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Introduction: Pathological vascular remodeling is a hallmark of various vascular
diseases. Smooth muscle cell (SMC) phenotypic switching plays a pivotal role during
pathological vascular remodeling. The mechanism of how to regulate SMC phenotypic
switching still needs to be defined. This study aims to investigate the effect of
Andrographolide, a key principle isolated from Andrographis paniculate, on pathological
vascular remodeling and its underlying mechanism.

Methods: A C57/BL6 mouse left carotid artery complete ligation model and rat
SMCs were used to determine whether Andrographolide is critical in regulating SMC
phenotypic switching. Quantitative real-time PCR, a CCK8 cell proliferation assay, BRDU
incorporation assay, Boyden chamber migration assay, and spheroid sprouting assay
were performed to evaluate whether Andrographolide suppresses SMC proliferation and
migration. Immunohistochemistry staining, immunofluorescence staining, and protein
co-immunoprecipitation were used to observe the interaction between EDNRA, EDNRB,
and Myocardin-SRF.

Results: Andrographolide inhibits neointimal hyperplasia in the left carotid artery
complete ligation model. Andrographolide regulates SMC phenotypic switching
characterized by suppressing proliferation and migration. Andrographolide activates the
endothelin signaling pathway exhibited by dramatically inducing EDNRA and EDNRB
expression. The interaction between EDNRA/EDNRB and Myocardin-SRF resulted in
promoting SMC differentiation marker gene expression.

Conclusion:  Andrographolide plays a critical role in
vascular remodeling.

regulating pathological
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INTRODUCTION

Pathological vascular remodeling exhibits smooth muscle cell
(SMC) phenotypic switching (1). SMCs have remarkable
plasticity, and can undergo phenotypic switching in response
to vascular endothelium damage (2), altered blood flow (3),
inflammatory stimulation (4), or various disease conditions.
Typical SMC phenotypic switching from the differentiation
stage to the dedifferentiation stage is characterized by enhanced
proliferation and decreased expression of SMC contractile-
specific marker genes, including smooth muscle (SM) a-actin,
smooth muscle myosin heavy chains (SM MHCs), smooth
muscle myosin light chains, hl-calponin, and smooth muscle
a-tropomyosin (1). SMC phenotypic switching is critical in
initiation of vascular diseases, including atherosclerosis, post
angioplasty restenosis, aneurysm, pulmonary hypertension,
diabetic-related retinal vasculopathy, allograft vasculopathy,
and transplantation associated vasculopathy (5, 6).

SMCs express differentiated marker genes. Tremendous
progress has been made in serum response factor (SRF)
homodimers with conserved CArG boxes and promoter-
enhancer regions of several SMC differentiated marker genes to
regulate SMC differentiated marker gene expression (1, 7, 8).
The CArG box-dependent SMC differentiation marker genes
include smooth muscle a-actin, Calponin, SM22a, and MHC.
Whereas CArG box-independent SMC differentiation marker
genes include FRNK, Smoothelin, and al-integrin (1). Myocardin
dramatically promotes the interaction between SRF and CArG
boxes (9). Additional coactivators have been reported to enhance
Myocardin and SRF-CArG boxes interaction, such as Prx1, stat3,
Klf4, GATA4, Nkx3.2, and MRTFA/B (10-13).

The endothelin/sarafotoxin family comprises three isoforms,
including ET-1, ET-2, and ET-3, which comprise similar
structures with 21 amino acids (14, 15). Endothelins are
produced primarily in the vascular endothelium, and the
most potent vasoconstrictors through activation of two G
protein-coupled receptors are endothelinA (EDNRA) and
endothelinB (EDNRB) (16). Endothelins play critical roles in
regulating vascular homeostasis, such as atherosclerosis and
pulmonary hypertension (17). Endothelins are also implicated
vascular diseases of several organ systems, including the heart,
lungs, kidneys, and brain (18). Endothelin 1 has been reported to
promote SMC migration and is critical for neointima hyperplasia
in giant-cell arteritis (19). Endothelin 1 also contributes to
regulate vascular remodeling (20). However, the underlying
mechanism of endothelin 1 in regulating pathological vascular
remodeling is not well defined.

Traditional Chinese Medicine is used in the treatment
of cardiovascular diseases. Numerous studies indicated that
Andrographolide (21) suppresses vascular angiogenesis through
p300, VEGE and Mir-21-5p/TIMP3 signaling pathways (22-25).
Andrographolide inhibits neointimal hyperplasia in arterial
restenosis (26). Our previous studies demonstrated that
Andrographolide is critical in gastric vascular homeostasis
regulation (27). However, the role of Andrographolide in
regulating pathological vascular remodeling through SMC
phenotypic switching has not been reported. We found that

Andrographolide promoted SMC contractile-specific marker
gene expression in different culture conditions, as well as in
vivo vascular injury studies. We observed that Andrographolide
significantly promotes the expression of EDNRA, EDNRB, SRE,
and Myocardin in vivo and in vitro. However, whether and how
Andrographolide can regulate pathological vascular remodeling
still need to be illustrated. In this study, we tried to determine
whether Andrographolide suppresses pathological vascular
remodeling by enhancing the interaction between EDNRA,
EDNRB, and Myocardin-SRF to regulate smooth muscle cell
differentiated marker gene expression.

MATERIALS AND METHODS
Animal Ethical Approval

The use of mice in this study was approved by the Experimental
Animal Ethics Committee of Chengdu University of Traditional
Chinese Medicine. Ethical approval number: 2019-04.

Mouse Common Carotid Artery Complete
Ligation Model

The mouse left common carotid artery complete ligation model
that induces vascular remodeling is based on the previously
described method (28). Briefly, mice were pretreated with
Andrographolide (10 mg/kg) for 5 consecutive days, and
anesthetized with ketamine (80 mg/kg) and xylazine (5 mg/kg)
by intraperitoneal injection. We exposed the left common carotid
arteries and completely ligated them at the bifurcation site with
6-0 silk. The right carotid artery was exposed, but not ligated.
After continuous consecutive treatment with Andrographolide
for 14 or 21 days, sections (5um) were collected between 100
and 1,000 uM away from the ligation site. Morphological analysis
based on H&E staining was conducted. The quantification of
neointima areas and media layer area was completed using Image
] software (29).

Rat Aortic SMC Culture

SMC culture from the thoracic artery of Sprague-Dawley rats
was separated as previously reported (30, 31). Briefly, we
harvested thoracic aorta after the rats were anesthetized, removed
periadventitial tissues, and denuded the endothelium under a
microscope. We digested the aorta with a Blend enzyme III
solution (Roche, 0.5 U/ml) for 10 min at 37°C, and removed the
adventitial layer. Then, we minced the medial layer into small
pieces, and following a second digestion with Blend enzyme III
for 2h at 37°C, we suspended cells in 10% FBS DMEM medium.

CCKS Cell Proliferation Assay

A total of 3x 10 rat SMCs (each well) were seeded in a 96-well
culture plate, and treated with Andrographolide (5 wM) for 24 h.
Absorbance at 450 nm was evaluated using a CCK8 kit.

BRDU Incorporation Assay

Rat SMCs were suspended in culture media contained
Andrographolide (5 uM), followed by BRDU reagent labeling for
24 h. Immunofluorescence staining was performed to determine
BRDU-incorporated SMCs.
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Scratch Wound Healing Assay

The rat SMCs were seeded into a 6-well culture dish. Scratch
wounds were made with a 10 pl pipette tip, and scratch
gaps were monitored at different time points based on crystal
violet staining.

Boyden Chamber Migration Assay

A total of 1x10° rat SMCs were suspended in 100 ul of FBS
free culture media and seeded in a Boyden chamber (353097,
FALCON). We set up the Boyden chamber with a 24-well
culture plate which contained 500 1 of complete culture medium
(10% FBS) and 5 wM Andrographolide. We fixed the cells after
incubation for 12-24 h, and manually counted cells numbers in
five random microscopic fields after crystal violet staining (32).

Spheroid Sprouting Assay

The spheroid sprouting assay was performed as described
previously (33). The methylcellulose solution was prepared
by dissolving 6g of methylcellulose (sigma) into 250ml
of prewarmed serum free medium, and 250ml of DMEM
containing 10% serum was added. Suspended cells were added
to the dissolved methylcellulose solution which was prepared by
10 ml of methylcellulose solution and 40 ml of culture medium
to form the spheres. We added the neutralized collagen solution
to a 24-well culture plate and incubated it at 37°C until the
collagen solidified. We mixed the spheres with dissolved collagen
solution and transferred it to a collagen-solidified culture plate.
We solidified the culture plate for 30 min at 37°C, added 200 ul
of complete medium containing Andrographolide, and cultured
overnight. Spheroid sprouting was visualized after calcein AM
staining. Images were captured using a confocal microscope
(Leica Microsystem CMS GmbH). The number of sprouts and
the sprout length of each sphere were analyzed by Image
J software.

Co-immunoprecipitation Assay

Total protein from rat SMCs was extracted using RIPA buffer. We
precleared the cell lysate using anti-species-specific IgG beads.
We incubated the precleared cell lysate with EDNRB (abcam),
EDNRA (abcam), Myocardin (Santa Cruz), and SRF (abcam) for
1h at 4°C. Next, we incubated the lysate with pre-equilibrated
protein A/G agarose beads on a rocking platform overnight
at 4°C. The co-immunoprecipitated targets were evaluated by
western blotting.

SiRNA Transfection

Scrambled siRNA and siRNA targeting rat SRF and EDNRA were
synthesized from GenePharma. The siRNAs were transfected
into rat SMCs by using Lipofectamin 2000 reagent following the
manufacturer’s protocol.

Quantitative Real Time PCR Analysis

Total RNA from rat SMCs was extracted using Trizol reagent.
Quantification of RNA was monitored by a spectrophotometer
(Denovix, USA). A total of 600 ng of RNA was used as the
template, random hexamer primers were used for the reverse
transcription reaction to obtain cDNA using an iScript cDNA
synthesis kit. Real-time PCR was performed twice for each

TABLE 1 | List of primer sequences used for real time PCR in the study.

Gene name Species Sequence
RPLPO Rat F: 5-GGACCCGAGAAGACCTCCTT-3’

Rat R: 5-TGCTGCCGTTGTCAAACACC-3
SRF Rat F: 5'-GATGGAGTTCATCGACAACAAGCTG-3

Rat R: 5'-CCCTGTCAGCGTGGACAGCTCATA-3'
SM a-actin Rat F: 5-ATGCTCCCAGGGCTGTTTTCCCAT-3'

Rat R: 5-GTGGTGCCAGATCTTTTCCATGTCG-3'
Calponin Rat F: 5'-AACTGGCACCAGCTGGAGAACATAG-3

Rat R: 5'-GAGTAGACTGAACTTGTGTATGATTGG-3'
SM MHC Rat F: 5'-CAGTTGGACACTATGTCAGGGAAA-3

Rat R: 5'-ATGGAGACAAATGCTAATCAGCC-3
Myocardin Rat F: 5'-GTTCAGCTACCCTGGGATGCACCAA-3

Rat R: 5-GGCCTGGTTTGAGAGAAGAAACACC-3'
KLF4 Rat F: 5'-CGGGAAGGGAGAAGACACTGC-3

Rat R: 5'-GCTAGCTGGGGAAGACGAGGA-3’
SM22a Rat F: 5-TGACATGTTCCAGACTGTTGACCTCT-3'

Rat R: 5’-CTTCATAAACCAGTTGGGATCTCCAC-3
MRTFA Rat F: 5'-CAGAGAGATCAGAGCTGGTCAG—3'

Rat R: 5'-CATCGCTGCTGTCCTCGTCAAA-3'
FGF9 Rat F: 5'-GACTTGCCGATTTGCTCTGCACTT-3'

Rat R: 5-~AGCCTCTCTCCCTGCTTTCACAAT-3'
SIRT1 Rat F: 5'-TAGCCTTGTCAGATAAGGAAGGA-3'

Rat R: 5'-ACAGCTTCACAGTCAACTTTGT-3
Gata6 Rat F: 5-GCCCCTCATCAAGCCACA-3'

Rat R: 5'-CATAGCAAGTGGTCGAGGCA—-3'
TBX2 Rat F: 5-CATCCTGAACTCCATGCACAAG—3'

Rat R: 5’-~ACAGTGCTCCTCATACAAACGG—3'
TBX3 Rat F: 5'-TTATAGCTGCTGATGACTGTCG—3'

Rat R: 5'-GCTGGTACTTGTGCATGGAGTT—3
TBX18 Rat F: 5'-CGAGTGCACATCATCCGTAAAG-3

Rat R: 5’-GCATATGACTCCACCAGAGCTT-3
EDN1 Rat F: 5-GACCAGCGTCCTTGTTCCAA-3'

Rat R: 5'-TTGCTACCAGCGGATGCAA-3
EDN2 Rat F: 5-GGCTTGACAAGGAATGTGTGTACT-3

Rat R: 8’-CACGTCTTGCTAGTCTCTAACACA-3
EDN3 Rat F: 5-CGTGCTTCACTTATAAGGACAAGG-3'

Rat R: 5'-CAACGTAAGCGTGTCTGTGGAGAA-3'
EDNRA Rat F: 5'-CTCAACGCCACGACCAAGTT-3'

Rat R: 5’'-GCAAGCTCCCATTCCTTCTG-3
EDNRB Rat F: 5-TGGCCATTTGGAGCTGAGAT-3

Rat R: 5'-TCCAAGAAGCAACAGCTCGAT-3'
CCND1 Rat F: 5'-AATGGAACTGCTTCTGGTGAACA-3'

Rat R: 5-CGGATGATCTGCTTGTTCTCATC-3
c-Myc Rat F: 5'-CCCCTCAGTGGTCTTCCCCTAC-3'

Rat R: 5-TGTTCTCGCCGTTTCCTCAGTA-3
ADK Rat F: 5-TGGCTTCTTTCTCAGCGTCT-3

Rat R: 5'-~ACTCCACAGCCTGAGTTGCT-3'
CDKN1A Rat F: 5'-ATGACTGAGTATAAACTTGTGG-3

Rat R: 5'-TCAVATGACTATACACCTTGTC-3
CDKN1B Rat F: 5'-GTCTCAGGCAAACTCTGAG-3

Rat R: 5'-GTTTACGTCTGGCGTCGAAG-3'
p53 Rat F: 5'-GACTTCTTGTAGATGGCCATGG-3

(Continued)
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TABLE 1 | Continued

Gene name Species Sequence

Rat R: 5’-ATGGAGGATTCACAGTCGGATA-3'
GADD45 Rat F: 5'-ATGACTTTGGAGGAATTCTCGG-3

Rat R: 5’-TCACCGTTCGGGGAGATTAATC-3'
PTEN Rat F: 5-GCACAAGAGGCCCTGGATT-3'

Rat R: 5'-TGAAACAACAGTGCCACTGG-3
c-Fos Rat F: 5-GGGACAGCCTTTCCTACTACC-3

Rat R: 5’-AGATCTGCGCAAAAGTCCTG-3'
IL-15 Rat F: 5’-~ACTACCTGTGTTTCCTTCTCAAC-3'

Rat R: 5’-TTGGCCTCTGTTTTAGGG-3'
IL-18 Rat F: 5'-TCCTTTGAGGAAATGAATCC-3

Rat R: 5’-GCTAGAAAGTGTCCTTCATAC-3
PDCD4 Rat F: 5'-AACTATGATGATGACCAGGAGAAC-3'

Rat R: 5’-GCTAAGGACACTGCCAACAC-3'
CCN3 Rat F: 5'-GGAAGTGCATTCGTTGAGGC-3'

Rat R: 5’-AAGCAAGTCACCCCTAAGCC-3
MyD88 Rat F: 5'-GATCCCACTCGCAGTTTGTT-&

Rat R: 5’-GATGCGGTCCTTCAGTTCAT-3
Thbs-1 Rat F: 5'-CGGTTTGATCAGAGTGGTGA-3

Rat R: 5’-CGGCACTCGTATTTCATGTC-3
Cdh13 Rat F: 5’-~AACCCACAGACCAACGAG-3

Rat R: 5’-TGATCAGCAGGGTGTGAA-3
Hifta Rat F: 5’-ACAGGATTCCAGCAGACCC-3'

Rat R: 5’-GCTGATGCCTTAGCAGTGGTC-3
IGFBP5 Rat F: 5’-ATGAAGCTGCCGGGC-3'

Rat R: &5-TCAACGTTACTGCTGTCGAAG-3
IGF1 Rat F: 5-GGCACTCTGCTTGCTCACCTTT-3

Rat R: 5’-CACGAATTGAAGAGCGTCCACC-3'
GSK3p Rat F: 5'-GGGCACCAGAGCTGATCTTT-3

Rat R: 5’'-GCCGAAAGACCTTCGTCCA-3
Cav1 Rat F: 5'-GACGAGGTGAATGAGAAGCAAG-3'

Rat R: 5’-GAGAGGATGGCAAAGTAGATGC-3'
Ddx39b Rat F: 5'-CAACTATGACATGCCAGAGGAC-3'

Rat R: 5’-GATTCCTCTACCGTGTCTGTTC-3

sample on the Bio-Rad real-time PCR system. The primer
sequences used in this study are exhibited in Table 1. The relative
gene expression level was analyzed using the 2724 method
against RPLPO.

Protein Extraction and Western Blotting
Protein from rat SMCs was extracted using RIPA lysis buffer.
Protein concentration was determined by a BCA kit (Biosharp).
The protein was denatured at 98°C, separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and
transferred onto polyvinylidene fluoride (PVDF) membranes.
Next, we blocked the protein with 5% fat free milk, and
incubated it with specific antibodies at 4°C overnight. Images
were captured using an ImageQuant LAS 4000 Imager Station
and we quantified densities of protein bands using ImageQuant
TL software.

Hematoxylin and Eosin Staining,
Immunohistochemistry, and

Immunofluorescence Staining (IF)

We harvested carotid arteries and fixed them with 4%
paraformaldehyde overnight at 4°C. Slides of 5um thickness
were collected after being paraffin-embedded. H&E staining
was performed as per our previous study (34). For IHC
staining, the slides were deparaffinized, antigen retrieval was
performed by citric acid treatment at 98°C for 5 to 10 min.
After antigenic unmasking, the slides were incubated with
EDNRB (abcam), EDNRA (abcam), Myocardin (Santa Cruz),
and SRF (abcam) overnight at 4°C, followed by incubation with
biotinylated secondary antibody at room temperature for 1h
(Vector Laboratories), and then incubated with ABC solution
(Vector Laboratories) for 30min at room temperature. The
targets were visualized after the DAB solution was added.
For IF staining, the deparaffinized slides were permeabilized
with PBS contained 0.25% Triton-X-100, blocked with 10
% goat serum, incubated with primary antibodies overnight
at 4°C, washed with PBST, and incubated with Alexa 594-
conjugated or Alexa 488-conjugated secondary antibody at
room temperature for 1h. Nuclei were visualized with 4/, 6'-
diamidino-2-phenylindole (DAPI) staining. For BRDU staining,
DNA was denaturized using 2N HCI, followed by antibodies
incubation. Images were captured using confocal microscopy
(LS510, Zeiss).

Statistics

Quantitative data are presented as mean+SEM. The statistical
analysis was performed by GraphPad prism software. Normal
distribution was determined by the Kolmogorov-Smirnov test.
Statistical comparisons between two groups were analyzed using
two-tailed unpaired Student’s ¢ test or one- or two-way analysis of
variance (ANOVA) followed by Bonferroni’s post hoc tests when
appropriate. Two-sided P values were quantified. * P < 0.05 was
considered statistically significant.

RESULTS

Andrographolide Attenuates Neointima

Hyperplasia Induced by Vascular Ligation
Injury

To evaluate whether Andrographolide had an inhibitory effect on
neointimal hyperplasia, we created a vascular injury model using
C57BL/6 mice and complete ligation of the left common carotid
artery, followed by consecutive Andrographolide treatment (10
mg/kg) (21, 27). The arteries were harvested and paraffin-
embedded. Slides of 5um thickness at different locations
from the ligation site were collected. We performed H&E
staining to visualize vascular morphological changes. After 14
consecutive days of treatment, Andrographolide significantly
attenuated neointimal hyperplasia (Figure 1A). We analyzed the
neointima areas at different locations from the ligation site
using Image ] software. Our data showed that the neointimal
areas from 100 to 700 wm distance significantly decreased after
Andrographolide treatment (Figure 1B). We compared the ratio
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FIGURE 1 | Andrographolide attenuates neointima hyperplasia induced by vascular ligation injury. (A) Complete ligation of the left common carotid artery in C57BL/6
mice, and following Andrographolide treatment (10 mg/kg) by intraperitoneal injection for 14 consecutive days. The arteries were harvested and paraffin-embedded.
Slides of 5 um thickness at different locations from the ligation site were collected. H&E staining was performed to visualize vascular morphological changes. (B,C)
Analysis areas of the neointimal hyperplasia and ratio of the neointimal areas to the medium layer area (n = 5). (D) Andrographolide (10 mg/kg) was administered by
intraperitoneal injection for 21 consecutive days, the representative image of H&E staining. (E,F) Analysis areas of the neointimal hyperplasia and ratio of the neointimal
areas to the medium layer area (n = 5). Data are expressed as mean + SEM. *P < 0.05.

of neointima area to media smooth muscle layer area, and  vascular morphological changes after 21 consecutive days of

found the ratio significantly deceased after Andrographolide
treatment (Figure 1C). The areas of the media smooth muscle
cells layer were determined, however, no significance was
found (Supplementary Figure 1A). We also observed the

treatment with Andrographolide, our data demonstrated that
Andrographolide treatment significantly inhibited neointimal
hyperplasia (Figure 1D), decreased both neointima areas and
the ratio of neointima area to media smooth muscle layer area
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(Figures 1E,F), whereas no statistical changes were observed on
the media smooth muscle cell layer (Supplementary Figure 1B).
The data indicated that Andrographolide significantly attenuated
the formation of vascular neointimal hyperplasia.

Andrographolide Is Critical in Regulating

Smooth Muscle Cell Phenotypic Switching

The phenotypic switching of SMCs plays a critical role during the
process of pathological vascular remodeling. However, whether
Andrographolide is critical in regulating SMC phenotypic
switching is not well defined. We cultured primary rat aortic
SMCs and treated them with Andrographolide (5uM). After
treatment for 30h, quantitative real-time PCR was performed
to determine the transcription level of SMC differentiated genes
and cell growth positive regulated genes. The data indicated
that SMC differentiated genes, including Myocardin, SRE
MRTFA, kif4, and smooth muscle a-actin were dramatically
increased, and genes inhibiting cell proliferation, such as
CDKN1A and CDKNIB, were upregulated (Figure 2A). Some
other signaling pathways involved in SMC differentiation
regulation were also enhanced (Supplementary Figure 2A).
The characteristics of phenotypic switching for matured SMCs
exhibited enhanced proliferation, whereas differentiation was
decreased. We sought to determine whether Andrographolide

is critical in regulating SMC phenotypic switching. First, we
mimicked a condition that promotes cell growth by PDGF-
BB treatment (Supplementary Figure 2B). With presence
of PDGF-BB, Andrographolide treatment could inhibit the
expression of PCNA, c-Myc, and ADK, whereas it enhanced
CDKN1A, CDKNI1B, and PTEN expression (Figure2B). We
next induced SMC differentiation by Rapamycin treatment
(Supplementary Figure 2C). After Rapamycin incubation,
following Andrographolide treatment, SMC differentiated
specific marker genes, including Myocardin, SRE KLF4,
Calponin, SM22a, and MHC markedly induced differentiation
(Figure 2C). We further induced SMC differentiation
by  starvation  treatment  (Supplementary Figure 2D).
Andrographolide treatment also promoted the expression
of Myocardin, SRE, KLF4, Calponin, and smooth muscle a-actin
(Figure 2D). Our data demonstrated that Andrographolide is
critical in regulating SMC phenotypic switching.

Andrographolide Inhibits Proliferation of

Vascular Smooth Muscle Cells

The hallmark of SMC phenotypic switching is characterized
by enhanced proliferation. We sought to determine whether
Andrographolide can inhibit SMC proliferation. We treated
rat aortic SMCs with Andrographolide (5puM) and the cell
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FIGURE 2 | Andrographolide is critical in regulating smooth muscle cells phenotypic switching. (A) Rat SMCs were treated with Andrographolide (5 wM) for 30 h, the
mRNA levels of SMC-specific marker genes, including myocardin, SRF, kif4, calponin, SM22a, SM a-actin, MHC, MRTFA, and proliferation-related genes including
CDKN1A, CDKN1B, PTEN, and c-Myc were detected by real-time PCR (n = 6). (B) Proliferation of rat SMCs induced by PDGF-BB (25 ng/ml) incubation, following
Andrographolide (5 wM) treatment. Proliferation-related genes were evaluated by real-time PCR (n = 6). (C) Differentiation of rat SMCs was induced by rapamycin (100
nM/L), following Andrographolide (5 uM) treatment. Real-time PCR was performed to determine SMC-specific marker gene expression (n = 6). (D) Differentiation of
rat SMCs was mimicked by starvation (0.2% FBS), following Andrographolide (5 wM) treatment. Real-time PCR was performed to determine SMC-specific marker
gene expression (n = 6). Data are expressed as mean + SEM. “P < 0.05.
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FIGURE 3 | Andrographolide inhibits proliferation of vascular smooth muscle cells. (A) Rat SMCs were treated with Andrographolide (5 M), and the cell numbers
were counted at different time points (n = 6). (B) Cell viability was detected by a CCK8 cell proliferation assay (n = 8). (C) The mRNA levels of proliferation-related
genes were detected by real-time PCR (n = 6). (D) Rat SMCs were incubated with BRDU labeling buffer for 20 h, following Andrographolide treatment overnight.
Immunofluorescence staining was performed to evaluate BRDU incorporation and BRDU-positive cells shown in (E). (F;H) Immunohistochemical staining was
performed against proliferation marker genes PCNA and Ki67 on the left common carotid artery complete ligation model. PCNA and Ki67-positive SMCs in neointimal
areas are shown in (G,l) (7 = 5). The analysis data are expressed as means + SEM. *P < 0.05.
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numbers were counted. Andrographolide treatment significantly
decreased cell numbers at 36h and 48h following treatment
(Figure 3A). Andrographolide treatment decreased SMCs
viability which was measured by CCKS8 (Figure 3B). Cell
growth-related genes were determined by real-time PCR.
Andrographolide treatment promoted expression of cell
cycle negative-related genes, including PDCD4, CDKNIA,
P53, and PTEN (Figure 3C). The BRDU incorporation assay
was also performed to evaluate whether Andrographolide
could suppress SMC proliferation. With the addition of

Andrographolide, the BRDU-positive cells—which were
detected by immunofluorescence staining—were dramatically
decreased (Figures 3D,E). That Andrographolide suppressed
SMC proliferation was validated in vivo. We performed
immunohistochemistry staining on slides from injured
animals. Andrographolide treatment dramatically decreased
the number of both PCNA and Ki67 positive numbers
within the neointimal area (Figures3F-I). However, no
statistical difference of PCNA or Ki67 positive numbers
within the media smooth muscle layer between the
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FIGURE 4 | Andrographolide inhibits migration of rat smooth muscle cells. (A) A wound scratching assay was performed to determine whether Andrographolide
treatment (5 wM) suppressed SMC migration. The number of scratch gaps at 24 h and 48 h is exhibited in (B) (1 = 5). (C) A Boyden chamber cell migration assay was
performed in the presence of Andrographolide (5 1LM), the migrated cells were visualized by crystal violet staining, and cell numbers are exhibited in (D) (0 = 5). (E) A
spheroid sprouting assay was performed in the presence of Andrographolide (5 M), the sprouting of SMCs was visualized by calcein AM staining. Quantification of
sprouts and sprout length is exhibited in (F,G) (n = 8). The analysis data are expressed as means + SEM. *P < 0.05.
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Andrographolide treatment group and vehicle treatment
group  was  exhibited  (Supplementary Figures 3A,B).
The data demonstrated that Andrographolide suppressed
SMC proliferation.

Andrographolide Inhibits Migration of Rat
Smooth Muscle Cells

Enhanced migration of smooth muscle cells is evident
during SMC phenotypic switching. To explore whether
Andrographolide plays a critical role in regulating the
migration of SMC, we performed a scratch wound healing
assay following crystal violet staining to visualize the scratch
gap at different time points. Much bigger scratch gaps were
seen after Andrographolide treatment (Figures4A,B). We
next performed a Boyden chamber migration assay to
evaluate the effect of Andrographolide on regulating the
migration of SMCs. The data indicated that Andrographolide
treatment observably reduced rat SMCs passing through
the Boyden chamber (Figures4C,D). Furthermore, we
performed a spheroid sprouting assay, and found that

Andrographolide remarkably suppressed both sprouts and
sprout length (Figures 4E-G). The data indicated that
Andrographolide could significantly inhibit the migration
of rat SMCs.

Andrographolide Activates Endothelin
Family Response to Vascular Injury Stress

Andrographolide plays a critical role in maintaining the
differentiated stage of SMCs which 1is characterized by
inhibiting proliferation and migration of vascular SMCs.
However, the underlying mechanism is not well defined.
We performed real-time PCR to evaluate different signaling
pathways that are associated with SMC phenotypic switching
regulation. The data indicated that expression of Myd88, P53,
IGFBP5, GS3Kf, EDNRA, and EDNRB was dramatically
enhanced after Andrographolide treatment. The most
obvious change in expression level occurred in EDNRA
and EDNRB (Supplementary Figure 4). Both EDNRA and
EDNRB are receptors for the endothelin/sarafotoxin family
which is critical in regulating vasoconstriction. We first
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FIGURE 5 | Andrographolide activates endothelin family response to vascular injury stress. (A) Rat SMCs were treated with Andrographolide (5 wM) for 30 h.
Real-time PCR was performed to detect the mRNA level of the endothelin family (n = 6). (B) Western blot was performed to determine the expression of EDNRA and
EDNRB in SMCs after Andrographolide (5 wM) treatment for different time points, and the quantification data are shown (C) (n = 3). (D) Immunohistochemistry
staining was performed to detect the expression of EDNRA and EDNRB in the completely ligated carotid arteries. (E) The relative protein levels were quantified by
Average Optical Density (Integrated option density/Area) using Image J software (n = 5). (F) Immunofluorescence staining was used to evaluate the expression of
EDNRA ligated left carotid arteries. The analysis data are expressed as means + SEM. *P < 0.05.

evaluated the expression of ET1, ET2, and ET3 in SMCs.
We observed the highest expression level in ET1 under
normal culture conditions (Supplementary Figure 5A).
The expression of EDNA was much higher than that of
EDNB (Supplementary Figure 5B). In order to confirm the
potential targets for Andrographolide, we further treated
rat SMCs with different doses of Andrographolide, and
performed real-time PCR to determine the expression of the

endothelin family and its receptors. Treatment with 1pM
Andrographolide did not change the expression of ET1, ET2,
and ET3 in rat SMCs, whereas it significantly induced EDNRA
and EDNRB expression (Supplementary Figures 6A,B).
The treatment with 5uM Andrographolide dramatically
suppressed the transcription levels of ET1, ET2, and ET3
in rat SMC, whereas it observably induced EDNRA and
EDNRB transcription levels (Figure 5A). The protein levels
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FIGURE 6 | Andrographolide promotes the interaction of EDNRA and EDNRB with the Myocardin-SRF complex. (A) Real-time PCR was performed to determine SRF
and Myocardin mRNA levels in SMCs after 5 M Andrographolide treatment (n = 6). (B) Rat SMCs were treated with Andrographolide (5 uM) over different time
points. A western blot assay was performed to evaluate the protein level of SRF and Myocardin, quantified densities of protein were bound by Integral Optical Density
(IOD) using ImageQuant TL software (C) (n = 3). (D,E) Immunofluorescence staining was performed to evaluate the expression of Myocardin in ligated left carotid
arteries. (F) Co-immunoprecipitation was performed to determine the interaction of EDNRA/EDNRB and Myocardin-SRF. Total protein from rat SMCs was extracted
using RIPA buffer. The cell lysate was precleared using anti-species-specific IgG beads. The precleared cell lysate was incubated with EDNRB (abcam), EDNRA
(abcam), Myocardin (Santa Cruz), and SRF (abcam) for 1 h at 4°C. Following incubation with pre-equilibrated protein A/G agarose beads on a rocking platform
overnight at 4°C, the co-immunoprecipitated targets were evaluated by western blotting. *P < 0.05.

of EDNRA and EDNRB were also enhanced after 5puM
Andrographolide treatment in SMCs (Figures 5B,C). We
induced proliferation of rat SMCs by PDGF-BB treatment, and
similar results were exhibited (Supplementary Figures 6C,D).
To validate whether Andrographolide could regulate the
endothelin/sarafotoxin ~ family in  wvivo, we performed
immunohistochemistry — against EDNRA and EDRNB
antibodies on pathological sections of complete ligation of

the left common carotid artery. The results showed that
the expressions of EDNRA and EDRNB were remarkably
increased after Andrographolide treatment (Figures 5D,E). That
Andrographolide treatment enhanced the expression of EDNRA
was also validated by immunofluorescence staining (Figure 5F).
The data demonstrated that Andrographolide activates the
endothelin/sarafotoxin family by increasing both EDNRA and
EDRNB in vascular SMCs.
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Andrographolide Promotes the Interaction
of EDNRA and EDNRB and the
Myocardin-SRF Complex Resulting in
Inducing the Expression of SMC

Differentiated-Specific Genes

The most exciting and significant advance in SMC phenotypic
switching is the discovery of SRF and Myocardin, which
can bind to the CArGA box to regulate the expression of
SMC differentiated genes (1). Andrographolide promotes the
expression of both EDNRA and EDNRB in SMCs. However,
whether enhanced EDNRA and EDNRB expression can regulate
the expression of SRF and Myocardin is not fully defined.
We first determined whether Andrographolide treatment could
regulate the expression of SRF and Myocardin. We found that
different doses (1 LM and 5 M) of Andrographolide treatment
dramatically enhanced SRF and Myocardin transcription levels
(Supplementary Figure 7A; Figure 6A). Similar results were
found with PDGF-BB (Supplementary Figure 7B). Different
time points of Andrographolide (5 M) treatment significantly
induced the protein levels of SRF and Myocardin (Figures 6B,C).
We next evaluated the expression of Myocardin in vivo;
immunofluorescence staining showed that Andrographolide
treatment obviously increased the expression of Myocardin in the
completely ligated left common carotid artery (Figures 6D,E).
To further explore whether EDNRA and EDNRB could interact
with SRF and Myocardin, a co-immunoprecipitation experiment
was performed. Pooled protein from rat SMCs was used. After
being precleared using anti-species-specific IgG beads, incubated
with EDNRB (abcam), EDNRA (abcam), Myocardin (Santa
Cruz), and SRF (abcam) antibodies, and following incubation
with pre-equilibrated protein A/G agarose beads, the co-
immunoprecipitated proteins were evaluated by western blotting.
We observed that EDNRA can bind to EDNRB to form a
complex; SRF and Myocardin can also interact with each other
(Figure 6F). The data indicated that EDNRA binds to EDNRB to
form a complex which interacts with Myocardin-SRF complexes.

Inhibition of Endothelin Receptors and SRF
Attenuates Andrographolide-Promoted

SMC Dedifferentiation

EDNRA and EDNRB can bind to SRF. However, whether this
binding is critical in regulating SMC phenotypic switching is not
well defined. We treated SMC with Macitentan, a non-specific
inhibitor for EDNRA and EDNRB, and detected whether
Macitentan regulated SMC proliferation and migration. The
BRDU incorporation assay and CCK8 cell proliferation assay
indicated that Macitentan alone can promote SMC proliferation
(Supplementary Figures 8A-C). Macitentan treatment also
promoted SMC migration, which was evident in our spheroid
cell migration assay (Supplementary Figures 9A-C). Following
Andrographolide treatment, the BRDU incorporation assay
indicated that Andrographolide suppressing SMC proliferation
was obviously attenuated in the presence of Macitentan
(Figures 7A,B). Similar results were exhibited in the CCKS8
cell proliferation assay (Supplementary Figure 10). Macitentan
dramatically attenuated the suppressed migration of SMCs

induced by Andrographolide treatment (Figures7C-E). We
further used siRNA to delete EDNRA and SRF in rat SMCs. After
transfection, real-time PCR was performed to evaluate deletion
efficiency (Supplementary Figures 11A,B, 12A,B). The siRNA
targeted deletion of EDNRA and SRF was chosen from three
difference sequences, and the sequences are exhibited in Table 2.
After transfection of si-EDNRA, Andrographolide treatment
significantly suppressed the expression of MHC, calponin,
SM22a, and smooth muscle a-actin (Supplementary Figure 13).
After transfection of si-SRE no difference in the expression of
smooth muscle marker genes was found between si-SRF and
Andrographolide treatment alone (Supplementary Figure 14).
However, after transfection with both si-EDNRA and si-SRE,
following Andrographolide treatment, the smooth muscle
marker genes were dramatically inhibited, including MHC,
calponin, SM22a, smooth muscle a-actin, and klf4 (Figure 7F)
and which resulting the increase of cell viability (Figure 7G).
The data demonstrated that Andrographolide promotes the
interaction between endothelin-dependent EDNRA/EDNRB and
Myocardin-SRF to regulate pathological vascular remodeling.

In summary, vascular injury suppresses the expression of
SRF and Myocardin, resulting in decreased expression of SMC-
specific marker genes, which is characterized by enhanced
proliferation and migration, and eventually leads to vascular
hyperplasia. The treatment of SMC with Andrographolide
activates the endothelin signaling pathway and promotes
the interaction of EDNA and EDNB with the Myocardin-
SRF complex to induce SMC-specific marker gene expression
(Figure 7H).

DISCUSSION

This study provides evidence that Andrographolide regulates
pathological vascular remodeling. The treatment of rat SMCs
with Andrographolide activates the endothelin signaling
pathway and promotes interaction of EDNA and EDNB with
the Myocardin-SRF complex to induce SMC-specific marker
gene expression, resulting in restrained pathological vascular
remodeling. We provide first evidence that Traditional Chinese
Medicine Andrographolide regulates pathological vascular
remodeling through interaction between endothelin receptors
with the Myocardin-SRF complex.

Endothelin was first identified from bovine endothelial cell
in 1985 (35). The endothelin/sarafotoxin family consists of
three isoforms, including ET-1, ET-2, and ET-3 (14). The
expression of ET-1 is much higher than ET-2 and ET-3
(Supplementary Figure 5A). The transcription level of ET-1
was obviously changed after Andrographolide treatment. We
focused on ET-1 in this study and evaluated whether and how
Andrographolide regulates pathological vascular remodeling.
However, as a secreted peptide, it is difficult to evaluate the
concentration and activation of ET in tissues and organs. We
monitored the transcription level of ET-1 in SMCs by real-time
PCR following Andrographolide treatment.

ET-1 interacts with cognate receptors to regulate
vasoconstriction. Three types of G  protein-coupled
endothelin/sarafotoxin family receptors have been identified,
including EDNRA, EDNRB, and EDNRB, (36). Both ET-1
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FIGURE 7 | Inhibition of endothelin receptors and SRF attenuates Andrographolide-promoted SMC dedifferentiation. (A) Rat SMCs were treated with Macitentan

(1 wM) and Andrographolide (5 tM), followed by incubation with BRDU labeling buffer for 20 h. Immunofluorescence staining was performed to observe BRDU
incorporation, and BRDU-positive cells were quantified, as shown in (B) (n = 5). (C) A spheroid sprouting assay was performed in the presence of Macitentan (1 M)
and Andrographolide (5 wM). The sprouting was visualized by calcein AM staining, and sprouts and sprouting length are quantified in (D,E) (n = 8). (F) Rat SMCs were
transfected with small interfering RNA si-SRF and si-EDNRA for 4-6 h, and then treated with Andrographolide (5 M) for 30 h, the mRNA levels of SMC-specific marker
genes, including SRF, Myocardin, MHC, calponin, SM22a, SMa-actin, KLF4, and MRTFA, and proliferation-related genes including CDKN1A, CDKN1B, and PCNA
were detected by real-time PCR (n = 6). (G) Rat SMCs were transfected with small interfering RNA si-SRF and si-EDNRA for 4-6 h, and then treated with
Andrographolide (5 M) for 24 h, the cell viability was detected by CCK8 (n = 9). Data are presented as mean + SEM. *P < 0.05. (H) The schematic diagram indicates
that vascular injury suppresses the expression of SRF and Myocardin, resulting in decreased expression of SMC-specific marker genes, which is characterized by
enhanced proliferation and migration, eventually leading to vascular hyperplasia. Treatment of SMCs with Andrographolide activates the endothelin signaling pathway
and promotes the interaction of EDNA and EDNB with the Myocardin-SRF complex to induce SMC-specific marker gene expression.
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TABLE 2 | The sequences of siRNA.

Gene name Species Sequence

Si-control Rat S: 5’-UUCUCCGAACGUGUCACGUTT-3'
Rat AS: 5'-ACGUGACACGUUCGGAGAATT-3

Si-SRF Rat S: 5-CACCUCCACAAUCCAAACATT-3'
Rat AS: 5'-UGUUUGGAUUGUGGAGGUGTT-3'

Si-EDNRA Rat S: 5'-CACGACGGCUUUCAAAUAUTT-3'
Rat AS: 5'-AUAUUUGAAAGCCGUCGUGTT-3'

and ET-2 can activate these three kinds of receptors, whereas
ET-3 only activates EDNRB and EDNRB,. EDNRB is a major
receptor that is expressed in SMCs (Supplementary Figure 5B).
However, Andrographolide treatment dramatically enhanced the
expression of EDNRA and EDNRB. In this study, we determined
whether Andrographolide treatment regulates pathological
vascular remodeling by the interaction between ET-1 and
EDNRA or EDNRB.

In this study, we identified a novel mechanism where
Andrographolide activates the endothelin signaling pathway and
promotes the interaction of receptors EDNA and EDNB with the
Myocardin-SRF complex to induce SMC-specific marker gene
expression. Previous studies demonstrated that ET-1 promotes
proliferation and migration of vascular smooth muscle cells.
Although the majority of ET-1 is generated by endothelial cells,
ET-1 can also be released by vascular SMCs (37, 38). However,
whether and how Andrographolide regulates SMC differentiation
is not well defined. Identification of SRF and Myocardin
represents tremendous progress in defining SMC phenotypic
switching. SRF dimerism binds to the CArG element that exists in
the promoter regions of multiple SMC marker genes. Myocardin
induces multiple SMC marker gene expression by binding to
SRF. In this study, we demonstrated that Andrographolide
promoted the interaction of EDNA and EDNB with Myocardin-
SRE and induced CArG boxes containing SMC-specific marker
gene expression (Figure 7G).

Pathological vascular remodeling involves SMC proliferation,
endothelial cell inflammation, collagen synthesis (39), and
macrophages, etc. We performed a CCK8 cell proliferation
assay and BRDU cell incorporation assay to evaluate whether
Andrographolide suppresses SMC proliferation. We also
performed a Boyden chamber migration assay and spheroid
sprouting assay to determine whether Andrographolide inhibits
SMC migration. Furthermore, we defined that Andrographolide
activates the endothelin signaling pathway and promotes the
interaction of receptor EDNA and EDNB with Myocardin-SRF
to induce CArG boxes containing SMC-specific marker gene
expression. The data are very interesting. However, these data
cannot account for every detail that happens during pathological
vascular remodeling. More studies need to focus on how
Andrographolide regulates endothelial cell behaviors during
pathological vascular remodeling.

Although we provide evidence that Andrographolide
regulates pathological vascular remodeling by inducing the

interaction of EDNRA and EDNRB with the Myocardin-SRF
complex, resulting in enhanced expression of CArG boxes
containing SMC-specific marker genes. Some other signaling
pathways may also be involved during pathological vascular
remodeling. Our real-time PCR data exhibited that IL-15,
IL-18, IGF1, and Hifla were also regulated in SMCs after
Andrographolide treatment (Supplementary Figure 4).

Extra matric deposition, degradation, and rearrangement
are critical for development of the vascular system and aging
of tissue and organs. Our real-time PCR data indicated that
expression of versicon, collagen I, collagen II, and fibronectin
were decreased in SMCs following Andrographolide treatment
(Supplementary Figure 10).

In summary, this study not only demonstrates the critical
role of Andrographolide on regulating pathological vascular
remodeling, but also identifies a novel mechanism where
Andrographolide activates the endothelin signaling pathway and
promotes the interaction of EDNA and EDNB with Myocardin-
SRF to induce CArG boxes containing SMC-specific marker
gene expression.
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