
activation

We have previously demonstrated that activation
of STAT1 by PDGFR( signaling drives vascular
inflammation and atherogenesis [20], activation of
AMPK suppresses STAT1 activity [19]. Also, STAT1
was found to be involved in macrophage apoptosis
induced by endoplasmic reticulum stress and foam
cell formation [15, 30]. To explore the mechanism
by which 3C prevents atherosclerosis development,
we hypothesized that 3C might suppress JAK2/
STAT1 signaling through activating AMPK. Firstly,
phosphorylation of AMPK at Thrl72 was dose- and
time-dependently increased upon compound 3C
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Figure 4. 3C inhibits macrophage polarization and foam cell formation. (A) Fold change of iNOS, COX-2 and CD206 mRNA expression
level. B-Actin was used for sample loading normalization. (B) 3C dose-dependently attenuate ox-LDL induced foam cell formation. (C)
Quantification of the lipid disposition area versus the cellular area. All experiments were performed at least three times; were assessed using

Student’s t-test and are present as mean+SEM. *P<0.05; **P<0.01.
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stimulation (Figure 5A, 5B). As shown in Figure 5C,
5D, 3C inhibited IFN-y, which is a classical macro-
phage activator, induced JAK2-STAT1 activation in a
dose- and time-dependent manner. Consistent with our

previous observations [17], JAK2-STAT1 axis was
inhibited by compound 3C accompanied by the
activation of AMPK (Figure 5E, 5F) upon short-time
exposure to IFN-y in RAW264.7 cells.

A B
" P_AMPK —— . - R e B e B
P-AMPK .
AVMPK | o own oup GG Gl sy
B-Actin| queeep Gl Ghal) D GamD Gp
Ctl  5uM 10uM 20pM 30pM 40pM  P/ACH | GhED Ghuld G Gup G S
3C=2h Ctrl  0.25h 0.5h 1h 2h 4h
C D 3C=20uM
P-Jak2 C—  — — P-Jak2 P A ——— -
P-Stat1 - - f'., — — P-Stat1l - s W—— e e .—Q' - w.
Stat1 | === 0 SN B9 9 B T siti|[=— T . tw cw vw o
B-Actin| gl ® - aEp emp S == B-Actin __——--w—
Ctrl IFN-y 0.25h 0.5h 1h 2h 4h
Ctrl IFN-y 5uM 10uM 20uM 30uM 40uM
3C=40uM
3C
E F 2.5+ *
*
4 Sy % 2 .04
P-Jak2 g, T -
(s_ . —
P-Stat1 ol e=- < 1.04
a 0.5
Stat1 | S ewp $9 O™ 0.0 : :
Ctrl 3C IFN-y 3C+IFN-y
P-AMPK — G q— ~ 6 - * % | * % 6. * % | *
£ ’ S ‘
$44 < 4
AMPK | Sy G=e guee O & @
q =
324 = 3 2|
B-Actin | D GEED GNP G e - a - T
0-- X 8 O T T
Ctrl  3C IFN-y 3C+IFN-y Ctrl  3C IFN-y 3C+IFN-y Ctrl  3C IFN-y 3C+IFN-y

Figure 5. 3C induces AMPK phosphorylation and inhibits JAK2-STAT1 signaling. (A) 3C dose-dependently induced AMPK
phosphorylation. (B) 3C time-dependently induced AMPK phosphorylation. (C) 3C time-dependently inhibit IFN-y induced JAK2 and Statl

phosphorylation. (D) 3C dose-dependently inhibit IFN-y induced JAK2

and Statl phosphorylation. Cells were pre-treated at indicated different

time or with different concentrations of P2 for 4h followed by 10ng/mL IFN-y incubation for 30min then the cell was harvested. (E) 3C
activate AMPK and inhibit IFN-y stimulated JAK2-Stat1 signaling but IFN-y has no effect on AMPK. (F) Relative level of P-AMPK, P-JAK2 and P-
Statl normalized to B-Actin (n=3 per group). All experiments were performed at least three times; were assessed using Student’s t-test and

are present as mean+SEM. *P<0.05; **P<0.01.
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3C inhibits JAK2/STATL1 and downstream signaling

JAK2/STAT1 activation upon interferon or PDGF
stimulation induces expression of IFN-stimulated genes
(ISGs) and the release of chemokines [31]. To further

investigate the downstream signaling, we analyzed the
IFN-y primed macrophages and found that long-time
exposure to IFN-y drastically induced the expression of
STAT1 and STING and the downstream IRF activation
(Figure 6A, 6B). Treatment with 3C activated AMPK
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Figure 6. 3C inhibits IFN-y stimulated JAK2-STAT1 signaling and downstream signaling in AMPK dependent manner. (A) IFN-y
time-dependently induce phosphorylation of Statl and initiate downstream STING-IRF3 signaling. (B) Quantitative results for the relative
level of STING and P-IRF3 normalized to B-Actin (n=3 per group). (C) 3C activate AMPK and inhibit IFN-y stimulated Jak-Statl and downstream
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IFN-B normalize to B-Actin. Results are expressed as means + SEM (n = 3). *P<0.05, **P<0.01.
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and markedly attenuated STAT1 phosphorylation and
STING-IRF3 activation (Figure 6C, 6D). Gene
expression analysis with qRT-PCR also showed that
STING target genes including IFN-a, IFN-f was down-
regulated (Figure 6E). However, other cytokines
including TNF-a, IL-6 and IL-1B remained unchanged
(Supplementary Figure 1A).

Inhibition of JAK2/STAT1 and downstream
signaling with 3C is AMPK dependent

To gain further insight into whether these observations
are AMPK dependent, we pretreated the cells with a

potent AMPK inhibitor Compound C (CC). As depicted
in Figure 7A-7C, Compound C abolished the effects of
3C on AMPK activation as well as STAT1 and STING-
IRF3 signaling inhibition, indicating that the inhibitory
effects of 3C on activation of JAK/STAT1 and
downstream STING-IRF3 are AMPK dependent.

3C treatment activates AMPK and inhibits STAT1-
STING signaling in ApoE” mice

To extend our in vitro observations and establish the
molecular mechanism behind the preventative effects of
3C in atherogenesis, we further evaluated the AMPK
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Figure 7. 3C inhibits JAK2/STAT1 and downstream signaling in AMPK dependent manner. (A) AMPKa inhibition with compound C
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activation and STATI1-STING signaling in the aortas
of ApoE” mice. 3C activated AMPK, which was
accompanied by reduction of STAT1 and IRF3
phosphorylation (Figure 8A, 8B), as well as levels of

Vehicle 3C
C
STING IFN-a
1.54 1.5+
_= =
E i 1.04 _ % i 1.04
<o < o
Z 0.5 £ 505 -L
£g £g
0.0 0.0
Vehicle 3C Vehicle 3C
D

Vehicle

3C

downstream inflammatory genes expression such as
IFN-a, IFN-B, and CXCL10 (Figure 8C). Intriguingly,
we also observed that TNF-a; IL-6; MCP-1, and IL-1p
were differentially expressed in the aorta samples after

B
c 20 . o8
<15 1 <
(b_ &1.0
E 1.0 = _l_
<§( 0.5 % 05
i a
2 00 0.0
Vehicle 3C Vehicle 3C
18 15
g g
m:_1.0 . ml_‘l.O
& =S T
0.5 Z05
& =
a %)
0.0 0.0
Vehicle 3C Vehicle 3C
IFN-B CXCL-10
1.54 1.5-
_E &
g §1.0- . g i::’-1,0- *
Sp L Se -
Z 50.54 Z 50.51
£ é S é
0.0 0.0
Vehicle 3C Vehicle 3C

Figure 8. Treatment of ApoE”" mice with 3C inhibits JAK-STAT1 and downstream signaling. (A) Relative level of P-Stat1; Stat1; P-
AMPK; AMPK; STING; P-IRF3 and IRF3 was assessed by Western Blot (n=3 per group). (B) Quantitative results for the relative expression level
of P-Statl; P-AMPK; STING and P-IRF3normalized to B-Actin (n=3 per group). (C) Fold change of STING, IFN-qa, IFN-B, and CXCL10 mRNA
expression level from aortas of different groups. (D) Representative images of immunofluorescence staining for Statl from the aortic root of
ApoE~- mice treated with vehicle or 3C. All data were assessed using Student’s t-test and are present as mean+SEM. *P<0.05.
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3C treatment (Supplementary Figure 1B). As a result,
3C treatment dramatically reduced STAT1 expression
and macrophage infiltration into the atherosclerotic
plaques, as evidenced by the immunofluorescence
staining of MOMA 2 shown in Figure 8D.

DISCUSSION

Atherosclerosis is a progressive vascular occlusive
disease caused by multiple factors. Over the past twenty
years, the use of statins and lipid-lowering therapy have
led to the decrease of mortality and morbidity of
atherosclerotic cardiovascular diseases, but they still
rank the top cause of death world wide. [32]. Thus
considerable attention has been paid to find the
therapeutic target and treatment for atherosclerosis.

A series of evidence has indicated that AMPK activation
markedly attenuates atherosclerosis development.
AMPK is an intracellular sensor of energy metabolism
that regulates multiple physiological processes,
including lipid and glucose metabolism. Once AMPK is
activated, pathways directing catabolism are switched on
and pathways controlling anabolism are shut down. In
vivo studies have shown that genetic or pharmacological
activation of AMPK decreases lipid biogenesis and
accumulation in the liver through inhibition of key
enzymes and transcription factors including ACC, FAS,
and SREBP1 [33-35]. Moreover, AMPK activation with
small molecule activators can enhance reverse
cholesterol transport by upregulating expression of
ABCA1, ABCG1, and SR-BI in ApoE” mice [36]. In
addition to regulation of energy metabolism, our
previous studies have shown that AMPK activation also
suppresses inflammatory response [19]. Moreover,
activation of AMPK is also beneficial to the
maintenance of vascular permeability and can block
vascular inflammatory processes such as phenotypic
transition of smooth muscle cells and macrophages [37].
All these observations strongly indicate that AMPK is an
emerging therapeutic target for treatment of metabolic
syndrome and cardiovascular diseases.

In the present study, we demonstrated that compound
3C, a naturally derived compound potently decreased
the atherosclerotic plaques burden in HFD fed ApoE™
mice. Plaques in the aortic root, arch, and bifurcations
were significantly reduced after the 3C treatment.
Further examinations showed that 3C treatment reduced
lipid deposition and adhesive molecules ICAM-
1/VCAM-1 expression in the plagque area. In the
atheroprone area, upregulation of adhesion molecules
and lipid deposition especially the oxidized low-density
lipoprotein drive the growth of plaques. In the present
study, the decreased expression of ICAM-1 and
VCAM-1 may result in fewer monocytes migration and

infiltrate into the subintimal site. The advanced plaques
containing less collagen and fewer vascular smooth
muscle cells but have larger necrotic cores and thinner
fibrous cap are wvulnerable to rupture to form
thrombosis. In this study we also observed that 3C
decreased necrotic core area in addition to the
preventative effect of plaque progression, indicating 3C
regulates both plaque progression and stability.

Hyperlipidemia is an important risk factor in the
development of atherosclerosis. Currently, most
clinically used lipid-lowering therapies are based on
lowering cholesterol, especially the level of low-density
lipoprotein cholesterol. Recent studies have found that
high level of triglyceride is a strong and independent risk
factor for atherosclerotic cardiovascular disease
(ASCVD). Analysis of serum lipid profile revealed a
significant decrease in triglyceride levels after 3C
administration, but total cholesterol, low-density
lipoprotein cholesterol, and high-density lipoprotein
cholesterol remained unchanged. Gene expression
profiling suggested that 3C decreased the key enzymes of
fatty acid synthesis and glyceride synthesis in ApoE™
mice livers, resulting in alleviation of lipid deposition.
ApoE~- mice treated with 3C gained less body weight and
had smaller lipid droplet size. Further investigation of the
lipid composition in livers with lipidomics revealed the
significant elevation of diglyceride levels. Diglyceride
has been shown to reduce both fasting and postprandial
blood TG levels, as well as glycosylated hemoglobin
levels in type 2 diabetes, and prevent fat accumulation in
animals and humans [23, 24]. Furthermore, previous
studies reported that fasting-induced AMPK activation
inhibits DGAT activity, which is an enzyme that
catalyzes the formation of triglycerides from
diacylglycerol and Acyl-CoA. [38]. Taken together, our
results suggest that modulation of lipid metabolism is
attributable to the athero-protective effects of 3C.

Macrophage is an important element in inflammatory
response and is considered to accelerate the patho-
genesis of atherosclerosis under the complex vascular
inflammatory microenvironment. Accelerated plaque
formation by M1 macrophages mediated inflammation
has attracted lots of attention. Several studies have
shown that AMPK activation with specific activators
such as AMP and AICAR can facilitate the transition to
anti-inflammatory M2  phenotype and maintain
intracellular cholesterol homeostasis [36, 39, 40].
Consistent with this, myeloid-specific deletion of
AMPKal accelerates atherosclerosis in LdIr deficiency
mice [41]. IFN-y was reported previously to synergize
with LPS to promote conversion to M1 phenotype and
also accelerate plaque by enhancing foam cell formation
and recruitment of immune cells [42-45]. In support of
this mechanism, we have demonstrated that 3C exerted
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favorable pharmacological activity to switch IFN-y
primed RAW?264.7 cells toward M2 macrophages,
suggesting modulation of macrophage phenotypic
switch by 3C could play another critical role in
inhibiting inflammation and preventing atherogenesis.

STING was originally identified as a cytosolic DNA
sensor which can be activated by cGAMP generated by
CGAS upon the detection of cytosolic DNA. Upon
STING activation, TBK1 is recruited and downstream
transcription factors such as IRF3, and NF-xB will also
be activated to initiates type | interferon response [46—
49]. Recent studies have found that gain-of-function
mutation of STING leads to vasculopathy [50, 51] and
apoptosis-derived membrane vesicles in SLE serum to
induce type | interferon production through activation of
the cGAS-STING pathway [52]. STING deficiency
mice show improved metabolic outcomes upon HFD
challenging [53, 54]. In this study, we demonstrated that
3C inhibited IFN-y stimulated STING expression and
the type | interferon response, which was validated in
both in vitro and in vivo. Compound 3C did not affect
the expression of TNF-o; IL-6 and IL-1B in IFN-y
stimulated RAW?264.7 cells, but downregulated the levels
of TNF-a; IL-6; MCP-1 and IL-1p in the aortas of ApoE
null mice. The underlying cause for this inconsistency
between in vivo and in vitro results may be explained by
that the in vivo microenvironment is more complex and
other risk factors (hyperlipidemia; low shear stress etc.)
could also contribute to the development of
atherosclerosis. Thus, activation of AMPK with the
compound 3C may also exert beneficial effects against
these “risk factors”. The other interpretation is that the
STATL1 dependent but STING independent signaling is

Interferon-y

Macrophage activation §

Compound 3C

also involved in the atherosclerosis protective effect of
the compound 3C in vivo.

The present study mainly focused on the downstream
effects of compound 3C on AMPK activation. Results
showed that natural product-derived 3C inhibited
transcription factor STAT1 activation and reduced the
expression of expression of STING (Figure 9). When
AMPK was inhibited by compound C these effects were
abolished, indicating the anti-inflammatory effect of 3C
relies on AMPK activation. There are two known
upstream kinases i.e. calmodulin-dependent protein
kinase kinase p (CaMKKJp) and liver kinase B1 (LKB1)
that activate AMPK. Our previous study demonstrated
that compound 3C increased CaMKKf phosphorylation
but has no effect on LKB1 activation in mouse primary
microglia cells and BV2 cells [17]. But whether 3C
activates AMPK in the present study through CaMKKf
needs further study. Currently, researches on STING
activator or inhibitor are based on direct interaction of
STING and the compound [55, 56]. Whether 3C has
direct interaction with STING warrants further
investigation.

In summary, this study explored the preventative effects
of the natural product derived compound 3C on
atherosclerosis. Because AMPK activation is central to
the protective activity of 3C in atherosclerosis, the
AMPK-STAT1-STING pathway may be a valid
pharmacological target for treating inflammation-related
diseases such as atherosclerosis, insulin resistance, and
cardiovascular disease. Our studies imply 3C may have
the potential to be developed as a promising drug for
atherosclerosis and related cardiovascular disease.

H vasculgr’ l
inflampnationy:

Figure 9. A mechanistic schematic diagram showing Compound 3C alleviates atherosclerosis by multiple mechanisms.
Compound 3C improves lipid profile in high-fat diet-fed ApoE/- mice. Compound 3C is a potent activator of AMPK and inhibit

JAK2/STAT1/STING signaling.
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MATERIALS AND METHODS
Reagents

Compound 3C was synthesized and provided by Dr.
Hansen Lin, Guangdong Pharmaceutical University,
and the purity of compound 3C was about 96%. IFN-y
was obtained from Peprotech. Compound C was
purchased from APExBIO. Fludarabine was purchased
from Selleck. Trizol reagent was purchased from Sigma
Aldrich (St. Louis, USA). The HifairTMII1st Strand
cDNA Synthesis SuperMix for g°PCR and qPCR SYBR
Green Master Mix were purchased from Yeasen
Biotech (Shanghai, China). Antibodies for Western Blot
against phospho-Jak2, phospho-Statl, Statl, phospho-
IRF3, IRF3, phospho-AMPK, AMPK, STING, B-actin
were purchased from Cell Signaling Technology
(Beverly, MA, USA). Primary antibodies were used at
1:1,000. Horseradish peroxidase-conjugated secondary
antibodies (Fcmacs Biotech Co., Ltd, Nanjing, China)
were used at 1:5,000.

Animal treatment

Male 8-week old ApoE~’ mice were obtained from the
Nanjing Biomedical Research Institute (Nanjing,
China). Mice were housed in a specific pathogen-free
(SPF) animal room on a 12 h circadian cycle. After 7
days of adaption, the mice were fed a high-cholesterol
atherogenic Western diet (21% fat and 1.25%
cholesterol, TROPHIC Animal Feed High-tech Co.,
Ltd, Nantong, China). 3C was administrated intra-
peritoneally at 10 mg/kg once daily. 10 weeks later,
mice were euthanized with CO,, tissues and blood
samples were harvested and stored at -80° C for
subsequent histological evaluation and gene expression
analysis. All animal experiments were performed under
approval from the Institutional Animal Care and Use
Committee of the China Pharmaceutical University.

Cell culture

RAW264.7 cells were obtained from ATCC and supplied
in Dulbecco’s Modified Eagle’s medium (DMEM,
Gibco) supplemented with 10% fetal bovine serum (FBS;
Biological Industries) and antibiotics (100 Ul/mL
penicillin and 100pg/mL streptomycin; Gibco) and were
maintained in a humidified 5% CO2 atmosphere at 37° C.

Serum lipid analysis

Mice were fasted overnight, and retro-orbital sinus
blood was collected, allowed to coagulate for 2h, and
centrifuged to isolate the serum. The serum was
immediately frozen and stored at -80° C. The serum
lipid profile, including total cholesterol, triglycerides,

LDL cholesterol, and HDL cholesterol, was determined
using commercially available kits from Bioengineering
Institute (Nanjing, China).

Fatty acid analysis

Fatty acid analysis was performed as described
previously [57]. In brief, 30mg of liver tissues were
homogenized with methanol. The lysates were
incubated at 4° C overnight. After centrifugation, an
aliquot of 400uL of supernatant was transferred to an
Eppendorf microcentrifuge tube and centrifuge 10min at
18000 rpm and an aliquot of 60uL of supernatant was
used for further analysis. The set-up parameters for the
UPLC-QTOF-MS analysis were as follows. A BEH
C18 (2.1 mm x 100 mm, 1.7um) chromatographic
column was used for separation with column
temperature set at 37° C. The elution solvents were
water (A) and acetonitrile/isopropyl (v/iv= 80/20, B)
with a flow rate of 400pL/min. The initial gradient was
70% B and kept for 2 min; increased to 75% B in 3 min;
increased to 80% in 5 min; increased to 90% in 3 min;
increased to 99% in 3 min and kept at 99% for 5 min
before switching back to initial condition. The MS was
operated at a negative electrospray ionization mode
with a capillary voltage of 2.5 kV. The sample cone and
the extraction cone were set at 55 V and 4 V,
respectively. The source temperature was set to 150° C,
and the desolvation temperature was set to 450° C with
a desolvation gas flow rate of 650 L nitrogen per hour.

For statistical analysis, the raw data produced by
UPLC-QTOF-MS were initially processed with
Progenesis® QI (Waters Corp, Milford, MA) to detect
peak signals, obtain calibration equations, and calculate
the concentration of each FFA. The identification of the
metabolites was compared with standards. Manual
examination and correction were carried out to ensure
data quality. To evaluate the similarities/differences of
FFA profiles between the control and 3C groups in the
cross-sectional study, a supervised multivariate model
called orthogonal partial least square discriminant
analysis (OPLS-DA) was built based on their overall
metabolic profiles.

Western blot analysis

Western blot analysis was performed with specific
antibodies as previously described [20, 58]. The aortic
tissues and cultured cells were lysed with lysis buffer
containing protease inhibitor cocktail and phosphatase
inhibitors. Aliquots of 20 pg total protein were separated
on 11% SDS-PAGE gels and transferred to nitrocellulose
membrane (Milipore). The membranes were probed with
primary antibodies followed by the appropriate
horseradish peroxidase-conjugated secondary antibodies.
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Table 1. Information of the qPCR primer sequences.

Gene name Forward Reverse

ACC TCTATCCGTCGGTGGTCTTAT GAACATAGTGGTCTGCCATCTTA
FASN CTCATTGGTGGTGTGGACAT TTGGAGAGATCCTTCAGCTTTC
SCD-1 AGAAGACATCCGTCCTGAAATG CAGCAGGACCATGAGAATGAT
HMGCo0AS GGTGGATGGGAAGCTGTCTA ACATCATCGAGGGTGAAAGG
SREBP-1c GAGAGCTTCTCTTCTGCTTCTC CACGGACGGGTACATCTTTA
PPARy CCCTGGCAAAGCATTTGTATG GGTGATTTGTCCGTTGTCTTTC
CD-36 GCGACATGATTAATGGCACAG GATCCGAACACAGCGTAGATAG
iNOS CCCAGAGTTCCAGCTTCTGG CCAAGCCCCTCACCATTATCT
Cox-2 TGGTGCCTGGTCTGATGATG GTGGTAACCGCTCAGGTGTTG
STING CCCAACATTCGATTCCGAGATA CTCGTAGACGCTGTTGGAATAA
IFN-a GAGCACCAGAGTCAGTTTCTT GCAGATCATCCCTTCTCCTTT
IFN-B GGAAAGATTGACGTGGGAGAT CAGGCGTAGCTGTTGTACTT

RNA isolation and gqRT-PCR

For determining the level of gene expression, total
mMRNA was extracted from the cultured cells or tissues
with Trizol reagent (Invitrogen, Grand Island, NY). 1
ug of RNA was reverse-transcribed into cDNA using
cDNA synthesis kit following standard protocols.
Expression levels of indicated genes were determined
by using the specific primer as follows. Quantifications
were performed by a comparative method (2-22Ct) using
B-actin transcripts as an internal control (Table 1).

Histological evaluation of atherosclerotic lesions

ApoE" mice were sacrificed and perfused as described
previously [20]. For Enface staining, the adventitia was
thoroughly cleaned and then longitudinally cut open and
pinned on the parafilm, fixed with 4% paraformaldehyde.
En face pinned aortas were stained with Oil Red O and
photographed by a camera. For analysis of the
atherosclerosis plaque burden in the aortic root, the hearts
were fixed in 4% paraformaldehyde and embedded in
OCT compound. The aortic roots were serially sectioned
into 8-um sections. Oil Red O staining and H&E staining
were used to evaluate the level of lipid disposition and
area of atherosclerotic plaque. For cross-sectional
quantification of plaque progression, frozen sections
from the indicated sites of the aorta were stained with
Hematoxylin and Eosin. Plaques were imaged with Leica
microscope system. Necrotic core was quantified as the
unstained area of plaque post Eosin staining. Fibrous cap
thickness was quantified by choosing the largest necrotic
core in a section and measuring the thinnest part of the
fibrous cap.

Immunofluorescent staining

The aortic roots were fixed in 4% paraformaldehyde,
embedded in OCT, and cryosectioned at 8 um. Sections

were stained with the primary antibodies against ICAM-1,
VCAM-1, Statl, MOMA-2 as described previously [59].
Antibodies against ICAM-1, VCAM-1 were purchased
from Santa Cruz, MOMAZ2 was purchased from BioRad
and was used at 1:100. Appropriate secondary antibody
was purchased from Jackson ImmunoResearch. Immuno-
fluorescence microscopy was performed with Zeiss
LSMB800 laser confocal microscope.

Statistical analysis

Data were expressed as mean + SEM. Statistical
difference was analyzed with the Student’s t-test. A
value of P<0.05 was considered statistically significant.

Ethics statements

All animal experiments were performed under approval
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Supplementary Figure 1. (A) Relative gene expression of TNF-q, IL-B, IL-6 normalize to B-Actin. The experiments were performed in
triplicate and repeated at least three times on different days. (B) Fold change of TNF-a, IL-B, IL-6 and MCP-1 mRNA expression level from
aortas of different groups (n=4). Results are expressed as means + SEM. *P<0.05, **P<0.01.
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