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Background: Inflammatory factors play a crucial role throughout the development and
progression of atherosclerosis, which has been considered as a chronic vascular inflammatory
disease. Luteolin, a natural flavonoid which exists in many natural medicinal materials, has
anti-inflammatory, anti-fibrotic and other pharmacological effects. Recently, the protective
effects of luteolin on the cardiovascular disease have been reported. However, there is a
paucity of studies on anti-atherosclerosis. Therefore, the anti-atherosclerosis potential of
luteolin remains to be elucidated.

Method: ApoE” mice were fed with a high-fat diet to induce atherosclerosis in an animal
model, where they were treated with oral administration of luteolin for 12 weeks. Primary
mouse peritoneal macrophages challenged with oxidized low-density lipoprotein (oxLDL)
were used for in vitro mechanistic study. The effectiveness of luteolin in the ApoE” mouse
model of atherosclerosis was estimated in the aortic sinus and enface, and the underlying
mechanisms were explored by molecular modeling study and siRNA-induced gene silencing.
Results: Our results showed that luteolin remarkably attenuated atherosclerosis in high-fat
diet-induced ApoE”" mouse via alleviating inflammation. We further found that luteolin
decreased oxLDL-induced inflammation by inhibiting signal transducer and activator of
transcription 3 (STAT3) in vitro, respectively. Further molecular modeling analysis indicated
that luteolin interacted with STAT3 primarily through hydrogen bond interaction.
Conclusion: Luteolin could be a promising candidate molecule for atherosclerosis, and
STAT3 may be a potential therapeutic target that could prevent the development of
atherosclerosis.
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Introduction

Coronary heart disease, caused by coronary atherosclerosis, is the leading cause of
mortality and morbidity worldwide.'* Atherosclerosis is considered as a systemic,
lipid-driven, large and medium-sized arterial inflammatory disease that leads to the
formation of multiple focal plaques.* The development and progression of athero-
sclerotic plaque involves inflammatory cell recruitment, foam cell formation, apoptosis
and necrosis, smooth muscle cell (SMC) proliferation and matrix synthesis, reactive
oxygen species, and arterial remodeling.®” Among these changes, inflammation plays a
leading role in the pathogenesis of atherosclerosis.® During the inflammatory stage of
atherosclerosis, low-density lipoprotein (LDL) that entered the arterial wall was oxi-
dized by excessive ROS and scavenged by macrophages, forming lipid drops, which
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are characterized as foam cells.” Oxidized low-density lipo-
protein (oxLDL) is one of the most important pathogenic
factors leading to atherosclerosis. Mounting evidence has
shown that oxLLDL also induces cells to release inflammatory
factors, which promote the development and progress of
atherosclerosis.'®!! However, the mechanism by which
oxLDL induces inflammation and lesion progression has
not been fully determined, and therapeutic drugs designed
for the treatment of atherosclerosis are lacking.

Luteolin is a plant flavonoid extracted from natural
herbs, fruits and vegetables, and has been reported to
exert potent anti-inflammatory and anti-cancer effects.'* '
The anti-inflammatory and antioxidant activities of luteolin
have been well documented.'® Recent studies have indi-
cated that high levels of flavonols in the diet, especially
luteolin, are closely related with a decrease in the serum
inflammatory cytokine IL-6.'® In addition, H,O,-induced
oxidative injury in ischemic cerebrovascular disease can
be reversed by luteolin.'” Luteolin has shown much poten-
tial in the fight against cancer by several different mechan-
isms such as inhibition impacts of angiogenesis,
inflammation and metastasis.'*!>'® However, the effects
of luteolin on the cardiovascular disease have hardly been
reported, let alone the effect on atherosclerosis.

In the present study, we clarified the therapeutic effects
and molecular mechanism of luteolin on the development
of atherosclerosis in ApoE” mice fed with high-fat diet
(HFD). Our results demonstrated that Iuteolin could
attenuate the development and progression of atherosclero-
sis in HFD-induced ApoE”" mice, thereby alleviating
inflammatory response and decreasing accumulation of
macrophages and lipid droplet. Furthermore, the beneficial
effects of luteolin are closely associated with its ability to
inhibit phosphorylation of STAT3. Our study suggested
that luteolin might be another clinically significant indica-

tor for treating atherosclerosis.

Materials And Methods
Reagents And Cell Culture

Luteolin and oxLLDL were obtained from Topscience Co.,
Ltd. (Shanghai, People’s Republic of China) and Yiyuan
Biotechnology Co., Ltd., respectively (Guangzhou, People’s
Republic of China). The luteolin was dissolved in dimethyl
sulfoxide (DMSO) and 1% sodium carboxyl methylcellu-
lose (CMC-Na) for in vitro experiments and in vivo experi-
ments. Moma-2 (MCAS519) was purchased from Bio-Rad
(Hercules, CA, USA). p-STAT3 (#9145) and STAT3

(#9139) were purchased from Cell Signaling (Danvers,
MA, USA). B-actin (sc-47778) was obtained from Santa
Cruz Technology (Delaware Avenue, CA, USA).

Preparation Of Mouse Peritoneal
Macrophages

Primary mouse peritoneal macrophages (MPMs) were
obtained from C57BL/6 mice and cultured as previously
described.'” C57BL/6 mice were intraperitoneally injected
with 6% thioglycollate solution (0.3 g beef extract, 1 g
tryptone, 0.5 g sodium chloride dissolved in 100 mL
ddH20, and filtrated through 0.22-pum filter membrane,
3 mL per mouse) and kept in a pathogen-free condition for
3 days before the MPMs were isolated. Total MPMs were
harvested by washing the peritoneal cavity with PBS contain-
ing 30 mM of EDTA (8 mL per mouse), centrifuged, and
in RPMI-1640 medium (Gibco/BRL life
Technologies, Eggenstein, Germany) with 10% fetal bovine
serum (Hyclone, Logan, UT, USA), 100 U/mL penicillin,
and 100 mg/mL streptomycin. Nonadherent cells were

suspended

removed by washing with medium 3 hrs after seeding. The
experiment was conducted after the cells were firmly adhered
to the culture plates.

siRNA-Induced Gene Silencing

Specific siRNA sequences were used to achieve gene silen-
cing in cells. STAT3 siRNA was obtained from Gene
Pharma Co., Ltd. (Shanghai, People’s Republic of China).
Specific siRNA sequences (sense sequence: 5-AAAUGA
AGGUGGUGGAGAAUU-3'; antisense sequence: 5" UUC
UCCACCACCUUCAUUUUU-3") were used for mouse
STAT3. Transfection of siRNA into MPMs was carried
out using LipofectAMINE™ 3000 (Invitrogen, Carlsbad,
CA), and the transfection procedure was implemented
according to the manufacturer’s instructions.

Real-Time Quantitative PCR
Total RNA was isolated from cells and artery tissues using
TRIZOL (Thermo Fisher, Carlsbad, CA) following the
manufacturer’s instructions. Reverse transcription was per-
formed using a two-step M-MLV Platinum RT-qPCR Kit
(Invitrogen, Carlsbad, CA) and quantitative PCR was per-
formed using SYBR Green qPCR SuperMix-UDG kit
(Thermo Fisher) in Eppendorf Mastercycler ep realplex
system (Eppendorf, Hamburg,

detection Germany).

Primer sequences purchased from Thermo Fisher

(Shanghai, People’s Republic of China) are summarized
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Table | Primers Used For Real-Time qPCR Assay
Gene Species Primers (FW) Primers (RW)
TNF-a. Mouse TGATCCGCGACGTGGAA ACCGCCTGGAGTTCTGGAA
IL-6 Mouse CCAAGAGGTGAGTGCTTCCC CTGTTGTTCAGACTCTCTCCCT
ICAM-1 Mouse GCCTTGGTAGAGGTGACTGAG GACCGGAGCTGAAAAGTTGTA
VCAM-I Mouse TGCCGAGCTAAATTACACATTG CCTTGTGGAGGGATGTACAGA
[-actin Mouse CCGTGAAAAGATGACCCAGA TACGACCAGAGGCATACAG

in Table 1. The mRNA levels of target genes were normal-
ized using B-actin.

Western Immunoblot Analysis

10% SDS-PAGE was used to isolate solutes from cells or
arterial tissue and electro-transfer them to nitrocellulose
membrane. Each membrane was pre-incubated in
Tris-buffered saline (pH 7.6, containing 0.05% Tween 20
and 5% non-fat milk) at room temperature for 1.5 hrs.
Then, the membranes were subjected to specific antibodies
for incubation. Immune response spectra were observed by
enhanced chemiluminescence (Bio-Rad, Hercules, CA) after
incubation with secondary antibodies bound by horseradish
peroxidase. Image J analysis program (1.38e) was utilized to
perform quantitative analysis and normalization on them as a
comparison to their respective control groups.

Enzyme-Linked Immunosorbent Assay
After MPMs were treated, the culture medium and protein
lysate were collected separately. Then, the mouse tumor
necrosis factor alpha (TNF-a) and mouse IL-6 kits
(eBioScience, San Diego, CA) were applied for ELISA
to determine TNF-a and IL-6 levels in the medium. The
total amount of inflammatory factors in the medium was
normalized to the total amount of protein in the living
cells.

Prediction Of The Binding Mode Between

STAT3 SH2 Domain And Luteolin

The SH2 domain of STAT3 was obtained from the Protein
Data Bank (PDB) (PDB entry: 1BG1) according to pre-
viously reported studies.”*?* The crystal structure of
STAT3 SH2 domain was refined by Chimera software.”’
The binding mode was predicted by the AutoDock (version
4.2) software with a grid box of 22.5 Ax22.5 Ax22.5 A,
which covered the binding pocket of STAT3.%* Lamarckian
genetic algorithm was used for conformational sampling
with trials of 100 dockings.

The initial structure of STAT3 SH2 domain bound with
luteolin was provided by molecular docking, which was
further used for the molecular dynamics (MD) simulations.
The restrained electrostatic potential method was per-
formed to calculate the partial atomic charges for luteolin
based on HF/6-13G* basis set. The {f14SB force field and
general Amber force field were assigned to STAT3 SH2
domain and luteolin, respectively.>>*® The complex was
then placed into a water tank with appropriate counter
ions. Then, minimization, heating and equilibration of the
simulated system were carried out. The minimization step
involved 6000 steepest descent minimization cycles, fol-
lowed by 6000 conjugate gradient minimization cycles.
Afterwards, the simulated system was heated up from 0
to 300 K in 300 ps, and unconstrained equilibration was
performed under the periodic boundary condition for 500
ps. Lastly, the system was subjected to 100 ns production
MD simulation in the isothermal isobaric (NPT) ensemble.
During the MD simulation, Langevin dynamics and
Berendsen barostat were employed to maintain the tem-
perature and pressure, respectively.””*® The coordinates
were recorded every 5 ps for the subsequent numerical
analyses.”” In accordance with previous research proce-
dures, binding energy decomposition was calculated using
molecular mechanics/generalized Born surface area
method based on 200 snapshots from last 40 ns MD
simulation with GB model of 2 (igh=2).>*-!

Animal Experiments

Atherosclerosis Model

Male ApoE”" mice (18-20 g, 8 weeks) were purchased from
HFK Bioscience Co., Ltd (Beijing, People’s Republic of
China). The mice were placed at constant room temperature
with a 12:12 hrs light-dark cycle and fed with a standard
rodent diet. The mice were domesticated in the laboratory at
least 3 days before the start of the study. Protocols for mouse
experiments were approved by the institutional review
boards of Zhejiang University School of Medicine,

Hangzhou, People’s Republic of China. All animal
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experiments used for this study were performed according to
NIH standards as set forth in the Guide for the Care and Use
of Laboratory Animals (DHHS pub. NIH 85-23 Rev. 1985).

ApoE”" mice were randomly divided into three weight-
matched groups. Fourteen mice were fed with normal animal
diet containing 70 kcal.% carbohydrate, 20 kcal.% protein
and 10 kcal.% fat (MediScience Diets Co., Ltd, Yangzhou,
People’s Republic of China, Cat. #MD12031) served as a
normal control group (ND), while the remaining 28 mice
were fed with a high-fat diet of 0.2% cholesterol containing
20 kcal.% protein, 40 kcal.% fat and 20 kcal.% carbohydrate
(HFD, MediScience Diets Co., Ltd, Yangzhou, People’s
Republic of China, Cat. #MD12033) for 12 weeks. Starting
from the first week, mice fed with high fat were divided into
two groups: HFD (n=14) and luteolin-treated HFD (HFD
+Lut, n=14). Luteolin was administered orally at 10 mg/kg/
2days for 12 weeks. 1% CMC-Na solution was used in the
HFD group and the normal control group. Bodyweight was
recorded on a weekly basis. Mice were euthanized under
ether anesthesia and blood was also collected. Arterial tissues
were rapidly frozen in liquid nitrogen for gene and protein
expression analysis or embedded in 4% paraformaldehyde
for microscopic analysis.

Measure The Level Of Serum Lipid And Biochemical
Indicators

Serum lipid compositions were measured by the appropri-
ate kit, including low-density lipoprotein cholesterol
(LDL-C), high-density lipoprotein cholesterol (HDL-C),
total cholesterol (TCH) and triglycerides (TG) (Nanjing
Jiancheng, Jiangsu, People’s Republic of China).

Histological Analysis Of Atherosclerotic Lesions
To analyze aortic sinus plaque lesions, the heart and the
proximal aorta were removed and embedded in optimum
cutting temperature compound. Frozen sections of 8 um thick-
ness were collected continuously from the central ventricle to
the aortic arch. Oil Red O staining and hematoxylin were used
to stain sections or analyze accumulation of lipid droplets.
Frozen sections were fixed in ice cold 10% formalin for 10
mins and washed with distilled water 3 times. They were then
stained in pre-warmed Oil Red O solution for 10 mins in an
oven at 60°C, followed by staining in hematoxylin for 30 s.
The slides were rinsed thoroughly in running water for 3 mins.
To perform en face analyses of lesions in the entire aorta,
the whole aorta was dissected out, opened longitudinally
from the heart to the iliac arteries, and stained with Oil Red
O according to the procedures described above.

Immunohistochemistry

Frozen sections were used for Immunohistochemistry.
To block endogenous peroxidase activity, slides were
incubated with 3% H,O, for 10 mins. The slides were
first sealed with 5% (BSA for 30 mins, and then incu-
bated overnight with p-STAT3 antibody (1:200) at 4°C.
The second antibody was combined with horseradish
peroxidase and DAB were used for detection.

Immunofluorescence

Frozen sections were used for immunofluorescence. The
slide was first sealed with 5% BSA for 30 mins, and then
incubated overnight with Moma-2 antibody (1:100) at 4°C.
The sections were incubated with second antibody (1:500)
combined with appropriate Alexa Fluor 488 at room tem-
perature for 1 hr, and mounted with DAPI (P36935, Life
Technologies).

Statistical Analysis

Data were presented as means=SEM. The Student’s #-test
or ANOVA multiple comparisons were used to obtain the
statistical significance of differences between groups in
GraphPad Pro GraphPad, San Diego, CA). The difference
was significant at the 0.05 level (p<0.05).

Results

Luteolin Administration Did Not Affect
Hyperlipidemia Profile In HFD-Fed
ApoE-/- Mice

Increased serum lipid levels were observed in ApoE”
mice with HFD during the animal experiment interval,
while the 12-week treatment with luteolin did not change
the levels of serum LDL-C, HDL-C, TCH or TG in
HFD-fed ApoE™ mice, indicating that luteolin could not
affect hyperlipidemia profile (Figure 1).

Luteolin Administration Prevented The

Plaque Development Of Atherosclerosis
In HFD-Fed ApoE™ Mice

We examined the effects of luteolin on the formation of
lesion in atherosclerotic aortas of ApoE”" mice with HFD.
The atherosclerotic lesion area in aortic arch was markedly
raised. Meanwhile, luteolin administration reduced the
atherosclerotic lesion area (Figure 2A). The atherosclerotic
lesion area in HFD-fed ApoE”" mice, as determined by Oil
Red O staining of the enface, was significantly increased,
while luteolin administration reduced the atherosclerotic
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Figure | Luteolin administration did not affect hyperlipidemia profile in HFD-fed ApoE-/- mice.
Notes: Luteolin failed to alter HFD-induced increased serum levels of LDL-C (A), HDL-C (B), TCH (C) and TG (D) (n=14 in each group; **P<0.01, *#P<0.001, vs ND; ns,

no significance, vs HFD).

lesion area of ApoE”" mice by about 50% (Figure 2B).
Additional histological evaluation using Oil Red O stain-
ing suggested that the aortic root plaque areas of luteolin-
treated mice were significantly smaller than those in
untreated ApoE”" mice (Figure 2C). These results suggest
that luteolin administration prevented the plaque develop-
ment of atherosclerosis in HFD-fed ApoE'/ " mice.

Luteolin Administration Inhibited

Inflammation In Atherosclerotic Aortas
Subsequent analysis was performed to clarify whether
inflammation is involved in alleviating atherosclerotic

plaque formation by luteolin. As shown in Figure 3A—
D, the levels of inflammatory factors and adhesion
molecules including ICAM-1, VCAM-1, IL-6 and
TNF-a were markedly enhanced in atherosclerotic aor-
tas of HFD-fed mice. Compared with HFD-fed mice,
these changes were reversed in luteolin-treated mice
(Figure 3A-D). Likewise, macrophage infiltration in
the atherosclerotic root in untreated mice was markedly
higher than that in luteolin-treated mice, as determined
by immunostaining for Moma-2 (Figure 3E—G). This
indicates that luteolin reduced inflammation in the

development of atherosclerosis.
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Figure 2 Luteolin administration prevented atherosclerotic plaque development in HFD-fed ApoE™" mice.

Notes: Luteolin attenuates atherosclerosis plaque formation in the artery (A, B). (A) The atherosclerotic lesion area in aortic arch is reduced in the administration of
luteolin. (B) Oil Red O staining showed that atherosclerosis plaque is reduced in the administration of luteolin and quantification of atherosclerotic plaque lesion area.
(C) Oil Red O staining in aortic root showed that lipid accumulation is reduced by administration of luteolin quantification of atherosclerotic plaque lesion area (n=7 in each

ook

group; ##p<0.001, vs ND;

Increased The Phosphorylation Of STAT3
In Aortas Of HFD-Fed ApoE”~ Mice

Inflammation plays an important role in the develop-

P<0.001, vs HFD;).

ment and progression of atherosclerosis. It has been
reported that STAT3, which mediates type I interferon
signaling, is associated with inflammation. There is also
evidence that inhibition of JAK2/STAT3 signal pathway
might help prevent LPS-induced inflammation.’**
Besides, inhibitors of the JAK2/STAT3 pathway have

been shown to significantly ameliorate HG/Angll-

induced inflammation.***> Cupric-ion-oxidized LDL
(CuLDL), endothelial cell-oxidized LDL (ELDL) and
oxLDL also induced the phosphorylation of JAK2, and
then activated STAT3.>® The growing body of evidence
indicates that luteolin has a potent ability to inhibit

activation of the STAT3 pathway, suggesting that the

pharmacological activity of luteolin may be related to
its inhibitory effect on STAT3.3"°

Furthermore, we tested the STAT3 activation in athero-
sclerotic aortas. The phosphorylation of STAT3 was signifi-
cantly increased in HFD-fed ApoE-/- mice compared to that in
ND-fed ApoE-/- mice, as evidenced by immunohistochemical
staining (Figure 4A—C). Figure 4D-E also shows that HFD
induced phosphorylation of STAT3. Administration with
luteolin significantly blocked HFD-increased STAT3 activa-
tion in atherosclerotic aortas of ApoE-/- mice, but the protein
expression of total STAT3 was not changed.

Luteolin Suppressed Inflammation In
oxLDL-Stimulated Macrophages

Given that luteolin can alleviate atherosclerosis by
decreasing inflammation in mice and that macrophages
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Figure 3 Luteolin administration inhibited inflammation in atherosclerotic aortas.
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normalized by B-actin (A-D). (E-G) Immunofluorescence staining with anti-Moma-2 in the artery tissues showed that macrophage infiltration was reduced by luteolin.
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Figure 4 STAT3 phosphorylation in aortas of HFD-fed ApoE™ mice was increased.

Notes: (A-C) Representative microscopic images and analysis of p-STAT3 staining in artery tissues showed that HFD increased p-STAT3 immunoreactivity in ApoE-/-
mouse arteries. Administration of luteolin significantly reduced p-STAT3. (D, E) Western blot analysis of p-STAT3 in artery tissues showed that administration of luteolin
significantly reduced p-STAT3 level without changing STAT3 levels. (n=7 in each group; **P<0.01, "#P<0.001, vs ND group; **P<0.01, ***P<0.001, HFD group).

play an important role in inflammatory atherosclerosis,
we investigated the anti-inflammatory effects of luteolin
in oxLDL-stimulated primary macrophages. Firstly,
oxLDL incubation induced STAT3 phosphorylation in
macrophages (Figure 5SA). Western blot analysis showed
that luteolin dose-dependently inhibited the phospho
rylation of STAT3

(Figure 5A). Then, the oxLDL increased expression of

in oxLDL-induced macrophages

pro-inflammatory genes, IL-6 and TNF-a, in both
mRNA and protein levels, while pretreatment with luteo-
lin dose-dependently decreased their overexpressions
(Figure 5B-D). Real-time qPCR assay showed that luteo-
lin also reduced the oxLDL-induced mRNA expression
of adhesion molecules VCAM-1 and ICAM-1 in macro-
phages (Figure 5B). These results suggest that luteolin
suppressed oxLDL-induced inflammation and may inhibit
the phosphorylation of STAT3. Existing studies have
demonstrated that the SH2 domain of STAT3 is the
most druggable binding site because the STAT3 signal
pathway is activated upon the phosphorylation of Tyr-
705, which is located in the STAT3 SH2 domain.?'***4°
In this study, molecular modeling was employed to

predict the possible interaction between STAT3 SH2
domain and luteolin. As shown in Figure SE, the root-
mean square deviations (RMSDs) of all the protein back-
bone atoms (C,) of STAT3 SH2 domain, and the heavy
atoms of luteolin were plotted to monitor the dynamic
stability of the complex. The RMSDs of the C, of the
STAT3 SH2 domain and the heavy atoms of luteolin have
a small fluctuation after 40 and 35 ns MD simulation,
respectively. This observation suggests that a series of
dynamic stable complexes were obtained. After that,
these complexes from MD simulation were used for the
binding free energy decomposition into each residue to
highlight the importance of each residue in protein-ligand
recognition. As shown in Figure 5F, the most contributed
residues were Glu-594, Ser-636, Glu-638, Arg-609 and
Ile-634. Structural analysis suggests that the primary
interactions between STAT3 SH2 and luteolin were
hydrogen bond with Glu-594, Ser-636, Arg-609
(Figure 5G and H). Overall, our results indicate that
SH2 domain of STAT3 might be a binding site of luteolin
and that luteolin could be a promising lead compound for
the discovery of novel STAT3 inhibitors.
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Figure 5 Luteolin suppressed inflammation in oxLDL-stimulated macrophages.
Notes: (A) Luteolin suppressed oxLDL-induced activation of STAT3. Primary macrophages were pretreated with luteolin (Lut, 2.5, 5 or 10 puM), or vehicle (DMSO, | uL)
for | hr and then stimulated with oxLDL (50 pg/mL) for 15 mins. Total proteins were extracted to detect the levels of p-STAT3 and STAT3. (B) Luteolin inhibited oxLDL-
induced increase in mRNA levels of inflammatory molecules. Macrophages were pretreated with Lut (2.5, 5 or 10 uM) or vehicle (DMSO, | pL) for | hr and then stimulated
with oxLDL (50 pg/mL) for 6 hrs. Figure showing mRNA levels of ICAM-1, VCAM-I, IL-6 and TNF-a. (C, D) Luteolin inhibited oxLDL-induced release of cytokines.
Macrophages were pretreated with Lut (2.5, 5 or 10 pM) or vehicle (DMSO, | pL) for | hr and then stimulated with oxLDL (50 pg/mL) for 24 hrs. The levels of IL-6 (C) and
TNF-o (D) in the culture medium were detected by ELISA. (E) RMSD curves for the 100 ns molecular dynamics simulation. (F) Top 5 contributing residues of STAT3 SH2
domain to luteolin binding. (G) Overview of contributed residues of STAT3 SH2 domain to luteolin binding. (H) Detailed view of STAT3 SH2 domain to Luteolin binding.
(n=3 in each group; "#P<0.001, vs vehicle group; *P<0.05, **P<0.01, ***P< 0.001, vs oxLDL group).
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Luteolin Suppressed oxLDL-Induced
Inflammation Via Inhibiting Activation Of
STAT3

To confirm that the anti-inflammatory effect of luteolin is
STAT3-dependent in oxLDL-challenged macrophage, we
knocked down the expression of STAT3 prior to oxLDL
exposure. Compared with the control group, transfection
specific siRNA into macrophages decreased protein abun-
dance by more than 70% (Figure 6A). As shown in
Figure 6B-D, oxLDL failed to increase the mRNA expres-
sion of adhesion molecules and pro-inflammatory factors
(including ICAM-1, VCAM-1, IL-6 and TNF-a) in
STAT3-knockdown primary macrophages. In addition,

luteolin was not able to reduce oxL.DL-induced secretion
of IL-6 and TNF-a (Figure 6C and D). These results
suggest that luteolin suppressed oxLDL-induced inflam-
mation via inhibiting STAT3 activation.

Discussion

As a chronic inflammatory disease, atherosclerosis involves
a variety of cell types at different stages of plaque forma-
tion, including lymphocytes, endothelial cells, SMCs and
monocytes/macrophages.' Previous studies have shown
that monocyte-derived macrophages and other immune
mediators play an essential role in atherosclerosis.*** The
proliferation of fibro-fatty plaque and SMCs that causes

[ ] Veh
A NC SiSTAT3 B = B oxLDL
STATS quue S 510_ . SISTAT3
| = oxLDL+siSTAT3
-act b~ 8
B-aCtin se—r S— o) i BB oxLDL+siSTAT3+Lut
15 c 67 #
2 S ¥
“—9 E 4A
E’ 1.0- © - ns *%%xNS ns ns
£ © T [ - »
o 2 2 L I
iy s ok : T
E 0.5+ H## &J 0— - H T I_I 6 H T
= i N i~ < S
%) N N A\ §<
0.0 X\ on N
C D
TNF-o =0
6 i 157
i
. 4 o 10-
B) ns E)
o *k Q
2 == o
ns
mall == —— . == B

DMSO oxL.DLDMSO oxLDL oxLDL+Lut
SISTAT3

0 DMSO oxLDLDMSO oxLDL oxLDL+Lut
SISTAT3

Figure 6 Luteolin suppressed oxLDL-induced inflammation via inhibiting activation of STAT3.

Notes: Primary macrophages treated with siRNA for STAT3. (A) Western blot analysis for silencing STAT3. (B) Pretreated with luteolin (10uM) for | hr, then stimulated
with oxLDL (50 pg/mL) for 6 hrs, mRNA levels of ICAM-I, VCAM-I, IL-6 and TNF-a were detected by RT-qPCR analysis. (C, D) Pretreated with luteolin (10uM) for | hr,
then stimulated with oxLDL (50 pg/mL) for 24 hrs, culture medium was used to detect the levels of IL-6 (C) and TNF-a (D) by ELISA (n=3 in each group; *P< 0.05, *P<0.01,
###p<0.001, vs vehicle group; *P<0.05, **P<0.01, ***P<0.001, vs oxLDL group; ns, no significance, vs oxLDL+siSTAT3 group).

3908  submit your manuscript Drug Design, Development and Therapy 2019:13

Dove


http://www.dovepress.com
http://www.dovepress.com

Dove

Ding et al

narrowed artery constitutes the fundamental lesion of
atherosclerosis.*> However, the mechanism underlying the
progression of lesion has not yet been fully defined, and the
therapeutic drugs for atherosclerosis are insufficient. Thus,
it is imperative that novel and effective agents be identified
to facilitate the treatment of atherosclerosis.

In this study, we investigated the effects of luteolin on
the development and progression of atherosclerosis in
ApoE™" mice with HFD. As aforementioned, with HFD
for 12 weeks, we observed that accelerated atherosclerotic
lesions were established in ApoE™ mice, characterized by
the accumulation of macrophages and lipid droplet
(Figures 2 and 3). Interestingly, administration of luteolin
significantly ameliorated the progression of HFD-induced
atherosclerosis and decreased the accumulation of macro-
phages and lipid droplet in the lesion, without the effects
on the serum TCH, TG, HDL-C and LDL-C level in
ApoE™ mice (Figure 1-3). Furthermore, these findings
suggest that luteolin plays an important protective role in
the pathogenesis of atherosclerosis.

Inflammation plays a vital role throughout the develop-
ment of atherosclerosis.*** Many cell types, including
T-lymphocytes, macrophages, monocytes, SMC and mast
cells, exist in atherosclerotic plaques from the earliest
lesions to ruptured plaques, accompanied by the secretion
of many inflammatory factors.® In the present study, we
found that administration of luteolin obviously decreased
macrophages infiltration and mRNA expression of inflam-
matory factors (ICAM-1, VCAM-1, TNF-a and IL-6) in
HFD-induced ApoE”" mice (Figure 3). In addition, in
oxLDL-stimulated macrophages, similar results were
observed (Figure 5). These findings suggest that adminis-
tration of luteolin attenuates atherosclerosis via inhibition of
the inflammatory response. To further explore the molecular
mechanism of luteolin in alleviating atherosclerosis, we
found that phosphorylation of STAT3 was significantly
elevated in HFD-induced ApoE”" mice and was inhibited
by administration of luteolin. Interestingly, the expression
of total STAT3 was not changed (Figure 4D). Not only that,
the same pattern was also observed in oxLDL-stimulated
macrophages (Figure 5A). In addition, the results of mole-
cular modeling indicate that SH2 domain of STAT3 could
be a binding site of luteolin. In STAT3-knockdown primary
macrophages, inflammatory response was mitigated, but
luteolin did not reduce the expression and release of
inflammatory factors (Figure 6). These results suggest that
luteolin suppressed oxLDL-induced inflammation via inhi-
biting STAT3 activation.

It is noteworthy that various drug interventions, such as
calcium channel blockers, nicotinic acid, and angiotensin-
converting enzyme inhibitors and statins, can target ROS
and inflammation to eliminate the development of
atherosclerosis.*' In the present study, it was shown that
luteolin could effectively prevent the development of ather-
osclerosis. And we found the anti-inflammatory activity of
luteolin in vivo and in vitro studies. Also, luteolin showed a
slightly stronger STAT3 kinase inhibition, which may be
due to the fact that the SH2 domain of STAT3 was targeted
to disrupt STAT3-STAT3 dimerization, as indicated by our
molecular modeling study. However, we failed to report the
effects of luteolin on other molecular modifications (i.e.,
oxidative stress, extracellular matrix, SMC proliferation and
cell foam). Taken together, these results suggest that luteo-
lin might be a potential therapeutic option for subsequent
studies in developing preventions of atherosclerosis. Here,
we observed that the reduction of luteolin on all these
abnormalities seemed to be related to its inhibition of
STAT3 activation, implying that the activation of STAT3
promotes the development of atherosclerosis.
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