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Abstract Toll-like receptor 3 (TLR3), as an important pattern recognition receptor (PRR), dominates the

innate and adaptive immunity regulating many acute and chronic inflammatory diseases. Atherosclerosis is

proved as an inflammatory disease, and inflammatory events involved in the entire process of initiation

and deterioration. However, the contribution of TLR3 to atherosclerosis remains unclear. Herein, we identi-

fied the clinical relevance of TLR3 upregulation and disease processes in human atherosclerosis. Besides,

activation of TLR3 also directly led to significant expression of atherogenic chemokines and adhesion mol-

ecules. Conversely, silencing TLR3 inhibited the uptake of oxLDL by macrophages and significantly reduced

foam cell formation. Given the aberrance in TLR3 functions on atherosclerosis progression, we hypothesized

that TLR3 could serve as novel target for clinical atherosclerosis therapy. Therefore, we developed the novel

ellipticine derivative SMU-CX24, which specifically inhibited TLR3 (IC50 Z 18.87� 2.21 nmol/L). In vivo,

atherosclerotic burden was alleviated in Western diet fed ApoE�/� mice in response to SMU-CX24 treatment,

accompanying notable reductions in TLR3 expression and inflammation infiltration within atherosclerotic

lesion. Thus, for the first time, we revealed that pharmacological downregulation of TLR3 with specific in-

hibitor regenerated inflammatory environment to counteract atherosclerosis progression, thereby proposing a

new strategy and probe for atherosclerosis therapy.
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1. Introduction

Cardiovascular diseases (CVDs) are multifactorial disorders
affecting heart and cerebral vessel function, and remain one of the
most life-threatening diseases in the world1,2. Among them,
atherosclerosis (AS), which is characterized by lipid metabolism
and inflammation disorders, is the main underlying pathological
process that induces severe cardiac events, such as myocardial
infarction and ischemic stroke. Atherosclerosis is proved as an
inflammatory disease, and inflammatory events are involved in the
entire process of initiation and deterioration3,4. As the most sig-
nificant pattern recognition receptors (PRRs) in the immune sys-
tem, Toll-like receptors (TLRs) recognize both pathogen-
associated molecular patterns (PAMPs) and danger-associated
molecular patterns (DAMPs), including exogenous microbes and
endogenous harmful substances5e7, to defend against attack.
Since TLRs also regulate a wide range of cells in the cardiovas-
cular system and vessel-specific expression of distinct TLRs is
also observed in human arteries8, TLRs mechanistically link
inflammation and atherosclerosis9,10. In this pathophysiological
event, a sustained release of ligands by plaque lesions and in-
fectious substances, such as lipoproteins and nucleic acid de-
rivatives, are detected by TLRs and facilitate excessive
inflammatory responses, which culminate in cardiovascular
dysfunction and atherosclerosis worsening2,11. Therefore, in
addition to classical statin treatment, drug interventions to control
lesion inflammation and the infiltration of immune cells by spe-
cifically targeting TLRs are proposed for atherosclerosis therapy.

TLR3 is largely localized in the endosomal membrane and rec-
ognizes double-stranded RNA (dsRNA). TLR3 initiates mainly NF-
kB and type I interferon signaling cascades in response to viral in-
fections through the adaptor protein TRIF12,13. Within the complex
pathological process of atherosclerosis, a substantial release of
endogenous RNAby inflamed tissues and necrotic cells occurs in the
lesions, which constitutes a complex atherosclerotic inflammatory
environment14,15. Components of the host response to viruses are
also implicated in the pathogenesis of atherosclerosis16e19. In
addition, exposure to the exogenous TLR3 agonist Poly I:C also
exacerbated atherosclerotic lesions with abundant plaque accumu-
lation due to arterial injury and imbalanced lipid metabolism in
hypercholesterolemic mice20e22. Deficiency of the Tlr3 gene atten-
uated atherosclerosis pathogenesiswith narrowplaque andconferred
arterial protection23e25. In this study, substantial evidence also
highlights the atherogenic and proinflammatory role of TLR3. We
have identified the presence of TLR3 colocalized macrophages,
endothelial cells and smooth muscle cells in human atherosclerotic
lesion. Significant upregulation of TLR3 in PBMC specimens from
atherosclerosis patients compared to those from healthy donors also
observed. In mice, TLR3 activation induced a dramatic increase in
the expression of atherogenic chemokines and adhesion molecules
that promoted foamcells, and silencing ofTlr3 inhibited the oxidized
low-density lipoprotein (oxLDL) induced foam cell formation
macrophages, demonstrating the crucial role of TLR3 in athero-
sclerosis regulation. Hence, inhibiting TLR3 could be a potential
strategy for atherosclerosis treatment, but the lack of TLR3-specific
inhibitors has hindered further pharmacological research and
development.

Recently, currently available TLR3 inhibitors have been
mostly summarized by Federico et al.26. Among them, several
TLR3 inhibitors, such as melatonin (TLR3/4 inhibitor), the HMG-
CoA reductase inhibitor fluvastatin (TLR2/3/4/8 antagonist), and
the anti-inflammatory agent oleanolic acid acetate, also exhibit
significant cardio-protection. However, poor efficacy and speci-
ficity for TLR3 have prevented their use in clinical practice.
Therefore, we designed, synthesized and evaluated a novel TLR3
inhibitor with high efficacy and specificity against atherosclerosis.
In our previous studies, several novel small molecule TLR mod-
ulators, such as the TLR2 agonist SMU-Z127 and the commer-
cially available TLR3 inhibitor CU-CPT 4a28 were discovered
using a cell-based high-throughput screening (HTS) strategy. In
this study, we screened 15,700 compounds from the NCI and
Maybridge libraries with a cell-based HTS method, and for the
first time, we identified the carbazole compound 9-methyoxy-
elliciptine (NSC69187), which exhibited TLR3-specific inhibitory
effects. Further chemical optimization of 9-methyoxy-elliciptine
to improve its efficacy and structural novelty was conducted.
Extensive structureeactivity relationship studies yielded the novel
ellipticine derivative, SMU-CX24 with an IC50 value of
18.87 � 2.21 nmol/L. SMU-CX24 is 10 times better than the
parent compound in inhibiting TLR3 in a highly specific manner.
Mechanistic studies verified the function of SMU-CX24 in
decreasing Poly I:C-induced expression of adaptor proteins and
inflammatory cytokine production by attenuating the NF-kB, IFN
and MAPK signaling pathways. In addition, SMU-CX24 signifi-
cantly inhibited proatherogenic chemokine synthesis and the
expression of adhesion molecules, and decreased of the ox-LDL
uptake and foam cell formation in macrophages. Treatment with
SMU-CX24 alleviated atherosclerotic progression, decreased
lesion burden and significantly reduced inflammatory infiltration
induced by TLR3 deficiency in Western diet-fed ApoE�/� mice.
These data demonstrated that SMU-CX24 was a notable TLR3
specific inhibitor that exerted its anti-inflammatory effects and
protected against atherosclerosis in mice. Collectively, we
revealed the biological relevance in TLR3 expression and
atherosclerosis and provided insight into the underlying thera-
peutic potential of a novel specific TLR3 inhibitor (SMU-CX24)
that mediated inflammation inhibition, which presented a new
strategy for atherosclerosis therapeutic development and chemical
probes to examine TLR3 in different pathogenesis processes.

2. Materials and methods

2.1. Human specimens and animals

Sections of the popliteal artery with abundant plaque were isolated
from arteriosclerosis obliterans (ASO) patients after surgical exci-
sion in The Third Affiliated Hospital of Southern Medical Uni-
versity (Guangzhou, China). Specimens were fixed in 4% formalin
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and histological cross-sections of plaque regions were indicated to
subsequent HE staining, immunohistochemical and immunofluo-
rescence analyses. The following primary antibody specific for
rabbit-TLR3 (1:1000, ab137722, Abcam), rabbit CD31 antibody
(1:1000, ab182981, Abcam), mouse a-SMA antibody (1:1000,
ab7817, Abcam) and mouse CD68 antibody (1:1000, ab201340,
Abcam) were used. The secondary antibody was Alexa Fluor 488
donkey anti-mouse IgG (H þ L) (1:400, A21202, Invitrogen) and
Alexa Fluor 594 donkey anti-rabbit IgG (H þ L) (1:400, A21207,
Invitrogen). Sodium heparin-treated blood specimens was collected
from patients with severe atherosclerosis or healthy volunteers were
collected from Neurology Department of Nanfang Hospital of
Southern Medical University (Guangzhou, China). PBMC were
isolated using ficoll density gradient centrifugation (LTS1077, TBD
Science). All the participants were informed possible consequences
and given consent to enroll in this work, and they had no prior
history of autoimmune or immunodeficiency diseases that might
likely alter TLR3 expression. All the experiments were conducted
in accordance with institutionally approved protocols and guide-
lines. Eight-weeks old C57BL/6J wild type (male, 18e22 g) mice
and SD rats (male, 250e300 g) were purchased from Southern
Medical University experimental animal center (Guangzhou,
China). Apolipoprotein E-deficient mice (ApoE�/� with C57BL/6J
genetic background) were purchased from Model Animal Research
Center, Nanjing University (Nanjing, China). Animals were raised
in Southern Medical University in specific-pathogen-free animal
rooms, maintained at 22 �C with a 12 h light/dark cycle with free
access to chow and drinking water. All the experimental procedures
using mice were approved by the Institutional Animal Care and Use
Committee of Southern Medical University and were conducted in
accordance with institutionally approved protocols and guidelines
for animal care and use.

2.2. Isolation of mouse peritoneal macrophages and cells
culturing

Thioglycollate-elicited macrophages were recovered 3 days after
i.p. injection of 3 mL thioglycollate medium (brewer modified;
3% w/v), by collecting the peritoneal lavage using 30 mL of PBS.
The peritoneal macrophages were cultured in RPMI cell culture
medium for 2 h. After adherence, cells were washed and cultured
in fresh RPMI medium [RPMI containing 10% heated FBS, 1%
penicillin and streptomycin] for 24 h before used in the experi-
ments. RAW 264.7 macrophages, Human PBMCs and THP-1
were cultured in RPMI cell culture medium (RPMI containing
10% FBS, 1% penicillin and streptomycin). THP-1 differentiated
macrophages were collected by treatment with PMA (100 nmol/L)
for 24 h, and cells were washed with PBS and cultured with fresh
RPMI medium for 24 h before used. HEK-Blue hTLR2 cells,
HEK-Blue hTLR3 cells, HEK-Blue hTLR4 cells, HEK-Blue
hTLR7 cells, HEK-Blue hTLR8 cells, HEK-Blue Null cells and
A549 cells were cultured in DMEM cell culture medium (DMEM
containing 10% FBS, 1% penicillin and streptomycin). All cells
were incubated at 37 �C in a 5% CO2 humidified incubator.

2.3. Secreted alkaline phosphatase (SEAP) reporter assay

HEK-Blue hTLR cells lines were seeded in 384-well plate
(4 � 104 cells per well) with 20 mL DMEM medium (containing
10% heat-inactivated FBS), and cultured with 20 mL of DMEM
medium containing indicated concentrations compounds with or
without TLR-specific agonists at 37 �C in a 5% CO2 humidified
incubator for 24 h. After incubation, another 40 mL of Quanti-Blue
solution (req-qb12, Invivogen) was added and incubated for
30 min. Absorbance was measured at 620 nm using a microplate
reader. The IC50 of compound was calculated and processed using
Origin 9.0 software. TLR-specific agonists to selectively activate
respective TLRs: Poly I:C, lipopolysaccharide (100 ng/mL,
tlrl-b5lps, Invivogen), Pam3CSK4 (200 ng/mL, tlrl-pms, Inviv-
ogen), Pam2CSK4 (200 ng/mL, tlrl-pm2s-1Invivogen) and R848
(5 mg/mL, tlrl-r848, Invivogen) were used. Value of IC50 were
calculated and fitted using Origin 9.0 software.

2.4. In vivo anti-atherosclerosis study of SMU-CX24

To generate atherosclerosis mouse model, 8-weeks old ApoE�/�

mice were fed with a Western diet containing 1.25% cholesterol
and 20% fat (Jiangsu Xietong Pharmaceutical Bioengineering) for
12 weeks. Mice were treated s.c. with SMU-CX24 (5 mg/kg
dissolved in citrate-disodium phosphate buffer, pH Z 7.0) or
vehicle control (buffer alone), and weighed on alternate days for
the last 8 weeks. Mice were sacrificed by cervical dislocation
under anesthesia. Serum samples were obtained from orbital
blood by centrifuging at 7000 rpm, and total cholesterol (A111-1-
1, TBD Science), triglyceride (A110-1-1, TBD Science), LDL-C
(A113-1-1, TBD Science), and cytokine IL6 and CCL5 were
detected according to manufacturer’s instructions. Tissues were
isolated, fixed in 4% paraformaldehyde for staining or snap frozen
for further biology experiments. For atherosclerotic lesion anal-
ysis, in-situ aorta tissues without perivascular connective tissues
were prepared, then fixed in black wax Petri dish and stained with
Oil Red O. Heart and liver tissues were embedded in tissue-Tek
OCT compound (4583, SAKURA), and 6 mm slices were
sectioned using Leica cryostat (CM1950, Leica) for Oil Red O
staining. Paraffin-embedded heart tissues were also prepared, and
indicated to standard H&E, MASSON, immunohistochemical
staining and immunofluorescence analyses. The following pri-
mary antibody specific for rabbit-TLR3 (1:600, ab137722,
Abcam), mouse a-SMA antibody (1:6000, ab7817, Abcam) and
rabbit F4/80 antibody (1:500, 70076, Cell Signaling). All the
sections were examined under Zeiss Axiovert 200M microscope
using AxioVision software. Both lesion area and total area were
measured with image J software to relatively quantify. For
Western blot, the whole tissues lysates extracted from frozen aorta
and liver tissues by RIPA buffer (with protease inhibitor, phos-
phatase inhibitor and PMSF) and ultrasonication, was indicated to
analysis of TLR3 expression with primary anti-rabbit TLR3
antibody. For RT-PCR, total RNA extracted from frozen aorta and
liver tissues were collected and used for indicated gene expression
of TNFa, IL6, IL1b, INOS, Vcam-1, Ccl5 and Mmp2.

2.5. Synthesis of compounds and their structural
characterization

The procedure for synthesis and structural characterization of
9-methoxy-elliciptine (CX1), SMU-CX24 and its derivatives are
provided in the Supporting Information Notes S1 and S2.

2.6. Statistical analysis

Data are expressed as mean � standard deviation (SD). Statistical
analysis was done using an unpaired two-tailed Student’s t test.
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*P < 0.05; **P < 0.01; ***P < 0.001 and ns denotes not
significant. Value of P < 0.05 was considered as statistically
significant. Other experimental materials and methods are
included in the Supporting Information.
3. Results

3.1. TLR3 was involved in atherosclerosis regulation

Atherosclerosis is driven by multiple factors but the role of TLR3
expression in this process remains unclear. To explore the potential
role of TLR3 in atherosclerosis, we first ascertained the presence of
TLR3 expression in sections of human artery with atherosclerotic
plaques from atherosclerotic patients and determined whether
TLR3 were associated with atherosclerosis injury. Atherosclerosis
is characterized by foam cell accumulation in atherosclerotic plaque
lesions, and macrophages engulf oxidized lipid particles and
thereby develop into to foam cells. Specimens were indicated to
H&E staining for the pathologically analysis (Fig. 1A) and
immunofluorescence staining of cross-sectioned atherosclerotic
specimens stained with antibodies against TLR3 and CD68. We
observed that TLR3 protein localizes to CD68-positive macro-
phages within plaque lesion, suggesting that lesion plaque macro-
phages expressed TLR3 and TLR3 was involved in macrophages
mediated atherosclerosis regulation (Fig. 1B, top). During athero-
sclerosis pathologically condition, multiple factors affected the
phenotypic change of vascular smooth muscle (VSMC) and endo-
thelial cells (EC) injury within lesion in the intima. We observed
that TLR3 also were contributed to VSMC modification and EC
injury, and TLR3 localizes to CD31-positive EC and a-SMA-pos-
itive VSMC within denatured intima (Fig. 1B, middle and bottom).
Theses evidenced indicated that aberrant expression of TLR3
within atherosclerotic lesion cells type and TLR3 involved in the
human atherosclerosis process.

Subsequently, we carried out RNA-seq bioinformatics analysis
and RT-PCR confirmation in PBMCs from patients with severe
atherosclerosis symptoms and asymptomatic healthy donors
(Fig. 1C). After RNA-seq analysis, there are 470 significant genes
expression upregulated (fold change >2 and P value < 0.05) and
355 downregulated (fold change <0.5 and P value < 0.05) in
atherosclerotic patients (n Z 4) versus healthy individuals (n Z 3)
(Supporting Information Fig. S1A). We found that differentially
expressed genes were significantly enriched among immune
response and virus defense categories by functional KEGG anal-
ysis, and the TLR signaling pathway was involved (P < 0.05,
Fig. S1B). Further investigation in proving TLR3 expression and
atherosclerosis using PBMCs from 18 patients and 11 healthy in-
dividuals was conducted. Similar results were obtained significantly
higher TLR3 expression was observed in patient specimens than in
healthy controls (Fig. 1C). These data indicated that TLR3 was
involved in atherogenesis and the inflammatory response in human
atherosclerosis progression, and we proposed that an effective
intervention in TLR3 expression might alleviate atherosclerosis.

We further used oxidized low intensity lipoprotein (oxLDL) as
a substrate to induce foam cell formation in macrophages and
mimic the events in atherosclerotic lesions, to explore whether
TLR3 deficiency could affect macrophage-mediated foam cell
formation. As expected, silencing TLR3 in macrophages markedly
decreased the oxLDL induced foam cell formation (Fig. 1D),
which indicated that TLR3 regulated foam cell formation in
macrophages and silencing TLR3 inhibited this process. The
silencing efficacy of TLR3 siRNA treated peritoneal macrophages
was shown in Fig. S1C. These results implied that TLR3 was an
atherogenic factor and inhibiting TLR3 could be strategy for
treating atherosclerosis. However, the lack of specific TLR3 in-
hibitors precluded the evaluation of pharmacological intervention
strategies of TLR3 expression for treating atherosclerosis.

Although several TLR3 inhibitors have been identified, their
activity and specificity need to be improved substantially for
various reasons. First, complicated protein-RNA interactions are
essential for the recognition of dsRNA by TLR3, which needs to
homodimerize to initiate immune responses29,30. Second, the
presence of several (10 human and 12 murine) homologous TLRs
sharing a double horseshoe-shaped ligand binding domain31,
makes it very difficult to synthesize specific TLR3 inhibitors.
Finally, the commercially available TLR3 agonist poly I:C was
also reported to elicit inflammatory responses via retinoic acid
inducible gene-1 (RIG-1) and melanoma differentiation-associated
protein 5 (MDA5) receptors32. Based on this evidence, we hy-
pothesized that pharmacological disruption of TLR3 may be a
novel way to treat atherosclerosis. Hence, the identification, syn-
thesis and evaluation of specific TLR3 inhibitors with significant
efficacy and specificity were the first steps in developing new
therapeutics against atherosclerosis.

3.2. Discovery of a novel TLR3 inhibitor

To develop novel specific TLR3 inhibitors, we identified potent hits
by cell-based high throughput screening (HTS) using a small-
molecule library containing 15,700 compounds (Maybridge and
NCI) with nitric oxide (NO) as an indicator in RAW 264.7 mac-
rophages (Fig. 2A). Briefly, exposure to Poly I:C, a synthetic long
double-stranded RNA analog, selectively activated TLR3 and led to
significant NO production. For the first time, we identified
NSC69187 (9-methyoxy-elliciptine, named CX1) as the most
potent hit among those with favorable TLR3 inhibitory activity
(Supporting Information Fig. S2). Since Poly I:C also stimulates the
MDA-5 and RIG-1 signaling pathways and subsequent inflamma-
tion, we next used HEK-Blue hTLR3 cells, which is a cell line that
is stably transfected with human TLR3, which expresses a secreted
alkaline phosphatase (SEAP) reporter gene after TLR3 activation.
Our data further verified that CX1 inhibited TLR3 with an IC50

value of 0.12 � 0.01 mmol/L, as determined by SEAP assay
(Fig. 2B). CX1, a natural alkaloid derived from Ochrosia elliptica,
was recognized as a broad-spectrum antitumor drug with significant
cell cycle and topoisomerase II inhibitory activities33,34. However,
the lack of aqueous solubility and significant biotoxicity precluded
its clinical application. To synthesize a more potent TLR3 specific
inhibitor with structural novelty and bioavailability, we performed
several chemical optimizations based on the structure of CX1. First,
we synthesized CX1 as previously reported35. Next, we developed
several concise synthetic routes based on CX1 to achieve a series of
potent TLR3 inhibitors, which allowed an extensive
structureeactivity relationship (SAR) analysis (for representative
syntheses and compound characterizations, see Note S1 and Note
S2; for SAR results, see Supporting Information Table S1). Briefly,
we first substituted the eOCH3 group at the 9th position of CX1
with electron withdrawing or electron donating groups of different
sizes. As shown in our data, the introduction of electron-donating
but not electron-withdrawing groups notably increased TLR3
inhibitory activity. In addition, groups with weak alkaline properties
enhanced TLR3 inhibitory activity irrespective of the size of the
substituent. Second, after keeping the -OCH3 group in CX1, N-



Figure 1 TLR3 is involved in atherosclerosis regulation. (A) Schematic illustration of plaque artery sections isolated from arteriosclerotic

patients (top) and histological cross-sections of plaque artery were subjected to H&E staining (bottom). (B) Representative immunofluorescence

staining of TLR3 (red), macrophage marker CD68 (green, top), endothelial cells CD31 marker (green, middle), smooth muscle cell marker

a-SMA (green, bottom) and counterstained with DAPI (blue). Enlargement of the insert shown colocalized pixels and white arrows indicated

co-location of TLR3 and CD31, CD68, or a-SMA (n Z 3). (C) Schematic illustration of PBMCs collected from atherosclerosis patients

and asymptomatic healthy donors. RT-qPCR analysis of PBMC specimens from atherosclerosis patients (n Z 18) and asymptomatic healthy

adults (n Z 11) indicated significant gene expression of TLR3 in atherosclerosis patients. (D) Primary peritoneal macrophages transfected with

20 nmol/L negative control siRNA (siCtrl) or 20 nmol/L TLR3 siRNA (siTLR3#1 and siTLR3#2) were challenged with 50 mg/mL oxLDL for

24 h. Representative images and quantitative analysis of treated cells stained with oil red O were shown (n Z 5). Data are expressed as the

mean � SD. Statistical significance was determined using unpaired two-tailed Student’s t test. *P < 0.05; **P < 0.01; ***P < 0.001 versus

healthy donors, or control incubated with oxLDL. AS, atherosclerosis; p, plaque; lum, lumen.
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alkylated or N-alkylated quaternary compounds were synthesized in
the position of indole and isoquinoline, which exhibited poor TLR3
inhibitory activity compared to the parent compound (CXI), sug-
gesting the indispensable nature of indole and isoquinoline struc-
tures in potency and affinity to TLR3. Ultimately, we identified
compound SMU-CX24, with aeCH2NHCH(CH3)2 substitute at the
9th position of ellipticine (Fig. 2A and Supporting Information
Fig. S3), which exhibited significant TLR3 specific inhibition
with an IC50 value of 18.87 � 2.21 nmol/L, an improvement of
approximately ten-fold compared to that of the parent compound
CX1 (Fig. 2B). In addition, a major challenge in developing natural
products as drugs involves solubility, which in turn affects
bioavailability. As shown in Fig. 2C, the optimized compound
(SMU-CX24) was completely soluble in citrate sodium phosphate
buffer (0.1 mol/L, pH Z 7.0), showing better aqueous solubility
properties than CX1, and maintaining its TLR3 inhibitory activity
as previously described (Supporting Information Fig. S4).

In addition to efficacy, specificity is also a significant attri-
bute of TLR inhibitors. We therefore examined SMU-CX24
against a panel of homologous TLRs (TLR1/TLR2, TLR2/
TLR6, TLR3, TLR4, TLR7 and TLR8) using TLR-specific li-
gands to activate specific TLR-mediated SEAP production in
HEK-Blue hTLR cells. We observed specific inhibition of TLR3
signaling by SMU-CX24 in intact cells but not by homologous
TLRs (Fig. 2D). Thus, we here identified the first reported
TLR3-specific inhibitor, SMU-CX24, which has high efficacy,
aqueous solubility and TLR3 specificity. Given the favorable
inhibition of TLR3 by SMU-CX24, we next explored its phys-
ical properties, mechanistic bioactivity and anti-atherosclerotic
effect.



Figure 2 SMU-CX24 inhibited TLR3 with significant potency and specificity. (A) Schematic illustration of NSC69187 (CX1) discovery and

the subsequent modifications performed to synthesize SMU-CX24. (B) Dose-dependent inhibition of Poly I:C (10 mg/mL) elicited SEAP signaling

in HEK-Blue hTLR3 cells at the indicated concentrations of CX1 and SMU-CX24. SMU-CX24 inhibited TLR3-mediated SEAP signaling with an

IC50 of 18.87 � 2.21 nmol/L, which showed approximately a tenfold inhibitory activity against TLR3 compared to the parent compound, CX1.

(C) Visual appearance of SMU-CX24 and CX1 (40 mmol/L) dissolved in sodium citrate phosphate buffer (pH Z 7.0). SMU-CX24 but not CX1

was absolutely dissolved. (D) Specificity test for SMU-CX24 (100 nmol/L) with different TLR-specific agonists in HEK-Blue hTLR cells that

overexpressed TLRs, and SMU-CX24 selectively inhibited TLR3-activated SEAP signals but not that of other homologous TLRs. TLR-specific

agonists were used to selectively activate TLRs: 100 ng/mL lipopolysaccharide (TLR4), 200 ng/mL Pam3CSK4 (TLR1/2), 200 ng/mL Pam2CSK4

(TLR2/6) and 5 mg/mL R848 (TLR7 and TLR8). Data in (B, D) are expressed as the mean � SD. of three independent experiments. Statistical

significance was determined using unpaired two-tailed Student’s t test. *P < 0.05; **P < 0.01; ***P < 0.001 and ns denotes not significant versus

control incubated with Poly I:C or positive control.
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3.3. SMU-CX24 exhibited unexpected fluorescence properties
and TLR3 affinity

Due to its complex conjugated structure, we hypothesized that
SMU-CX24 possessed fluorescence properties. Consistently, we
observed a significant fluorescence signal from SMU-CX24 with
maximal excitation at 399 nm and emission at 521 nm (Fig. 3A).
Next, we considered whether SMU-CX24 could attract and attach
to cells to mediate the inhibition of TLR3. Therefore, peritoneal
macrophages and RAW 264.7 macrophages co-cultured with the
indicated concentration of SMU-CX24. The results showed that a
dramatic increase in fluorescence intensity was detected by flow
cytometry and microscopy, which indicated the binding of SMU-
CX24 to peritoneal macrophages (Fig. 3B and C) and RAW
264.7 cells (Supporting Information Fig. S5A and B) in a
concentration-dependent manner. These data demonstrated the
capacity of SMU-CX24 to attach to the cell and achieve TLR3
inhibition. Thus, we further explored the binding mode of SMU-
CX24 to TLR3 protein in a molecule-protein interaction model.

To quantitatively evaluate the ligand-binding affinity of
SMU-CX24 for TLR3, we first investigated the binding affinity of
SMU-CX24 for purified recombinant TLR3 using surface plasmon
resonance (SPR) analysis, by determining the dissociation constant
(KD). Briefly, serial dilutions of SMU-CX24 (6.25e50 mmol/L) were
injected into the flow systemand bound to immobilizedTLR3 in a 3D
dextran sensor chip. Data analysis of the binding curve fitting yielded
the ligand-binding affinity of SMU-CX24 with a KD of 22.0 nmol/L
(Fig. 3D), and a moderate association rate constant (ka Z 457 L/
mol$s) and dissociation rate constant (kdZ 0.0101mse1).We further
explored the ligand-binding affinity of SMU-CX24 to TLR3 using a
fluorescencemethod in which we titrated indicated concentrations of
SMU-CX24 (5e20.48 nmol/L) with TLR3 protein (0.1 mmol/L), and
an extrinsic fluorescence probe coupled to the TLR3 protein was
excited at 280 nm and emitted at 399 nm. As shown in Fig. S6A,
SMU-CX24 bound to TLR3 protein in a concentration-dependent
manner with a KD value of 15.87 � 2.21 nmol/L (Supporting
Information Fig. S6A), while the ligand-binding activity of the
negative control (CX1-b) was negligible (Fig. S6B). Similar binding
constants (KD) were determined in the different models (SPR and
fluorescence), confirming the high binding affinity of SMU-CX24 to
TLR3,whichwas similar to inhibition of TLR3 inHEK-hTLR3 cells.

Next, we considered whether SMU-CX24 was capable of
competing with Poly I:C to bind to TLR3. Thus, we examined the
effect of SMU-CX24 on rhodamine-labeled Poly I:C uptake by
peritoneal macrophages. After cells were exposed to SMU-CX24
(1mmol/L), amodest reduction in rhodamine intensitywithin the cells
was observed, indicating the inhibitory effect of SMU-CX24 on Poly
I:C intake (Fig. 3E). Therefore, to a certain extent, SMU-CX24might
share the samebinding sitewithPoly I:C forTLR3at the cellular level
and affect the dissociation of the TLR3-dsRNA complex. To further
confirm this hypothesis, we conducted a replacement assay using
rhodamine-labeled Poly I:C as a probe to bind to the TLR3 protein
with the subsequent addition of the indicated concentrations of SMU-
CX24. Extrinsic fluorescence of rhodamine-labeled Poly I:C was



Figure 3 SMU-CX24 inhibited TLR3 with high affinity. (A) SMU-CX24 (1 mmol/L) has notable fluorescence intensity with a maximal

excitation at 399 nm and emission at 521 nm. (B) and (C) Peritoneal macrophages were incubated with SMU-CX24 (0, 0.01, 0.1 and 1 mmol/L)

for 4 h and cellular fluorescence were analyzed by (B) flow cytometry and (C) fluorescence microscope (Green: SMU-CX24; Blue: nuclei; Scale

bars represent 200 mm). (D) Binding curves of SPR analysis of the indicated concentrations of SMU-CX24 (varying from 6.25 to 50 mmol/L) and

TLR3. Data fitting to a Langmuir binding model gave a KD value of 22.0 nmol/L. (E) Flow cytometry analysis of peritoneal macrophages treated

with rhodamine-labeled Poly I:C (1 mg/mL) for 4 h with or without SMU-CX24 (1 mmol/L) incubation. (F) SMU-CX24 competed rhodamine-

labeled Poly I:C to bind with TLR3. Rhodamine-labeled Poly I:C (1 mg/mL) was incubated with TLR3 (0.05 mmol/L), and then the indicated

concentrations of SMU-CX24 (5e81.92 nmol/L) were added. The extrinsic fluorescence of rhodamine-labeled Poly I:C was excited at 546 nm,

and an emission at 555e650 nm was recorded.
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excited at 546 nm, and an emission at 555e650 nmwas recorded. As
shown in Fig. 3F, SMU-CX24 significantly reduced rhodamine-
labeled Poly I:C fluorescence in a concentration-dependent manner,
while the negative control CX1-b was negligible in competing with
Poly I:C for binding to TLR3 (Fig. S6C). These data demonstrated
that SMU-CX24was a competitive inhibitor of Poly I:C that bound to
the TLR3 heterodimer with high affinity, which further verifies that
SMU-CX24 inhibited TLR3.

3.4. Remarkable effects of SMU-CX24 against TLR3-activated
inflammatory responses

Based on these data, we next studied the mechanistic role of
SMU-CX24 in the TLR3 signaling cascade. We first explored
the effects of SMU-CX24 on Poly I:C-induced TLR3 expression
in mouse peritoneal macrophages. As demonstrated, Poly I:C
upregulated TLR3 gene expression, and SMU-CX24 inhibited
TLR3 expression in a dose-dependent manner (Fig. 4A). How-
ever, at the in translated level, no significant TLR3 expression
was induced by Poly I:C exposure for the indicated times in
peritoneal macrophages or HEK-Blue hTLR3 cells (Supporting
Information Fig. S7A and B). We further investigated the role of
SMU-CX24 in HEK-Blue hTLR3 and A549 cells that
overexpressed TLR3, and the data showed that TLR3 expression
was almost completely abolished in both cell lines in response
to 5 mmol/L SMU-CX24 (Fig. S7C and D). Next, the effect of
SMU-CX24 on TLR3-induced intracellular signal-regulated
proteins was also explored. SMU-CX24 also reversed Poly I:C
regulated the level of phosphorylated P65, P38, ERK and TBK-
1 and IkBa expression in whole cell lysates of peritoneal
macrophages (Fig. 4BeD and Fig. S7EeI). Further, to explore
the inhibitory effects of SMU-CX24 on TLR3 activated pro-
duction of proinflammatory cytokines, primary peritoneal
macrophages, human peripheral blood mononuclear cells
(PBMCs) and cultured RAW 264.7 macrophages were used.
After treatment with SMU-CX24, the gene expression of IFNa
and IFNb induced by Poly I:C was significantly inhibited
(Fig. 4E and F), and significantly better than the available
commercial TLR3 inhibitor CU-CPT 4a (Supporting
Information Fig. S8). The production of NO and IL-6 in the
supernatant of Poly I:C-induced peritoneal macrophages
(Fig. 4H and I), TNF-a in RAW 264.7 cells, and TNF-a and IL-
1b in human PBMCs (Fig. 4J and K) were also reduced by
SMU-CX24 treatment. In vivo, C57BL/6J mice were pretreated
with the indicated concentrations of CX24 and subsequently
exposed to Poly I:C (250 mg/kg) for 4 h. Poly I:C-induced



Figure 4 SMU-CX24 inhibited TLR3-activated signaling cascades and subsequent inflammatory responses. (A) Peritoneal macrophages were

pretreated with indicated concentration of SMU-CX24 (0.01, 0.1 and 1 mmol/L) and subjected to Poly I:C (10 mg/mL) exposure for 4 h.

Representative TLR3 gene expression of treated cells were analyzed. (BeD) Peritoneal macrophages were pretreated with indicated concentration

of SMU-CX24 (0.01, 0.1 and 1 mmol/L) and subjected to Poly I:C (10 mg/mL) exposure for 1 h. Protein expression of phosphorylated or total of

P65, P38, ERK, TBK-1 and IkBa were analyzed. (E) and (F) Peritoneal macrophages were pretreated with indicated concentration of SMU-CX24

(0.01, 0.1 and 1 mmol/L) and subjected to Poly I:C (10 mg/mL) exposure for 12 h. Representative IFNa and IFNb gene expression of treated cells

were analyzed. (GeK) TLR3-induced expression of inflammatory factors was inhibited by SMU-CX24 in both primary and cultured cell lines.

NO (G) and IL-6 (H) in the supernatant of Poly I:C-induced peritoneal macrophages for 48 h, TNF-a in RAW 264.7 cells for 24 h (I), TNF-a (J)

and IL-1b (K) human in PBMC for 24 h, were dose-dependently inhibited by SMU-CX24 (0, 0.01, 0.1 and 1 mmol/L). (L) Schematic illustration

showing that SMU-CX24 decreased TLR3-induced NF-kB, MAPK and IFN signaling pathways and inflammatory responses. The Data are

expressed as mean � SD. of three independent experiments. Statistical significance was determined using unpaired two-tailed Student’s t test.

*P < 0.05; **P < 0.01; ***P < 0.001 versus control incubated with Poly I:C.
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plasma CCL5 expression was also greatly inhibited by SMU-
CX24 (Supporting Information Fig. S9). Collectively, these
data demonstrated that SMU-CX24 also exerted an inhibitory
effect on TLR3-activated NF-kB, MAPK and IFN signaling
pathways and inflammatory responses, as shown in Fig. 4L.
3.5. Notable efficacy of SMU-CX24 against atherogenic factors
and foam cell formation

Due to the lack of TLR3 inhibitors with high efficacy and
specificity, pharmacological intervention to explore the protective
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effect of TLR3 deficiency in atherosclerosis has been precluded.
Herein, substantial evidence that indicated SMU-CX24 had
notable TLR3 specificity and anti-inflammatory effects. To pre-
liminarily investigate the potential therapeutic role of SMU-CX24
on atherosclerosis, C57BL/6J mice were pretreated with a sub-
cutaneous injection of SMU-CX24 (5 mg/kg), and then treated
with vehicle or 12.5 mg/kg Poly I:C by s.c. injection for 24 h.
None of the treated mice showed any apparent adverse effects.
Total RNAwas isolated from the aortic tissues of treated mice for
analysis, and the experimental procedure was shown in Fig. 5A.
SMU-CX24 significantly decreased the Poly I:C-induced expres-
sion of TLR3 in aortic tissues. In the initial stage of atherogenesis,
circulating monocytes are recruited and differentiated into
monocyte-macrophages in vascular endothelial cells in response to
atherogenic cytokines including chemokines and adhesion mole-
cules produced by the complex environment. Monocyte-
macrophages uptake oxLDL and form foam cell36,37. In parallel,
the effect of SMU-CX24 on primary pro-atherosclerotic chemo-
kines and adhesion molecules associated with atherogenesis was
also investigated. We observed that gene expression of TLR3-
induced Vcam-1, Icam-1, Ccl2 and Ccl5 in the aorta tissues was
significantly inhibited after treatment with SMU-CX24 (Fig. 5A),
suggesting the effect of SMU-CX24 on the pro-atherosclerotic
cytokine expression. In addition, we established an in vitro
oxLDL-induced foam cell model in peritoneal macrophages and
examined whether SMU-CX24 could inhibit foam cell formation.
As expected, SMU-CX24 treatment significantly inhibited
oxLDL-induced foam cell formation in macrophages in a dose
dependent manner (Fig. 5B). We further explored the role of
SMU-CX24 on the oxLDL uptake in macrophages. Cellular
fluorescence results shown that SMU-CX24 treated macrophages
notably reduced oxLDL uptake and perhaps benefited to inhibit
foam cells formation (Fig. 5C and D). In addition, SMU-CX24
treatment also mediated inflammatory response inhibition by
reducing the oxLDL induced inflammatory cytokine IL-6 and
IL-1b expression to exert the anti-atherosclerosis effect (Fig. 5E),
but not cholesterol efflux related gene Abca1 and Abcg1 expres-
sion (Fig. 5F). In general, SMU-CX24 preformed a notable
inhibitory effect on TLR3-induced pro-atherosclerotic chemokine,
adhesion molecules production and oxLDL-induced foam cell
formation, exhibiting promising therapeutic potential for athero-
sclerosis treatment.

3.6. Promising therapeutic effects of SMU-CX24 on
atherosclerosis

Based on the notably effect of SMU-CX24 on inhibiting athero-
genic cytokines productions, as well as foam cell formation, its
anti-atherosclerotic effects were then evaluated in depth using a
standard atherosclerotic mouse model. Briefly, ApoE�/� mice
were fed with a Western diet (1.25% cholesterol and 20% fat)
for up to 12 weeks and concomitantly treated with SMU-CX24
(5 mg/kg) or vehicle every other day during the last 8 weeks
(Fig. 6A). The mice were then euthanized and histological anal-
ysis was performed with respect to examine lesion composition of
lipids, collagen, smooth vasculature and inflammatory responses.
Compared to that in the vehicle control, Oil O red staining shown
less of aortic plaques in the lesion areas of both the en face in-situ
aorta and aortic root harvested from SMU-CX24-treated animals
(Fig. 6B), and SMU-CX24 treatment also induced a more than
50% reduction in the necrotic area (Fig. 6C, H&E staining, dotted
line). These data indicated SMU-CX24 treatment reduced lesion
area and exhibited notable anti-atherosclerosis effect. In addition,
plaque collagen content (Masson staining) was significant
expressed in aortic root from mice with SMU-CX24 exposure
(Fig. 6D), accompanying with reduced a-SMA positive cells
accumulation within plaque area, perhaps suggesting that SMU-
CX24 treatment reduced the lesion vascular smooth muscle cells
(VSMCs, a-SMA staining) migration from the media to the intima
and the subsequent modification (Fig. 6D), which benefited to
collagen degradation inhibition and plaque stability with athero-
protective effect. On the other hand, serum lipid levels,
including LDL-C, TG and T-CHO, showed significant reduction
after SMU-CX24 treatment (Fig. 6E). Even after 12 weeks of
treatment, no significant body weight changes, or histologic
changes in the kidney and liver were observed (Supporting
Information Fig. S10). Collectively, these data indicated that
SMU-CX24 alleviated atherosclerosis by reducing atherogenic
burden and increasing atherosclerotic protection.

To further evaluate the intrinsic mechanism of SMU-CX24
and whether TLR3 mediated inflammatory regulation involved
in atherosclerosis process, we next analyzed the aortic inflam-
mation expression of the treated mice. Herein, a significant
reduction of aortic TLR3 expression were observed in SMU-
CX24 treated mice compared with vehicle control at both
transcription and translation level (Fig. 7A), suggesting that
SMU-CX24 mediating TLR3 inhibition involving in the
atherosclerosis regulation. In addition, gene analysis revealed
that aorta from SMU-CX24 treated mice exhibited a notable
reduction in inflammatory cytokines expression including
TNFa, IL1b and IL6 (Fig. 7B), which contributed to alleviated
inflammation infiltration within atherosclerotic lesion. Athero-
sclerotic inflammatory responses regulated the lesion environ-
ment and influenced the pathological development, including
further lesion formation, plaque stability, and VSMC prolifer-
ation and migration. Consistently, a significant reduction in
inflamed cells secreted Ccl5, Vcam-1, matrix metalloproteinase
2 (Mmp2) was observed in the aorta of the SMU-CX24 treated
mice (Fig. 7C). In addition, SMU-CX24 treatment also signifi-
cantly reduced the serum IL6 and CCL5, exhibiting notable
anti-inflammatory effect (Fig. 7D). These data indicated that
SMU-CX24 treatment reduced lesion inflammation and
contributed to inhibit atherosclerosis development. Under
atherosclerosis pathological conditions, macrophages play vital
roles in both inflammatory response and cholesterol efflux. We
observed F4/80 positive cells within aortic root were notably
decreased from mice after SMU-CX24 exposure (Fig. 7E). The
expression proinflammatory cytokines INOS, a M1 macrophage
marker, were also decreased in aorta tissue from SMU-CX24
treated mice (Fig. 7E), indicating that SMU-CX24 mediated
inflammation inhibition perhaps regulated the macrophages
infiltration within atherosclerotic lesion, which benefited to
foam cells formation and atherosclerosis alleviation. However,
no major differences were observed in the expression of the
macrophage-modulated cholesterol efflux by liver X receptor-
dependent genes in the aorta after SMU-CX24 treatment,
including Lxra, Lxrb, Abca1, Abcg1, Srebp1 and Srebp2
(Fig. 7G). Previous studies have also revealed the role of TLR3
activation in liver lipid metabolism disorder16,24. Herein, a
reduction in the liver lipid levels in SMU-CX24 treated mice
was observed after SMU-CX24 exposure (Fig. 7H), accompa-
nied with a notable reduction in TLR3 expression in SMU-



Figure 5 Notable effect of SMU-CX24 against atherogenic factors and foam cell formation. (A) The experimental procedure indicated that

C57BL6/J mice were pretreated with the indicated doses of SMU-CX24 (0, 0.5, 5 or 50 mg/kg) dissolved in disodium hydrogen phosphate citrate

buffer (pH Z 7.0) for 30 min prior to Poly I:C (12.5 mg/kg) injection for 24 h. Gene expression of TLR3, Vcam-1, Icam-1, Ccl2 and Ccl5 of aorta

isolated from treated mice were analyzed (n Z 5 per group). (B) Peritoneal macrophages were pretreated with indicated concentration of SMU-

CX24 (0.1 and 1 mmol/L) and subjected to oxLDL (50 mg/mL) exposure for 24 h. Representative images and quantitative analysis of Oil red O

staining of treated cells were shown. (C) and (D) Peritoneal macrophages were pretreated with indicated concentration of SMU-CX24 (0.1 and

1 mmol/L) and subjected to Dil-oxLDL (10 mg/mL) exposure for 4 h. (C) Representative confocal images and quantitative analysis of cellular Dil-

oxLDL uptake, and (D) the mean fluorescence intensity (MFI) analyzed by flow cytometry of treated cells were shown. (E) and (F) Peritoneal

macrophages were pretreated with indicated concentration of SMU-CX24 (0.1 and 1 mmol/L) and subjected to oxLDL (50 mg/mL) exposure for

2 h. Total RNA of treated cells were harvested and gene expression of (E) inflammatory cytokine IL-6, IL-1b, and (F) cholesterol efflux Abca1 and

Abcg1 were analyzed. Data are expressed as the mean � SD of three independent experiments. Statistical significance was determined using

unpaired two-tailed Student’s t test. *P < 0.05; **P < 0.01; ***P < 0.001; ns denotes not significant versus control treated with Poly I:C or ox-

LDL.
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Figure 6 Atherosclerotic burden was significantly diminished in SMU-CX24-treated, Western diet-fed ApoE�/� mice. (A) Schematic illus-

tration showed ApoE�/� mice were fed with a cholesterol-rich diet for 12 weeks and concomitantly treated with SMU-CX24 (5 mg/kg) or vehicle

every 48 h by intraperitoneal injection during the last 8 weeks. (B) Representative images (left) and quantitative analysis (right) of oil red O

staining of en face in-situ aortas and histological cross-sections of aortic root isolated from treated mice (n Z 5 per group). (CeE) Representative

images (top) and quantitative analysis (bottom) of aortic roots indicated to (C) H&E staining (dotted lines indicate the necrotic area), (D) Masson

staining and (E) immunohistochemical staining of an antibody against a-SMA (n Z 5 per group). (F) Serum lipid levels of LDL-C, TG and T-

CHO from treated mice were analyzed (nZ 8 per group). The data are expressed as the mean � SD. Statistical significance was determined using

unpaired two-tailed Student’s t test. *P < 0.05; **P < 0.01; ***P < 0.001 versus the control treated with vehicle.
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CX24 treated mice liver tissue at the transcription and trans-
lation levels (Fig. 7I). These data indicated that SMU-CX24-
mediated TLR3 inhibition also affected the lipid accumulation
in liver lesion. In summary, this evidence demonstrated that
SMU-CX24 alleviated the atherogenic burden by exerting its
TLR3 inhibitory effect to reduce inflammatory response within
atherosclerotic lesions, providing solid evidence and support for
TLR3-specific inhibitors in atherosclerosis treatment due to its
anti-inflammatory effects.
3.7. Pharmacokinetic properties of SMU-CX24

Finally, we investigated the pharmacokinetic profiles of SMU-CX24
in SD rats. After a single intravenous injection (i.v.) of 8 mg/kg or
oral administration (i.g.) of 24 mg/kg SMU-CX24, blood samples
were collected from the orbital vein at the indicated time points (0, 5,
10, 15, 30, 60, 120, 240, 480, 720 and 1440 min) in heparin sodium
coated microtubes. The plasma concentration-time profiles of SMU-
CX24 with the different administration procedures were shown in



Figure 7 Inflammatory response was significantly decreased in SMU-CX24 treated, Western diet-fed ApoE�/� mice. (A) Protein and gene

expression of TLR3 in the aorta from SMU-CX24 and vehicle treated mice were analyzed (n Z 4 per group). (B) and (C) Gene expression of (B)

inflammatory cytokines of TNFa, IL6 and IL1b, and (C) atherogenic cytokine of Vcam1, Ccl5 andMmp2 of aorta from treated mice were analyzed

(n Z 4 per group). (D) Serum concentration of IL-6 and CCL5 of treated mice were shown (n Z 8 per group). (E) Representative images (top)

and quantitative analysis (bottom) of aortic roots stained with an antibody against F4/80 (n Z 5 per group) were shown. Gene expression of M1

macrophages marker INOS of aorta from treated mice were analyzed (n Z 4 per group). (F) Gene expression of cholesterol efflux associated

genes of aorta from treated mice, including Lxra, Lxrb, Abca1, Abcg1, Srebp1 and Srebp2, were analyzed (n Z 4 per group). (G) Representative

images (left) and quantitative analysis (right) of histological cross-sections of liver tissue stained with oil red O (n Z 4 per group) were shown.

(H) Protein and gene expression of TLR3 in the liver from treated mice were analyzed (n Z 4 per group). The data are expressed as the

mean � SD. Statistical significance was determined using unpaired two-tailed Student’s t test. *P < 0.05; **P < 0.01; ***P < 0.001 versus the

control treated with vehicle.
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Supporting Informaion Fig. S11A and B. Table 1 summarizes the
primary pharmacokinetic parameters of SMU-CX24. Briefly, the
long half-life of SMU-CX24 after i.v. injection and oral adminis-
tration was calculated as 5.05 � 2.64 and 10.71 � 0.60 h, respec-
tively, with a t1/2 (i.g.)/t1/2 (i.v.) ratio of 2.12, exhibiting a close
metabolic rate for SMU-CX24 via oral administration (i.g.)
compared to i.v. injection. The absolute oral bioavailability of SMU-
CX24 was calculated as 22.64%, indicating a reasonable
pharmacokinetic property after being dissolved in disodium citrate
phosphate buffer, which shows potential for its future clinical use.
4. Discussion

Atherosclerosis (AS) is characterized by excessive cholesterol
deposition in the vessel wall and subsequent chronic inflammation



Table 1 The pharmacokinetic parameters of SMU-CX24

after intravenous (i.v.) and oral (i.g.) administration to SD

rats (n Z 5 per group).

Parameters Unit Intravenous

injection

(i.v., 8 mg/kg)

Oral

administration

(i.g., 24 mg/kg)

Tmax H 0.14 � 0.08 4.00

Cmax mg/L 430.56 � 167.43 46.42 � 16.59

t1/2 H 5.05 � 2.64 10.71 � 0.60

AUC0et mg/L$h 963.53 � 165.45 411.03 � 40.93

AUC0eN mg/L$h 1001.90 � 149.83 531.21 � 62.80

F % 22.64 � 0.91

The data are expressed as the mean � SD.
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enriched in atherosclerotic lesions38. Mechanisms involved in the
resolution of inflammation contribute to disease alleviation7.
Currently, pharmacological treatment with statins is recommended
as a first-line treatment to modulate cholesterol content and pre-
vents of atherosclerosis and cardiovascular diseases develop-
ment39,40. However, for people who are tolerant to statins or have
serious inflammation, statin treatment seemed to have limited
therapeutic efficacy39,41. Inflammatory responses are sustained
and affect continued the entire process of atherosclerosis, indi-
cating the feasibility of personalized or combined therapeutics in
treating AS combined with anti-inflammatory therapies. Currently,
immunosuppressive strategies, such as the use of using anti-
inflammatory modulators targeting IL1b and vaccines, have
been explored to treat atherosclerosis42e44.

TLR3 is suggested to be involved in the atherosclerotic process
by initiating inflammatory and atherogenic effects, while studies
of the athero-protective role of TLR3 via diverse mechanisms
have also been reported45e47. These diverse descriptions may be
ascribed to different mechanisms or models. For example, Cole
et al.47 indicated the protective role of TLR3 in the formation of
early atherosclerotic lesions in mice fed a standard chow diet,
which differed from other established studies that used a choles-
terol rich Western diet and adult mice to mimic the events of
atherosclerosis20. Herein, we ascertained the presence of TLR3 in
human atherosclerotic lesion, which indicated that TLR3 was
involved in atherosclerosis regulation. A significant increase in the
expression of TLR3 in atherosclerotic PBMCs was also consistent
with our hypothesis, suggesting the inflammation-mediated
proatherogenic function of TLR3. Here, we also observed that
activation of TLR3 induced a dramatic increase in the expression
of atherogenic chemokines (CCL2 and CCL5) and adhesion
molecules (VCAM-1 and ICAM-1) in mice, while gene silencing
of TLR3 hindered foam cell formation. Collectively, in this study,
the evidence indicated that TLR3 involved in atherosclerosis
regulation, and we considered pharmacological intervention with
TLR3 to be an alternate therapeutic strategy for atherosclerosis.
However, the lack of specific TLR3 inhibitors precluded the
associated previous studies.

Due to complex interactions between dsRNA-TLR3, only a
few TLR3 modulators have been studied extensively due to their
poor efficacy and bioavailability48. In this study, based on a high-
throughput cell-based screening method, we identified the TLR3
inhibitory function of the carbazole alkaloid 9-methoxy elliciptine
NSC69187 (CX1), which originated from O. elliptica. Since CX1
lacks structural novelty and has poor bioavailability, we subse-
quently performed several chemical modifications using CX1 as a
parent compound. We ultimately identified and synthesized the
novel compound SMU-CX24 with a eCH2NHCH(CH3)2 substi-
tution at the 9th position in the CX1 structure, which was tenfold
more effective in inhibiting TLR3 than the parent compound CX1
and had increased aqueous solubility and a remarkable pharma-
cokinetic profile. SMU-CX24 exerted its anti-inflammatory effect
by mediating pharmacological intervention of TLR3 expression in
atherosclerotic lesion of aorta and liver, and proven to have
atherosclerosis alleviation and protection in a western diet feeding
atherosclerotic model. Interesting, SMU-CX24 was observed to
decrease M1 pro-inflammatory macrophage and inflammation
infiltration within aortic lesion area, while no apparent of
expression changes in macrophages-modulated cholesterol efflux
by liver X receptor-dependent gene, which further indicated the
inflammation-mediated anti-atherosclerosis effect of SMU-CX24
on atherosclerosis.

Based on SAR studies, it is clear that both the indole and iso-
quinoline rings are indispensable for the majority of TLR3 inhibitor
activity. Therefore, we focused on the substitutes at the 9th position
and N-alkylated compounds. Our newly synthesized SMU-CX24 has
significantly increased TLR3 inhibitory activity and very good
aqueous solubility, which might be due to the substituted side chain,
which enhanced the alkalinity of the compound to form a salt with
an acid. This property could also be the reason for the increased
binding to TLR3 within a weak acidic endosomal environment49.
Since the TLR3 ligand Poly I:C also elicits inflammatory responses
via RIG-1 and MDA5 receptors, we used transfected HEK-Blue
hTLR3 cells to further confirm the TLR3 specificity of the SMU-
CX24 compound. In addition, we showed direct, high affinity
binding of SMU-CX24 to the TLR3, while the negative control was
negligible to bind to TLR3. We preliminary explored the binding
mode of TLR3 and SMU-CX24, and we surprised to find that SMU-
CX24 compete to bind to TLR3 with Poly I:C, which was similar to
the available used TLR3 inhibitor CU-CPT 4a28. In this study, for the
first time, we documented a strong fluorescence property of SMU-
CX24, similar to that of the antitumor drug camptothecin50.
Hence, apart from identifying drug intake capability in the current
study, further application of SMU-CX24 as a molecular probe in
biology research is quite promising.

In conclusion, a clinical link between TLR3 activation and
atherosclerosis was revealed. We identified, synthesized and
evaluated the novel TLR3-specific inhibitor SMU-CX24, which
has an IC50 value of 18.87 � 2.21 nmol/L. For the first time,
SMU-CX24 was shown to alleviate atherosclerosis and protect
against atherosclerosis by pharmacological intervention with
TLR3. Hence, SMU-CX24 is a novel therapeutic agent for
translational research and treatment of atherosclerosis.
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