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Introduction: As the primary immune cells, macrophages play a key role in atherosclerotic
progression. M2 macrophage polarization has been reported to promote tissue repair and
attenuate plaque formation upon the expression of anti-inflammatory factors. Convallatoxin
(CNT) is a natural cardiac glycoside with anti-inflammatory pharmacological properties.
However, whether CNT protects against atherosclerosis (AS) and underlying mechanisms is
unknown. This work was designed to explore the potential effects of CNT on atherosclerosis.
Methods: In this study, Apolipoprotein E deficiency (ApoE ") mice fed with high-fat diet
were established, and CNT (50 or 100 pg/kg) were intragastrically administrated for 12
weeks every day. In vitro, RAW264.7 macrophages stimulated with ox-LDL were treated
with CNT (50 or 100 nM) for 24 h. The specific PPARy antagonist, GW9662, was used to
block the PPARY signaling pathway in vitro. Then, the atherosclerotic lesions, macrophage
polarization markers, inflammatory cytokines and PPARY signaling pathway were examined
in further examinations.

Results: Our results showed that the atherosclerotic lesions were reduced by CNT, as
demonstrated by the downregulation of serum lipid level and aortic plaque area in AS mice.
Furthermore, we found that CNT treatment promoted the expression of M2 macrophage
markers (Argl, Mrcl, Retnla and Chi313), and decreased the levels of pro-inflammatory
cytokines (IL-6 and TNF-a), accompanied by the increase of anti-inflammatory factor (IL-
10) in aortic vessels of AS mice. In ox-LDL-induced RAW264.7 cells, CNT administration
also facilitated macrophages polarizing towards M2 subtype and inhibited inflammatory
responses. Furthermore, both the in vivo and in vitro experiments showed CNT could increase
the expression of PPARYy, Integrin a, and Integrin Bs, and GW9662 could block CNT-induced
M2 macrophage polarization.

Conclusion: Taken together, these data suggest that CNT may promote M2 macrophage
polarization to exert an anti-atherosclerotic effect, partially through activating PPARy-
Integrin a,Bs signaling pathway.

Keywords: atherosclerosis, convallatoxin, macrophage polarization, ox-LDL, PPARy-

Integrin a,f5 signaling pathway

Introduction

Atherosclerosis, the major type of cardiovascular diseases, is a chronic inflammatory
disorder with significant incidence and mortality." It has been revealed to be char-
acterized by the intimal lipid accumulation, arterial wall hyperplasia and vascular
stenosis.” Increasing evidences have shown that macrophages regulate the inflamma-
tory mediator production, foam cell formation and plaque formation in the presence of
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various stimuli from diverse microenvironments.*> During
this process, monocytes from circulatory system are
recruited to endothelium, migrated into sub-intimal space
and differentiated into MO macrophages.® Importantly, M0
macrophages have been demonstrated to extensively polar-
ize towards M1 (a pro-inflammatory phenotype) or M2 (an
anti-inflammatory phenotype) macrophages. In detail, M1
macrophages under the classical activation are shown to
express significantly broad-spectrum pro-inflammatory
cytokines and chemokines, ultimately aggravating the pro-
gression of atherosclerotic plaques;’ whereas the alterna-
tively activated M2 macrophages may strengthen tissue
repair and healing, and lessen plaque formation by inducing
the expression of anti-inflammatory mediators.®® Thus, the
polarized activation of macrophages may present a novel
view for the prevention of atherosclerotic progression.
Convallatoxin (CNT) is one of the cardiac glycosides
extracted from Adonis amurensis Regel et Radde, and its
chemical structure has been shown in Figure 1 A. It is generally
available as an effective inhibitor of Na'/K"-ATPase to treat
heart failure, which exerts a variety of pharmacological prop-
erties including anti-angiogenesis, anti-inflammation and anti-
tumor.'®'" For example, CNT has been suggested to protect
against skin inflammation in psoriatic-like mice.'? In color-
ectal cancer development, CNT is presented as a potential
therapeutic candidate through regulating JAK2/STAT3 and
mTOR/STAT3 signaling pathways."> However, the role of
CNT in atherosclerosis still needs further explanations.
Peroxisome proliferator-activated receptor gamma
(PPARY) is widely studied to play an important role in
macrophages of atherosclerosis. It is found that the methyla-
tion of PPARy promoter mediates the function of DNMT]1

on increasing pro-inflammatory cytokine secretion and

atherosclerotic plaque formation.'* PPARy is able to pro-
mote macrophages polarizing towards M2-like phenotypes
and inhibit M1 macrophage polarization.'>'” More impor-
tantly, a prior study shows that PPARy activation is asso-
ciated with the protective effects of CNT on experimental
colitis.'"® Therefore, the hypothesis of this study was that
CNT might control the polarization of macrophage by acti-
vating PPARY signaling pathway to prevent atherosclerosis.

In this work, the Apolipoprotein E deficiency (ApoE )
mice fed with high-fat diet and oxidized low-density lipo-
protein (ox-LDL)-treated macrophages were prepared to
examine the effect of CNT in vivo and in vitro.

Materials and Methods

Animal Studies
Procedures for animal experiments were conducted as the
permission by the Ethics Committee of Beijing Anzhen
Hospital, Capital Medical University (2018077X), in
accord with the Guide for the Care and Use of
Laboratory Animals. Both male wild-type C57BL/6 mice
and ApoE” mice (8-week old) were purchased from
Beijing HFK bioscience (China), and acclimated in a 12-
hour light/12-hour dark cycle for a week prior to the study.
The experimental groups are presented as Figure 1B.
Briefly, all ApoE™" mice were randomly divided into three
groups: AS group; AS+CNT-L group; AS+CNT-H group. In
AS group, ApoE "~ mice were fed with high-fat diet (42% kcal
from fat and 0.2% cholesterol) for 12 weeks. In AS+CNT-L
group, AS mice were injected with 50 pg/kg of CNT
(abs47024074, Absin, China) intragastrically once a day
from 9:00-10:00 for 12 weeks. In AS+CNT-H group, AS
mice were injected with 100 pg/kg of CNT intragastrically
every day from 9:00-10:00 for 12 weeks. Moreover, in
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Figure | The chemical structure of Convallatoxin and flow diagram for experimental groups in vivo. (A) The chemical structure of Convallatoxin (CNT). (B) The flow

diagram of animal experimental treatment.

Abbreviations: Con, control; AS, atherosclerosis; CNT-L, low dose of CNT; CNT-H, high dose of CNT; i.g., intragastrically.
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Control group (Con), the wild-type C57BL/6 mice were fed
with normal diet for 12 weeks. At the end of the experiments,
mice were sacrificed, and aorta tissues and plasma were
collected.

Immunofluorescence

The paraffin-embedded aorta tissue sections were depar-
affinized and retrieved for antigen. Then, sections were
stained with antibody against CD68 (sc-20060, Santa
Cruz, USA) or CD163 (A8383, Abclonal, China) follow-
ing fluorescence-labeled secondary antibodies. Sections
were counterstained with DAPI (D106471, Aladdin,
China) to characterize nuclei and visualized using

a microscope (BX53, Olympus, Japan).

Cell Treatment

RAW264.7 macrophages (Zhong Qiao Xin Zhou
Biotechnology, China) were cultured in DMEM medium
(12100046, Gibco, USA) containing 10% FBS
(SH30084.03, Hyclone, USA). The cells were plated, and
exposed to ox-LDL (100 ug/mL; UnionBiol, China) together
with or without CNT (50 nM or 100 nM) for 24 h. The
PPARY inhibitor, GW9662 (1 uM; HY-16578, MCE, China)
was used to treat cells for 2 h prior to ox-LDL treatment.

Flow Cytometry

RAW264.7 macrophages were collected and incubated
with anti-CD163 antibody (11-1631-80, Thermo, USA)
at 4°C in line with the manufacturer’s instructions in
dark. Then, cells were analyzed by a flow cytometry
system (NovoCyte, ACEA, USA).

Serum Lipid Measurement

At the end of animal model establishment, mice were sacri-
ficed and blood serum was collected. Serum total cholesterol
(TC; Alll1-1), triglycerides (TG; A110-1) and low-density
lipoprotein cholesterol (LDL-C; A113-1) were determined
using available commercial kits (Nanjing Jiancheng, China).
The experimental protocols were performed in accordance
with the description by the manufacturer.

Enzyme-Linked Immunosorbent Assay
(ELISA)

Aortic tissues or RAW?264.7 cell supernatants were harvested
for ELISA. The ELISA kits of IL-6 (SEA079Mu), TNF-a
(SEA133Mu), and IL-10 (SEA056Mu) were purchased from

Uscn (China). The measurements for the concentrations were
conducted following the manufacturer’s protocols.

Oil Red O Staining

The fixed aortic arteries were frozen in OCT compound and
cut into 10-pm thickness of sections. Then, the tissue sec-
tions or fixed RAW264.7 cells were stained with Oil red
O solution (00625, Sigma, USA) to observe the plaque area

in vivo and lipid droplet accumulation in vitro.

Quantitative Real-Time Polymerase Chain
Reaction (qPCR)

Total RN As were isolated from aortic tissues or RAW264.7
cells using a RNAsimple kit (DP419, Tiangen, China) and
quantified with a spectrophotometer. The reverse-
transcribed complementary DNA (cDNA) was used to
gene amplification using a qPCR system (Exicycler 96,
Bioneer, Korea) with SYBR Green PCR mix (SY1020,
Solarbio, China). All specific primer sequences used in
gPCR experiments are shown in Table 1. Expression
level of GAPDH mRNA was used as a housekeeping con-
trol. The method of 22T was carried out to analyze the

results.

Table | Primer Sequences Used in This Study

Gene Primer Sequences (5'-3")
Argl F: GGAAGACAGCAGAGGAGGTG
R: TCAGTCCCTGGCTTATGGTT
Mrcl F: AGTGATGGTTCTCCCGTTTC
R: TGGGCTCAGGTAGTAGTGTTTT
Retnla F: CGTGGAGAATAAGGTCAAGGA
R: ACACCCAGTAGCAGTCATCCC
Chi3l3 F: ATGGCCTCAACCTGGACTG
R: TCCTGCTCCTGTGGAAGTG
CD86 F: ATGGGCTCGTATGATTGT
R: CTTCTTAGGTTTCGGGTG
iNOS F: CACCACCCTCCTCGTTC
R: CAATCCACAACTCGCTCC
MARCO F: AGGCGAATCTTTCCAACG
R: CCCAGAGCCACCTCCATA
GAPDH F: TGTTCCTACCCCCAATGTGTCCGTC
R: CTGGTCCTCAGTGTAGCCCAAGATG

Abbreviations: F, forward primer; R, reverse primer.

Drug Design, Development and Therapy 2021:15

submit your manuscript

805

Dove


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

Zhang et al

Dove

Western Blot Analysis

Proteins from aortic tissues or macrophages were subjected
to SDS-PAGE and transferred onto PVDF membrane
(IPVH00010, Millipore, USA). Then, membranes were
blocked in fresh non-fat milk, and incubated with primary
antibodies against PPARy (A0270, Abclonal), Integrin a
(AF5152, Affinity, China), Integrin Bs (AF0185, Affinity),
Histone H3 (GTX122148, GeneTex, China) and GAPDH
(60004-1-Ig, Proteintech, China). Afterwards, horseradish
peroxidase-conjugated goat anti-rabbit antibody (SE134,
Solarbio) or goat anti-mouse antibody (SE131, Solarbio)
was prepared for an additional culture. The immunoblots
were visualized using ECL reagent (PE0010, Solarbio).

Statistical Analysis

Data were analyzed using GraphPad Prism (GraphPad
Software, USA). The Shapiro—Wilk normality test was
used for determining data normal distribution. The data
normally distributed were assessed using #-test between
two groups, and one-way analysis of variance (ANOVA)
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and Bonferroni’s post hoc #-test among multiple groups.
The statistics without normal distribution were analyzed
by the non-parametric Kruskal-Wallis test. All experi-
ments in vivo were repeated for six times, and in vitro
were repeated for three times. A value of p < 0.05 indi-

cated statistically significant.

Results

CNT Attenuated Atherosclerotic Lesions
in vivo

In vivo, the atherosclerotic models were established using the
ApoE " mice fed with high-fat diet. We first determined the
body weight and lipid alterations in mice. As shown in Figure
2A-D, the significantly increased body weight and serum
levels of TC, TG and LDL-C in AS group were downregu-
lated by CNT. Compared with that in AS mice, the area of
atherosclerotic plaque was reduced in CNT-treated mice by
Oil red O staining (Figure 2E). These results demonstrated
the protective effects of CNT on atherosclerotic lesions.
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Figure 2 CNT attenuated atherosclerotic lesions in vivo. (A) Body weight. (B-D) Serum levels of TC, TG and LDL-C. (E) Oil red O staining and quantification of plaque
areas in the aortic roots. The corresponding right panels showed the partially enlarged plaque areas labeled with black boxes. Bar=500 pm. Data were expressed as mean *
SD.

Abbreviations: Con, control; AS, atherosclerosis; CNT-L, low dose of CNT; CNT-H, high dose of CNT.
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CNT Regulated Macrophage Polarization
in vivo

M1 and M2 macrophage polarization had been revealed
to be involved in atherosclerotic progression. Double
immunofluorescent colocalization results showed that,
in comparison with that in AS mice, macrophages
expressing CD68 had a high level of CD163 (an M2
marker) in aortic roots of mice treated with CNT
(Figure 3A). CNT treatment significantly upregulated
the expression of M2-associated genes, including Argl,
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Mrcl, Rentla and Chi313 (Figure 3B). It also decreased
pro-inflammatory cytokines (IL-6 and TNF-a), and
increased anti-inflammatory factor (IL-10) in aortic
tissues of AS mice (Figure 3C). The results also
showed that the upregulated Ml-associated genes
(CD86, iNOS and MARCO) in aortas of AS mice
were decreased by CNT treatment (Supplementary
Figure 1). These data indicated that the role of CNT
in atherosclerosis might be associated with M1/M2

macrophage polarization.
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Figure 3 CNT promoted M2 macrophage polarization in vivo. (A) Immunofluorescence staining of the co-localization of CD68 (green) and CD 163 (red) in the aortic roots.
The right panels were the corresponding partially enlarged images in white boxes. Bar=50 um. (B) qPCR analysis of the relative mRNA levels of M2 markers in the aortic
tissues, including Argl, Mrcl, Retnla, and Chi3I3. (C) Contents of IL-6, TNF-a and IL-10 in the aortic tissues were determined by ELISA. Data were expressed as mean * SD.
Abbreviations: Con, control; AS, atherosclerosis; CNT-L, low dose of CNT; CNT-H, high dose of CNT.
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CNT Reduced ox-LDL-Induced Foam

Cell Formation

Given that foam cells derived from macrophages had
a critical effect on atherosclerotic progression, we thus
examined the role of CNT in ox-LDL-induced foam cells
in vitro. As reflected by Oil red O staining, CNT reduced
the lipid droplet accumulation in RAW264.7 cells induced
by ox-LDL (Figure 4A). It also decreased ox-LDL-
induced high contents of TC in macrophages (Figure
4B), suggesting the inhibitory role of CNT in foam cell
formation.

CNT Facilitated Macrophage Polarizing

Towards M2 Phenotype in vitro

To further investigate the role of CNT in the polarization
of macrophage, ox-LDL-induced RAW264.7 cells were
used in vitro. Flow cytometry analysis showed that, in
the presence of ox-LDL, the percentage of CD163" cells
was upregulated by CNT in RAW264.7 cells (Figure SA).
Similar to the results in vivo, in ox-LDL-treated
RAW264.7 cells, the mRNA expression of M2 markers
(Argl, Mrcl, Retnla and Chi3l3) was also restored by
CNT (Figure 5B). Furthermore, the decreased levels of
IL-6 and TNF-a, accompanied by the increased expression
of IL-10 were observed in ox-LDL-induced RAW264.7
cells after CNT treatment (Figure 5C). The in vitro results
demonstrated that CNT was able to promote macrophages
polarizing towards M2 subtypes.

Involvement of PPARy-Integrin o,fs
Signaling Pathway in CNT-Enhanced M2

Macrophage Polarization

To further uncover the underlying mechanism of CNT on
M2 macrophage, we paid attention to PPARy-Integrin a, s
signaling pathway. Results in vivo demonstrated that the
decreased PPARy-related proteins (PPARY, Integrin o and
Integrin Bs) in atherosclerotic mice were dramatically ele-
vated by CNT administration (Figure 6A). The similar
tendency of PPARy-Integrin o,Bs pathway was also
observed in vitro (Figure 6B). Then the specific PPARy
antagonist, GW9662 or T0070907 was employed to inhibit
PPARy expression. As shown in Figure 6C and D,
GW9662 aggravated foam cell formation and upregulated
TC contents in ox-LDL-treated RAW264.7 cells after CNT
treatment. Inhibition of PPARy using GW9662 also
reduced M2-associated gene expressions and enhanced
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Figure 4 CNT reduced ox-LDL-induced foam cell formation. (A) Representative
images of Oil red O staining in ox-LDL-treated RAW264.7 cells. Bar=50 um. (B)
TC contents in ox-LDL-treated cells. Data were expressed as mean * SD.
Abbreviations: Con, control; CNT-L, low dose of CNT; CNT-H, high dose of
CNT.

inflammatory responses (Figure 6E and F). Furthermore,
the treatment of T0070907 significantly induced similar
effects with GW9662 on CNT-induced M2 macrophage
polarization, which are shown in Supplementary Figure
2. These results suggested that CNT activated PPARy-
Integrin a,Bs signaling pathway to promote the polariza-

tion of macrophages towards M2-like phenotype.

Discussion

Atherosclerosis is an inflammatory cardiovascular disorder
with complicated pathogenesis. The aim of this study was
to investigate the effect of CNT on atherosclerotic progres-
sion. We demonstrated that CNT could reduce lipid accu-
mulation and decrease plaque area in atherosclerotic mice.
It also promoted macrophages polarizing towards M2
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Figure 5 CNT facilitated macrophage polarizing towards M2 phenotype in vitro. (A) Flow cytometry analysis and quantification of the percentage of CD163 positive cells.
(B) qPCR results of the relative expressions of M2 markers, including Argl, Mrcl, Retnla, and Chi3I3. (C) ELISA assays of the levels of IL-6, TNF-a and IL-10 in cell

supernatants. Data were expressed as mean * SD.

Abbreviations: Con, control; CNT-L, low dose of CNT; CNT-H, high dose of CNT.

subtypes and activated PPARy-Integrin o,Bs; pathway
in vivo and in vitro. Inhibition of PPARy with its antago-
nist blocked CNT-induced M2 macrophage polarization.
In recent years, growing researches were focused on
determining the impacts of natural products on atherosclero-
sis. For instance, Zhong and the colleagues showed that
halofuginone attenuated endothelial dysfunction by inhibit-
stress and inflammation

ing oxidative to prevent

-1 . .
atherosclerosis.'® A flavonoid compound, corylin, was

revealed to attenuate vascular inflammation, monocyte adhe-
sion and vascular smooth muscle cell proliferation in ApoE -
mice.” Furthermore, the natural products, cardiac glycosides
were found to be beneficial for the general hemodynamic
parameters in chronic cerebral circulation insufficiency.’
However, whether CNT, one of cardiac glycosides, had
potential functions in atherosclerosis are not well understood.
Previous studies demonstrated that, in DSS-induced colitis,
CNT ameliorated colitic inflammation through activating
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Figure 6 PPARy antagonist, GW9662, blocked CNT-enhanced M2 macrophage polarization. (A and B) Western blot analysis and quantification of PPARy, Integrin a, and
Integrin Ps in the aortic tissues (A) and RAW264.7 cells (B). (C) Representative images of Oil red O staining in macrophages. Bar=50 um. (D) Levels of TC in cells were
measured by available kits. (E) Argl, Mrcl, Retnla and Chi3I3 mRNA levels were assessed by qPCR. (F) IL-6, TNF-a and IL-10 contents in cell supernatants were tested using

ELISA. Data were expressed as mean * SD.

Abbreviations: Con, control; CNT-L, low dose of CNT; CNT-H, high dose of CNT.

PPARy and inhibiting NF-xB."® Jiang and co-workers sug-
gested an anti-psoriatic effect of CNT by suppressing inflam-
matory responses.'> Our results showed that CNT
significantly lessened the lipid accumulation and plaque for-
suggesting the possible anti-

mation in AS mice,

atherosclerotic role of CNT.

As we all know, macrophages had been currently identified
as an important player in inflammatory responses during the
process of atherosclerosis.”> Apart from lipid accumulation,
endothelial dysfunction and inflammation, macrophage polar-
ization towards M1 or M2 states also attracted a great deal of
attention from scientists.”> Furthermore, the induction of ox-
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Figure 7 The schematic diagram of the potential molecular mechanism of the anti-atherosclerotic role of Convallatoxin.

LDL could promote foam cell formation of macrophages, and
modulate macrophage polarization.>*2® In this work, we
demonstrated that CNT significantly enhanced macrophages
polarizing towards M2 subtypes, inhibited pro-inflammatory
cytokine expression and promoted anti-inflammatory mediator
expression both in vivo and in vitro. The anti-inflammatory
property of CNT in atherosclerosis was consistent with pre-
vious studies that reported in the experimental colitic or psor-
iatic models.'>'® Collectively, these findings indicated that
CNT potentially induced macrophages polarizing towards
M2 phenotypes to suppress inflammation in the progression
of atherosclerosis.

Then, PPARy-Integrin a,fs signaling pathway was
focused to investigate the underlying mechanisms. Several
studies had revealed the involvement of PPARy in macro-
phage polarization. PPARy was an important regulator to

metabolism and  inflammation in

16,17,27

control  lipid

atherosclerosis, and its activation affected inflammatory
states in macrophages.?® It had been well known that PPARy
played a key role in promoting M2 macrophage polarization
and suppressing M1 macrophage polarization.">™"” Yao et al
showed that PPARy directly bound Integrin o, 5 gene promo-
ter, and it promoted macrophages polarized towards M2
subtypes.”” Our results suggested that CNT effectively acti-
vated PPARY, which was consistent with the previous study.'®
Inhibiting PPARY with its antagonist, GW9662 or T0070907,
greatly abrogated CNT-induced M2 macrophage polarization
in vitro. Thus, these results prompted that the PPARy-Integrin
o,Bs pathway participated in the regulation of CNT on M2
macrophage polarization. In the future, we will keep investi-
gating the role of PPARYy using its antagonist in the in vivo
experiments, which might be of significant importance. In
addition, we demonstrated an inhibitory effect of CNT on
M1 macrophage polarization. Consistent with these data, the

previous study from DSS-induced colitic mice also demon-
strated that the expression of iNOS protein could be inhibited
by CNT.'® However, the underlying mechanism of CNT on
M1 macrophage polarization remains to need further investi-
gations. Although PPARy had a function of protecting against
atherosclerotic progression,'** the pro-atherogenic effect of
PPARy was also revealed to be mediated by NCOR1,*' sug-
gesting the function of PPARy might be controlled by different
programs. The evidences by Yao et al also demonstrated that
the inhibition of Integrin o, or/and Integrin Bs could not
change M1-associated gene expression.”” Thus, another sig-
naling pathway except PPARy-Integrin o5 pathway might
also be participated in the regulation of CNT on M1 macro-
phage polarization. It still needs more investigations in our
further study.

Conclusion

Taken together, our data highlight that CNT promotes the
polarization of macrophages towards M2-like phenotypes
through activating PPARy-Integrin o, 5 signaling pathway,
thus reducing atherosclerotic plaque formation. The sche-
matic diagram has been summarized in Figure 7, which
presents a novel insight for the prevention of atherosclerosis.
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