Chinese Journal of Natural Medicines

Potassium dehydroandrographolide succinate regulates the MyD88/CDH13 signaling pathway to enhance vascular injury—induced

pathological vascular remodeling

Qiru GUO, Jiali LI, Zheng WANG, Xiao WU, Zhong JIN, Song ZHU, Hongfei LI, Delai ZHANG, Wangming HU, Huan XU, Lan
YANG, Liangqin SHI, Yong WANG

Citation: Qiru GUO, Jiali LI, Zheng WANG, Xiao WU, Zhong JIN, Song ZHU, Hongfei LI, Delai ZHANG, Wangming HU, Huan
XU, Lan YANG, Liangqin SHI, Yong WANG, Potassium dehydroandrographolide succinate regulates the MyD88/CDH 13 signaling
pathway to enhance vascular injury—induced pathological vascular remodeling, Chinese Journal of Natural Medicines, 2024, 22(1),

62-74. doi: 10.1016/S1875-5364(24)60562-5.

View online: https://doi.org/10.1016/S1875-5364(24)60562-5

Related articles that may interest you

Danshen—Chuanxiongqin Injection attenuates cerebral ischemic stroke by inhibiting neuroinflammation via the TLR2/ TLR4-

MyD88-NF- k B Pathway in tMCAO mice
Chinese Journal of Natural Medicines. 2021, 19(10), 772-783 https://doi.org/10.1016/S1875-5364(21)60083-3

Luteoloside protects the vascular endothelium against iron overload injury via the ROS/ADMA/DDAH Il /eNOS/NO pathway
Chinese Journal of Natural Medicines. 2022, 20(1), 22-32  https://doi.org/10.1016/S1875-5364(21)60110-3

Effect of astragaloside IV and salvianolic acid B on antioxidant stress and vascular endothelial protection in the treatment of

atherosclerosis based on metabonomics

Chinese Journal of Natural Medicines. 2022, 20(8), 601-613 https://doi.org/10.1016/S1875-5364(22)60186-9

Effects of Bunao—Fuyuan decoction serum on proliferation and migration of vascular smooth muscle cells in atherosclerotic

Chinese Journal of Natural Medicines. 2021, 19(1), 36—-45 https://doi.org/10.1016/S1875-5364(21)60004-3

Ginsenoside Rb1 improves brain, lung, and intestinal barrier damage in middle cerebral artery occlusion/reperfusion (MCAO/R) mice

via the PPAR vy signaling pathway
Chinese Journal of Natural Medicines. 2022, 20(8), 561-571 https://doi.org/10.1016/S1875-5364(22)60204-8

Protective effect of Pai—-Nong—San against AOM/DSS—induced CAC in mice through inhibiting the Wnt signaling pathway
Chinese Journal of Natural Medicines. 2021, 19(12), 912-920 https://doi.org/10.1016/S1875-5364(22)60143-2

Wechat


http://www.cjnmcpu.com/
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(24)60562-5
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(24)60562-5
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60083-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60083-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60083-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60083-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60083-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60083-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60083-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60110-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60110-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60110-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60110-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60110-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60186-9
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60186-9
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60186-9
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60004-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60004-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60204-8
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60204-8
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60204-8
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60204-8
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60204-8
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60204-8
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60143-2
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60143-2

Available online at www.sciencedirect.com

o7 Chinese
o, . .
°s” ScienceDirect Journal of
Natural
Chinese Journal of Natural Medicines 2024, 22(1): 62-74 Medicines

doi: 10.1016/S1875-5364(24)60562-5

*Original articlee

Potassium dehydroandrographolide succinate regulates the
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[ABSTRACT] Pathological vascular remodeling is a hallmark of various vascular diseases. Previous research has established the sig-
nificance of andrographolide in maintaining gastric vascular homeostasis and its pivotal role in modulating endothelial barrier dysfunc-
tion, which leads to pathological vascular remodeling. Potassium dehydroandrographolide succinate (PDA), a derivative of andro-
grapholide, has been clinically utilized in the treatment of inflammatory diseases precipitated by viral infections. This study investig-
ates the potential of PDA in regulating pathological vascular remodeling. The effect of PDA on vascular remodeling was assessed
through the complete ligation of the carotid artery in C57BL/6 mice. Experimental approaches, including rat aortic primary smooth
muscle cell culture, flow cytometry, bromodeoxyuridine (BrdU) incorporation assay, Boyden chamber cell migration assay, spheroid
sprouting assay, and Matrigel-based tube formation assay, were employed to evaluate the influence of PDA on the proliferation and
motility of smooth muscle cells (SMCs). Molecular docking simulations and co-immunoprecipitation assays were conducted to exam-
ine protein interactions. The results revealed that PDA exacerbates vascular injury-induced pathological remodeling, as evidenced by
enhanced neointima formation. PDA treatment significantly increased the proliferation and migration of SMCs. Further mechanistic
studies disclosed that PDA upregulated myeloid differentiation factor 88 (MyD88) expression in SMCs and interacted with T-cadherin
(CDH13). This interaction augmented proliferation, migration, and extracellular matrix deposition, culminating in pathological vascu-
lar remodeling. Our findings underscore the critical role of PDA in the regulation of pathological vascular remodeling, mediated
through the MyD88/CDH 13 signaling pathway.
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Introduction eurysm, vascular stiffness, restenosis after angioplasties,

. . . . varicose veins, and vascular calcification.
Pathological vascular remodeling plays a pivotal role in

1 The clinical prevention and treatment of vascular dis-

the progression of serious cardiovascular diseases ', includ-

ing pulmonary arterial hypertension, atherosclerosis, an- eases present ongoing challenges. A variety of surgically-

based treatments have been developed to address a broad
spectrum of vascular disorders. Specifically, treatment mod-

[Received on] 23-Jul.-2023

[Research funding] This study was supported by the National Natur-
al Science Foundation of China (Nos. 81741007 and 81870363); the
Science & Technology Departments of Sichuan Province (No.
2020JDTD0025); the Grant from Chengdu University of Traditional
Chinese Medicine (Nos. 008066, 030038199, BJRC2018001/
030041023, 030041224, ZKY'Y2004/030055180 and 242030016).
["Corresponding author] E-mail: wangyong@cdutcm.edu.cn
“These authors contributed equally to this work.

These authors have no conflict of interest to declare.

—62 —

alities for carotid artery stenosis encompass carotid endarter-
ectomy (CEA), carotid artery stenting (CAS), and transcarot-
id artery revascularization (TCAR). Additionally, aneurysm
management strategies have evolved to include the replace-
ment with synthetic aortic grafts and endovascular aneurysm
repair ¥, While these strategies primarily target symptomat-
ic relief, they may inadvertently exacerbate the underlying
damage to the vascular wall.
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The majority of vascular diseases are triggered by en-
dothelial cell dysfunction, leading to smooth muscle cells
(SMCs) phenotypic switching and extracellular matrix disor-
ganization ¥
monolayer of endothelial cells, forms the inner lining of
blood vessels. Various stressors, such as oxidative stress, re-
Pl impaired synthesis and release of

endothelial-dependent vasodilatory and vasoconstrictive
[12]

. The wvascular endothelium, comprising a

active oxygen species

factors ', disturbed shear stress ', metabolic disorders
and aging ", contribute to endothelial dysfunction. This dys-
function is characterized by reduced vasodilation, a proin-
flammatory state, and prothrombotic properties, playing a
crucial role in the development of atherosclerosis, cancer-re-
lated angiogenesis, and vascular inflammation associated
with vascular leakage and infectious diseases ™.

The vascular endothelium induces SMC relaxation
through nitric oxide (NO)-mediated cyclic guanosine mono-
phosphate (¢cGMP) production, SMC hyperpolarization pre-
dominantly regulated by hydrogen peroxide (H,0,), and
SMC contraction ", Endothelial dysfunction is also associ-
ated with SMC phenotypic changes leading to pathological
remodeling, such as vascular stiffness and restenosis post-an-
gioplasty ",

MyD&8, initially identified as a myeloid differentiation
marker, plays a critical role in regulating the innate immune

16-18
response I'°

1. Inhibition of MyD88 reduces neointima form-
ation in response to vascular injury "*?". MyD88 deficiency
in leukocytes dramatically suppresses Angll-induced AAAs
and atherosclerosis . However, the role of MyD88-associ-
ated signaling pathways in regulating pathological vascular
remodeling remains poorly understood.

CDH13, a unique member of the cadherin superfamily, is
glycosylphosphatidylinositol-anchored and expressed in en-
dothelial and medial smooth muscle cells. It is essential for
maintaining normal vascular architecture . CDHI3 is
abundantly expressed in vascular endothelial cells and SMCs
within atherosclerotic regions, restenosis, and tumor-penetrat-
ing blood vessels ***. While CDHI3 expression promotes
tumor vascularization and enhances tumor growth >
hances autophagy in SMCs under growth factor depriva-

1 it en-

tion ®. Some studies have indicated that CDH13 suppresses
pathological angiogenesis specifically by targeting endotheli-
al cell migration and suppresses vascular neointima forma-
tion induced by carotid artery ligation "> **. However, the
contribution of CDH]I3-associated signaling pathways to
pathological vascular remodeling is not fully elucidated.

Our previous studies have demonstrated the critical role
of andrographolide in maintaining gastric vascular homeo-
stasis and regulating pathological vascular remodeling %,
Potassium dehydroandrographolide succinate (PDA), a deriv-
ative of andrographolide produced through esterification, is
chemically named 14-11,12-didehydroandrographolide 19-
bissuccinate mono-potassium salt. PDA has been clinically
employed in the therapeutic treatment of inflammatory dis-
eases induced by virus infection ®%. We observed that PDA is

®

critical in regulating the vascular endothelium barrier. This
study aimed to determine whether PDA regulates SMC-asso-
ciated pathological vascular remodeling and study the under-
lying mechanism.

Material and Methods

Animal ethical approval

Animals used in this study received ethical approval
from the Experimental Animal Ethics Committee of Cheng-
du University of Traditional Chinese Medicine (Ethical Ap-
proval Number: 2019-04). The 3-week-old male C57/BL6
mice (Charles River Laboratories, Beijing, China) were
raised under a specific pathogen-free (SPF) environment.
After one week of acclimatization, until the mice reached an
average weight of 20 g, they were randomly divided into two
groups.
Complete ligation model of mouse left common carotid artery

The mouse model employed to induce vascular remodel-
ing through complete ligation of the left common carotid
artery was based on a previously established protocol.
Briefly, mice were subjected to a pretreatment regimen with
PDA (20 mg-kg™") for five consecutive days. Subsequently,
they were anesthetized using a combination of ketamine (80
mg-kg™") and xylazine (5 mg-kg ") by intraperitoneal injec-
tion. The left common carotid arteries were then surgically
exposed and completely ligated at the bifurcation site. Tissue
samples were harvested following continuous treatment with
PDA for either 14 or 21 days. Sections (5 pm) were collected
between 100 and 1000 um from the ligation site, and morpho-
logical analysis was conducted using hematoxylin and eosin
(H&E) staining. The quantification of neointima areas and
media layer areas using Image J software.
Rat aortic SMC culture

The culture of SMCs)from the thoracic artery of Sprague-
Dawley rats was carried out as per the protocol outlined in a
previous report. Initially, the thoracic aorta was harvested
from anesthetized Sprague-Dawley rats. Under a microscope,
periadventitial tissues were carefully removed, and the en-
dothelium was denuded. The aorta was then subjected to di-
gestion using Blend Enzyme III solution (Roche, 0.5 U-mL™)
for 10 min at 37 °C to facilitate the removal of the adventitial
layer. Subsequently, the medial layer of the aorta was minced
into small pieces. These pieces underwent a second digestion
with Blend Enzyme III for 2 hours at 37 °C. Following diges-
tion, the cells were suspended in Dulbecco's Modified Eagle
Medium (DMEM) supplemented with 10% Fetal Bovine Ser-
um (FBS).
Cell Counting Kit-8 (CCK-8) cell proliferation assay

A total of 3 x 10° rat SMCs (each well) were seeded in
96-well culture plates. These cells were then exposed to PDA
10 pmol-L™" for 24 h. Post-treatment, cell proliferation was
quantitatively measured by determining the absorbance at
450 nm utilizing CCK-8.
Bromodeoxyuridine (BrdU) incorporation assay

Rat aortic SMCs were incubated in a culture medium
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supplemented with PDA (10 pmol-L™"). Subsequent to this
treatment, the cells were labeled with BrdU for 24 h. The in-
tegration of BrdU into proliferating SMCs was then assessed
through immunofluorescence staining, enabling the evalu-
ation of cell proliferation.

Boyden chamber migration assay

In this assay, 1 x 10° SMCs were suspended in 100 pL of
serum-free culture medium and subsequently seeded into a
Boyden chamber (Falcon). The chamber was positioned in a
24-well culture plate containing 500 pL of complete culture
medium, enriched with 10% FBS and 10 pmol-L™" PDA. Fol-
lowing incubation, cell migration was ascertained by staining
the migrated cells with crystal violet, and their enumeration
was performed to quantify the migratory capacity of the
SMCs.

Spheroid sprouting assay

The spheroid sprouting assay was performed in accord-
ance with the previously established method. Initially, a
methylcellulose solution was prepared by dissolving 6 g of
methylcellulose (Sigma) in 250 mL of pre-warmed serum-
free medium, to which an equal volume (250 mL) of DMEM
containing 10% serum was added. Cells were suspended in
the methylcellulose solution, formulated by combining 10 mL
of the methylcellulose solution with 40 mL of culture medi-
um to facilitate sphere formation. Subsequently, a neutral-
ized collagen solution was dispensed into a 24-well culture
plate and incubated at 37 °C until the collagen solidified. The
cell-containing spheres were then mixed with additional dis-
solved collagen solution and transferred onto the solidified
collagen layer in the culture plate. This assembly was further
solidified by incubating the culture plate for 30 min at 37 °C.
Following this, 200 pL of complete medium enriched with
PDA was added, and the cultures were incubated overnight.
Spheroid sprouting was visualized post-calcein AM staining.
Imaging was performed using a confocal microscope (Leica
Microsystem CMS GmbH). Quantitative analysis of sprout-
ing, including the enumeration of sprouts and measurement
of sprout length for each sphere, was conducted using Image
J software.

H&E staining, immunohistochemistry (IHC), and immuno-
fluorescence staining (IF)

For histological and immunohistochemical analyses, ca-
rotid arteries were harvested and fixed in 4% paraformalde-
hyde overnight at 4 °C. The tissues were then embedded in
paraffin, and 5 pum thick sections were prepared. H&E stain-
ing was conducted following the protocol established in our
previous study ®”. For IHC staining, the tissue sections were
deparaffinized and subjected to antigen retrieval using citric
acid for 5 to 10 min. After antigenic unmasking, the sections
were incubated with MyD8S8 (Affinity), CDHI3 (Pro Sci),
and SM-a-actin (Santa Cruz) overnight at 4 °C, followed by
incubation with biotinylated secondary antibody (Vector
Laboratories) for 1 h at room temperature and then with the
avidin-biotin complex (ABC) solution (Vector Laboratories)

®

for 30 min at room temperature. The targets were visualized
after the DAB solution was added. For IF staining, the de-
paraffinized tissue sections were permeabilized with PBS
containing 0.25% Triton-X-100 and blocked with 10% goat
serum. The sections were then incubated with primary anti-
bodies overnight at 4 °C, followed by incubation with Alexa
Fluor 594-conjugated or Alexa Fluor 488-conjugated second-
ary antibodies for 1 h at room temperature. Nuclei were coun-
terstained with 4',6-diamidino-2-phenylindole (DAPI). For
BrdU staining, DNA was denatured using 2 mol-L™" HCI be-
fore antibody incubation. Finally, images were captured us-
ing confocal microscopy (LS510, Zeiss).
Protein extraction and western blotting

For protein analysis, rat SMCs were lysed using RIPA
buffer to extract proteins. The protein concentration was
quantified using a BCA Protein Assay Kit (Biosharp). The
proteins were denatured at 98 °C and subsequently separated
by sodium dodecyl sulfate-polyacrylamide gel electrophores-
is (SDS-PAGE). Following electrophoresis, the proteins were
transferred onto polyvinylidene fluoride (PVDF) membranes.
The membranes were blocked using 5% fat-free milk and
then incubated with specific primary antibodies at 4 °C
overnight. After appropriate washing and incubation with
secondary antibodies, the protein bands were visualized us-
ing an ImageQuan LAS4000 Image Station. The density of
the protein bands was quantified using Imagequant TL soft-
ware, facilitating the analysis of protein expression levels.
Real-time polymerase chain reaction (PCR) analysis

Total RNA was isolated from rat SMCs utilizing the
TRIzol reagent. The concentration and purity of RNA were
ascertained using a spectrophotometer (Denovix, USA). For
cDNA synthesis, 600 ng of RNA served as the template. Ran-
dom hexamer primers were employed in the reverse tran-
scription reaction using the iScript cDNA Synthesis Kit.
Quantitative real-time PCR (qPCR) was conducted in duplic-
ates for each sample using the Bio-Rad Real-Time PCR Sys-
tem. The specific primer sequences utilized in this study are
detailed in the provided primer list table. Relative gene ex-
pression levels were calculated using the 2™**“ method, with
RPLP0 serving as the reference gene for the normalization of
expression levels.
Molecular docking simulation of PDA with MyDSS and
CDHTI3

A molecular docking simulation was performed to evalu-
ate the binding energy of PDA with MyD88 and CDH13 us-
ing Autodock Vina 1.5.6 software, which was developed by
Olson’s research group. The three-dimensional structures of
MyDS88 and CDH13 were retrieved from the RCSBPDB data-
base (http://www.rcsb.org/). A binding energy value less than
zero was indicative of spontaneous binding, suggesting a nat-
ural propensity for interaction between the molecules. Fur-
thermore, the lower the binding energy, the more stable the
resulting molecular conformation.
Co-immunoprecipitation assay

For the co-immunoprecipitation assay, total protein was
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Fig. 1 PDA enhances vascular injury-induced neointima formation. (A) C57BL/6 mice were subjected to complete ligation of the
left common carotid artery and treated with intraperitoneal injection of PDA (20 mg'kg_l) for 14 days. Arteries were harvested
and embedded in paraffin. Slides of 5 pm thickness were collected from various parts of the ligation site. H&E staining was used
to observe the morphological changes of blood vessels. (B, C) Analysis of the area of neointimal hyperplasia and the ratio of
neointima area to media area (n = 8). (D) PDA (20 mg-kg ') was injected intraperitoneally for 21 days and is a representative im-
age of H&E staining. (E, F) Analysis of the area of neointimal hyperplasia and the ratio of neointima area to media area (n = 8).

Data are expressed as mean = SEM. "P < 0.05 vs Vehicle group.

extracted from SMCs using RIPA buffer to obtain a clear cell
lysate. This lysate was initially precleared with anti-species-
specific IgG beads to reduce non-specific binding. Sub-
sequently, the precleared lysate was incubated with specific
antibodies against MyDS88 (sourced from Affinity) and
CDH13 (sourced from Pro Sci). Following the antibody in-
cubation, the lysate was further incubated with pre-equilib-
rated protein A/G agarose beads. The co-immunoprecipitated
targets were then analyzed using Western blotting.

Statistical analysis

Quantitative data are presented as the mean + standard
error of the mean (SEM). Statistical analyses were performed
using GraphPad Prism software. The normality of data distri-
bution was assessed using the Kolmogorov-Smirnov test. For
statistical comparisons between the two groups, a two-tailed
unpaired Student’s 7-test was employed. When multiple com-
parisons were required, one- or two-way analysis of variance
(ANOVA) was conducted, followed by Bonferroni’s post hoc
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tests as appropriate. P-values were calculated on a two-sided
basis, with a threshold of P < 0.05 set for statistical signific-
ance.

Results

PDA enhances vascular injury-induced neointima formation

To investigate whether PDA is involved in regulating
pathological vascular remodeling, we established a vascular
injury model in C57BL/6 mice through the complete ligation
of the left common carotid artery. Animals were pretreated
with PDA (20 mg-kg™') for seven consecutive days by in-
traperitoneal injection, with treatment continued until tissue
harvesting. H&E staining was performed to assess vascular
morphological alterations. After 14 consecutive days of treat-
ment, a marked induction of neointimal formation was ob-
served (Fig. 1A). We analyzed the lumen, neointima, and me-
dia areas and observed that PDA treatment did not change the
media area (Supplementary Fig. SIA and S1B). However, it
led to an increase in the area of neointimal hyperplasia and
the ratio of neointima to media areas, accompanied by a de-
crease in the lumen area (Figs. 1B and 1C). Furthermore, ar-
terial samples were also collected 21 days post-surgery.
Neointima areas at varying distances (100—1000 pum) from
the ligation site were analyzed using Image J software based
on H&E staining. The results showed a substantial increase in
neointimal areas following PDA treatment (Fig. 1D). While
no statistical changes in the SMC layer of media were noted,
there was a significant increase in the neointima areas and the
ratio of neointima to media areas, along with a reduction in
lumen areas (Figs. 1E and 1F; Supplementary Figs. S2A and
S2B). These findings collectively suggest that PDA induces
neointima formation following vascular injury.
PDA promotes the proliferation of vascular SMCs

SMC phenotypic switching, from a differentiated to a
dedifferentiated state, is marked by increased proliferation
and migration, contributing to various vascular diseases. We
sought to determine whether PDA enhances SMC prolifera-
tion. Initial assays using varying doses of PDA (1, 5, 10, and
20 pmol-L™") showed no significant impact on SMC viability,
as assessed by the CCK-8 assay (Supplementary Fig. S3).
However, subsequent analysis revealed that PDA treatment
notably enhanced the proliferation of SMCs. Rat aortic SMCs
treated with PDA (10 pmol-L™") demonstrated a significant
increase in cell numbers after 24-, 48-, and 72-h treatment
(Fig. 2A). Meanwhile, PDA treatment facilitated the entry of
SMCs into the synthesis phase of the cell cycle, as determ-
ined by flow cytometry following PI staining (Fig. 2B; Sup-
plementary Fig. S4). Real-time PCR analysis was conducted
to assess the expression of cell growth-related genes post-
PDA treatment. The results revealed that PDA upregulated
genes associated with the positive regulation of the cell cycle,
including Cavl, CCN3, Id2, Ddx39B, and FGF2 (Fig. 2C).
Furthermore, the BrdU incorporation assay indicated an in-
crease in BrdU-positive SMCs following PDA treatment, as
identified through immunofluorescence staining (Figs. 3D

®

and 3E). IHC staining of PCNA and Ki67 was also per-
formed to validate whether PDA promotes SMC prolifera-
tion in our animal model. In the common carotid artery liga-
tion model, PDA treatment markedly increased the number of
PCNA- and Ki67-positive SMCs within the neointima (Figs.
3F and 3G; Supplementary Figs. SSA and S5B). Addition-
ally, in a skeletal muscle injury-induced angiogenesis model,
PDA treatment was observed to elevate PCNA expression, as
verified by IF staining. IHC staining further corroborated that
PDA treatment significantly raised the number of PCNA- and
Ki67-positive SMCs in newly formed vessels (Figs. 2H and
21; Supplementary Figs. S6A—S6C, S7TA—S7C). These data
indicate that PDA promotes the proliferation of vascular
SMCs.
PDA promotes the migration of rat SMCs

To determine the influence of PDA on the migratory be-
havior of rat SMCs, a key event during SMC phenotypic
switching, we conducted real-time PCR to evaluate the ex-
pression of the extracellular matrix-related genes. The results
revealed that PDA treatment markedly reduced the transcrip-
tion levels of Col3al, Has2, Versican, and MMP9 (Supple-
mentary Fig. S8). Additionally, the Boyden chamber migra-
tion assay was employed to directly observe the migratory ca-
pacity of SMCs in the presence of PDA. The results showed a
significant increase in the number of SMCs migrating
through the chamber in response to PDA treatment (Figs. 3A
and 3B). Furthermore, the spheroid sprouting assay was per-
formed to provide additional insights into the migratory beha-
vior of SMCs under PDA treatment. This assay revealed that
PDA notably enhanced both the number and length of sprouts
from SMC spheroids (Figs. 3C—3E). Collectively, these find-
ings demonstrate that PDA significantly promotes the migra-
tion of rat SMCs.
PDA induces SMCs MyDSS expression following vascular in-
Jury stimulation

The molecular mechanisms underlying the phenotypic
switching of SMCs, characterized by enhanced proliferation
and migration following treatment with PDA, were investig-
ated in this study. Initial investigations involved treating rat
SMCs with PDA and analyzing various signaling pathways
using real-time PCR. A significant increase in the transcrip-
tion levels of MyD88 and CDH13 was noted post-PDA treat-
ment (Supplementary Fig. S9). Subsequent experiments were
aimed at understanding the specific influence of PDA on
MyD88 expression. Real-time PCR analysis showed a consid-
erable induction in MyD&8 transcription levels following
PDA treatment (Fig. 4A). Further, SMCs were exposed to
varying concentrations of PDA (1, 5, 10, 15, and 20
pumol-L™"), and protein levels were assessed through the
Western blotting assay. The results indicated that PDA con-
centrations ranging from 1 to 20 umol-L™" significantly elev-
ated MyD88 protein levels, with the highest expression ob-
served at 5, 10, and 15 pmol-L™" PDA treatment (Figs. 4B
and 4C). Our Western blotting results revealed that SMCs
treated with 10 umol-L™ PDA demonstrated an elevated ex-
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Fig.2 PDA promotes the proliferation of vascular SMCs. (A) SMCs of rats were treated with PDA (10 pmol-L™'), and the num-
ber of cells at different time points was calculated (n = 6). (B) SMCs were treated with PDA (10 pmol-L_l), stained with propidi-
um iodide (PI), and analyzed for cell cycle by flow cytometry. (C) Detection of the mRNA levels of proliferation-related genes via
real-time PCR (n = 6). (D) Rat SMCs were incubated with BrdU labeling buffer for 20 h, followed by PDA treatment overnight.
BrdU incorporation and BrdU-positive cells were detected by IF staining, and the results are shown in (E). (F) The proliferation
marker gene PCNA in the left common carotid artery ligation model was stained by IHC staining. PCNA-positive SMCs in neoin-
tima areas are shown in (G) (n = 10). (H, I) IF staining was performed to evaluate the expression of PCNA in the tibial anterior
muscle (n = 10). The analysis data are expressed as means + SEM. ‘P <0.05 vs Vehicle group.
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Fig. 3 PDA promotes the migration of rat SMCs. (A) Boyden chamber cell migration assay was performed in the presence of
PDA (10 pmol-L™), and migrating cells were observed by crystal violet staining. The number of cells is shown in (B) (n = 6). (C) A
spherical germination test was performed in the presence of PDA (10 p.mol-Lfl), and germination of SMCs was observed by cal-
cein-AM staining. Qquantitative analysis results of bud length and bud length are shown in (D, E) (n = 6). Data are expressed as

mean = SEM. "P < 0.05 vs Vehicle group.

pression of MyDS&S8 in a time-dependent manner (3, 6, 12, 24,
and 48 h), reaching a peak between 12 and 24 h (Figs. 4D and
4E). To determine the in vivo relevance of these findings, we
performed IHC staining of MyD88 on tissue sections from the
complete ligation model of the left common carotid artery.
The analysis revealed a basal expression of MyD&8 in the me-
dia smooth muscle layer and an induction in the neointima
areas following vascular injury, further enhanced by 14 d of
PDA treatment (Figs. 4F and 4G). After 21 d, PDA contin-
ued to increase MyD88 expression in the neointima (Figs. 4H
and 41). Moreover, MyD88 expression was also examined in
a skeletal injury-induced angiogenesis model, where PDA
treatment was found to promote MyD88 expression in SMCs
of newly formed vessels (Supplementary Figs. SI0A—S10C).
In summary, the data strongly suggest that PDA enhances
MyD88 expression in SMCs following vascular injury stimu-
lation.
PDA promotes SMCs CDH/3 expression following vascular
injury stimulation

We next sought to determine whether PDA promotes
CDH13 expression. It was observed that PDA treatment not-
ably increased the transcription of CDH13 (Fig. SA). Further
analysis involved treating SMCs with varying concentrations
of PDA (1, 5, 10, 15, and 20 umol-Lfl) and evaluating
CDH]13 expression through the Western blotting assay. Our
results indicated that treatment with 5, 10, and 15 pmol'L7l
PDA dramatically promoted CDH13 protein levels (Figs. 5B
and 5C). To evaluate the time-dependent effect of PDA on
CDH13 expression, we treated SMCs with 10 pmol~L7l PDA
and analyzed using the Western blotting assay at various time
points (3, 6, 12, 24, and 48 h) treatment. The results indic-

ated a substantial increase in CDH13 expression at 6, 12, and
24 h post-treatment (Figs. 5D and 5E). The study further ex-
tended to in vivo models to confirm these findings. IHC stain-
ing of CDHI3 was performed on tissue sections from a left
common carotid artery ligation model. The results showed
that vascular injury itself increased CDH13 expression, pre-
dominantly in the nucleus. Notably, 14 d of PDA treatment
significantly augmented CDH13 expression within the neoin-
tima area (Figs. SF and 5QG). This enhanced expression was
also evident after 21 d of PDA treatment (Figs. SH and 5I).
Additionally, in a skeletal muscle injury-induced angiogenes-
is model, PDA treatment was found to significantly increase
CDH13 expression in the SMCs of newly formed vessels
(Supplementary Figs. SI1A—S11C). Our data indicate that
PDA induces CDH13 expression in SMCs following vascu-
lar injury.
PDA promotes pathological vascular remodeling by regulat-
ing the interaction between MyDS8S and CDHI73

Although both MyD88 and CDHI3 are implicated in
pathological vascular remodeling, the nature of their interac-
tion remains unclear. In our animal studies, we sought to de-
termine whether MyD88 and CDH13 co-express. Due to spe-
cies-related antigenic limitations in IF staining, we employed
a combination of IHC and IF staining to locate the expres-
sion of MyD&88 and CDH13 within SMCs. The results re-
vealed that MyD88 and CDH13 were expressed in SMCs in
adjacent skeletal muscle sections (Fig. 6A, Supplementary
Fig. S12), suggesting co-localization in the SMCs of the
skeletal muscle. Further, a molecular docking simulation was
conducted using AutoDock Vina 1.5.6 software to predict the
interaction of PDA with MyD&88 and CDHI3. The three-di-
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Fig. 4 PDA induces SMCs MyD88 expression following vascular injury stimulation. (A) Rat SMCs treated with PDA (10
pmol-L") for 24 h. Real-time PCR was performed to detect the mRNA level of the MyD88 (n = 6). (B) SMCs were treated with
different doses of PDA at 1, 5, 10, 15, and 20 pmol-L™', and the expression of MyD88 was detected by Western blotting. (C) Quan-
tification of the relative protein level of MyD88 (n = 6). (D) Western blotting was used to detect the expression of MyD88 in SMCs
after PDA (10 pmol-Lfl) treatment at different time points, and quantitative data are shown in (E) (n = 6). (F) IHC staining was
used to detect the expression of MyD88 in the complete ligation model of the left common carotid artery on day 14. (G) Relative
protein levels were quantified by mean optical density (integrated optical density/area) using Image J software (n = 10). (H) IHC
staining was used to detect the expression of MyD88 in the complete ligation model of the left common carotid artery after 21 d of
PDA treatment. (I) Relative protein levels were quantified by mean optical density (integrated optical density/area) using Image J
software (n = 10). Data are expressed as mean + SEM, "P < 0.05 vs Vehicle group.

mensional structures of these proteins were sourced from the confirmed the interaction between MyD88 and CDHI3 in
RCSB PDB database (http://www.rcsb.org/). This analysis re- vivo (Fig. 6D). These findings support the notion that PDA
vealed multiple potential binding sites of PDA with MyD88 may influence pathological vascular remodeling, at least in
and CDH13 (Fig. 6B). Binding energies less than zero were part, by modulating the interaction between MyDS&8 and
considered indicative of spontaneous binding and interaction, CDH]I3.

with —6.5 kcal-mol ™" observed for PDA-MyD88 and —7.4 kc- Inhibition of MyDSS8 attenuates PDA-induced pathological
al-mol™" for PDA-CDHI3 (Fig. 6C). To validate this hypo- vascular remodeling

thesis, we performed co-immunoprecipitation assay. Our data We suppressed MyD88 in SMCs by TJ-M2010-5

®

— 69 —


http://www.rcsb.org/

GUO Qiru, et al. / Chin J Nat Med, 2024, 22(1): 62-74

A B Cl10p
—_— o .
5 5
<Zc PDA/(umol-L™") g
o
% Vehicle 1 5 10 15 20 S
= CDHI13 3 @
E (85 kDa) =
© Vinculin °
mcu.
. (124 kDa) | W WS S - :
& ¥ Vehicle1 5 10 15 20
& °
PDA/(umol-L™")
D 3.0 E
2
k) PDA/h
£
2 .
5] Vehicle 3 6 12 24 48
= CDHI3
= (85 kDa)
S Vinculi
inculin ” == TR 8 R
0 (124 kDa) . — — —— — |
Vehicle3 6 12 24 48 h
F
G s
a .
e
o
=
=
8
sy
jant
o)
Q
H
a
e
o
2
5
8
]
just
o
@]

Fig. S PDA promotes CDH13 expression in SMCs following vascular injury stimulation. (A) Rat SMCs treated with PDA (10
pmol~L7') for 24 h. Real-time PCR was performed to detect the mRNA level of the CDH13 (n = 6). (B) SMCs were treated with
different doses of PDA at 1, 5, 10, 15, and 20 pmol-L™', and the expression of CDH13 was detected by Western blotting. (C) Quan-
tification of the relative protein level of CDH13 (n = 6). (D) Western blotting was used to detect the expression of CDH13 in SMCs
after PDA (10 pmol'Lfl) treatment at different time points, and quantitative data are shown as (E) (n = 6). (F) IHC staining was
used to detect the expression of CDH13 in the complete ligation model of the left common carotid artery on day 14. (G) Relative
protein levels were quantified by mean optical density (integrated optical density/area) using Image J software (n = 10). (H) IHC
staining was used to detect the expression of CDH13 in the complete ligation model of the left common carotid artery on day 21.
(I) Relative protein levels were quantified by mean optical density (integrated optical density/area) using Image J software (n =

10). Data are expressed as mean + SEM, ‘P <0.05 vs Vehicle group.

(Cy3Hy6N4OS, a MyDS8 inhibitor) treatment. Real-time PCR
results analysis revealed that the transcription levels of
MyD88 and its downstream gene, CDH13, were significantly
reduced following treatment with TJ-M2010-5 (Supplement-
ary Figs. SI3A and S13B). Inhibition of MyD&8 on other cell
growth-related genes after PDA treatment was examined by
real-time PCR (Supplementary Fig. 14). The results showed

®

that PDA treatment increased BrdU incorporation in SMCs.
However, this PDA-induced increase in BrdU incorporation
was mitigated upon MyD8S8 inhibition (Figs. 7A and 7B).
PDA treatment facilitated cell migration, as assessed by the
Boyden chamber migration assay. The inhibition of MyD88
partially reversed the PDA-induced increase in cell migration
(Figs. 7C and 7D). The increased numbers and lengths of cell
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Fig. 6 PDA promotes pathological vascular remodeling by regulating the interaction between MyD88 and CDH13. (A) IF stain-
ing of MyD88 and CDH13 was performed on adjacent tissue sections to assess the co-expression of these proteins in newly formed
vascular SMCs. (B) A molecular docking simulation was performed to evaluate the binding energy of PDA with MyD88 and
CDH13 using Autodock Vina 1.5.6 software developed by Olson’s research group. In this simulation, PDA was set as the recept-
or, while MyD88 and CDH13 were treated as ligands. The three-dimensional structures of MyD88 and CDH13 were obtained
from the RCSBPDB database (http://www.rcsb.org/). Binding energies less than zero indicated a propensity for spontaneous
binding and interaction. (C) The specific binding energies obtained from the molecular docking simulation between PDA and
MyD88 and between PDA and CDH13 (D) Co-immunoprecipitation was performed to determine the interaction between MyD88
and CDH13. Total protein was extracted from rat SMCs using RIPA buffer. The cell lysate was precleared using anti-species-spe-
cific IgG beads. The precleared cell lysate was incubated with MyD88 (Affinity) and CDH13 (Pro Sci) 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.

sprouts induced by PDA treatment were also attenuated fol-
lowing MyD88 inhibition (Figs. 7E—7G). These results col-
lectively suggest that PDA promotes pathological vascular re-
modeling associated with SMCs, at least in part, through a
mechanism involving MyD88.

In summary, PDA can increase SMCs MyD88 expres-

sion. This increase leads to an interaction between MyDS§S

and CDH13, which is pivotal in enhancing proliferation, mi-
gration, and extracellular matrix deposition, culminating in

the progression of pathological vascular remodeling (Fig. 7H).
Discussion

This study elucidates the critical role of PDA in modulat-
ing pathological vascular remodeling. A key finding is the in-
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Pathological vascular remodeling

Inhibition of MyD88 attenuates PDA-induced pathological vascular remodeling. (A) Rat SMCs were treated with TJ-

M2010-5 (10 pmol-L™") and PDA (10 p.mol'Lfl), followed by incubation with BrdU labeling buffer for 20 h. IF staining was per-
formed to observe BrdU incorporation, and BrdU-positive cells were quantified, as shown in (B). (C) A Boyden chamber cell mi-
gration assay was performed in the presence of TJ-M2010-5 (10 pmol-L™") and PDA (10 pmol-L™). Cell migration was visualized
using crystal violet staining, and the number of migrating cells is displayed in (D) (n = 6). (E) A spheroid sprouting assay was per-
formed in the presence of TJ-M2010-5 (10 umol~L71) and PDA (10 pmol-L™). The sprouting was visualized by calcein-AM stain-
ing, and sprout number and length were quantified, as shown in (F, G) (n = 6). (H) A schematic diagram indicating that PDA reg-
ulates pathological vascular remodeling through the MyD88/CDH13 signaling pathway-dependent proliferation and migration of
SMCs. Data are expressed as mean £ SEM, "P< 0.05 vs PDA + Vehicle group.

duction of MyD&8 expression in SMCs following vascular in-
jury, which is significantly augmented by PDA treatment.
This increased MyD88 expression fosters interaction with
CDH13, leading to enhanced proliferation and migration of
SMCs, ultimately resulting in pathological vascular remodel-
ing.

Andrographolide, the primary constituent of the tradi-
tional Chinese medicinal herb Andrographis paniculata,

®
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serves as the precursor for PDA. Clinically, PDA is used for
treating inflammatory diseases triggered by viral infections.
Our recent publication highlighted PDA’s ability to activate
vascular endothelial cells, promoting proliferation, migration,
and macrophage infiltration. This activity is associated with
the dysfunction of the vascular endothelial barrier, as ob-
served in a partially ligated carotid artery model, and is ex-
acerbated by PDA treatment ®*. However, the specific role of
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PDA in promoting neointima formation via SMC phenotypic
switching has not been previously reported. In this study, we
demonstrate that PDA induces neointima formation, charac-
terized by increased proliferation and migration of SMCs, in
a complete ligation model of the left common carotid artery.

PDA’s efficacy in treating respiratory virus-associated
inflammatory diseases is well-known, yet the underlying
mechanisms remain largely unexplored. Viral infection-in-
duced inflammation is a dynamic process influenced by the
immune system, the host, and the virus itself *”. PDA exacer-
bates vascular inflammation in disturbed blood flow models,
associated with endothelium barrier dysfunction and inflam-
matory cell infiltration. Notably, PDA treatment significantly
promotes vascular neointima formation and appears to aid in
endothelial barrier repair %,

The relationship between vascular inflammation and
SMC phenotypic switching is complex and not fully under-
stood. Inflammation can occur at various stages of vascular
diseases, such as atherosclerosis, aortic dissection, varicose
veins, and aneurysms. These conditions involve multiple cell
types and signaling pathways contributing to the inflammat-
ory process.

SMC phenotypic switching, the transition from a differ-
entiated to a dedifferentiated state, typically leads to vascular
wall thickening and potential thrombogenesis or atherosclero-
sis. Interestingly, certain vascular diseases like varicose veins
and aneurysms are characterized by a decrease in SMC num-
bers. Our study revealed that PDA promoted SMC prolifera-
tion and migration, leading to neointima formation, which
may offer novel insights for diseases associated with reduced
SMC numbers.

In conclusion, PDA’s role in enhancing neointima form-
ation through the regulation of SMC proliferation and migra-
tion presents a potential novel therapeutic strategy for vascu-
lar diseases characterized by decreased SMC numbers.

Supporting Information

Supporting information of this paper can be requested by
sending E-mail to the corresponding author.
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