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ABSTRACT

Background and aim: Zhilong Huoxue Tongyu Capsule (ZL capsule) has been demonstrated to be an effective and
widely-used traditional Chinese medicine (TCM) formula for the treatment of various diseases, especially for
atherosclerosis (AS) related cardiovascular and cerebrovascular diseases. Reversal of endothelial-mesenchymal
transition (EndMT) plays a crucial role in the cure of AS. But the curative impact of ZL capsule on EndMT re-
mains obscure during the development of AS. The purpose of this study is to explore the effect of ZL capsule on
AS and to study the regulation mechanism on EndMT in AS by ZL capsule in vivo and in vitro.

Experimental procedure: An in vivo model of AS was induced in ApoE ™/~ mice by administrating them with an 8-
week period of high-fat diet (HFD). After oral gavage of different doses of ZL capsule and Atorvastatin calcium
tablets (ATO) for 4 weeks, the lipid levels, plaque area, lipid deposition, and EndMT were evaluated using
standard assays. In order to simulate EndMT in vitro, human umbilical vein endothelial cells (HUVECs) were
subjected to oxidized low-density lipoprotein (ox-LDL). Western blotting (WB) and immunofluorescence tech-
niques were used to evaluate the intervention effect of ZL capsule on EndMT and Hippo/YAP pathways.
Results and conclusion: ZL capsule demonstrated therapeutic effects on dyslipidemia and EndMT among athero-
sclerotic mice. To be specific, ZL capusle diminished the total cholesterol (TC), total triglyceride (TG) and low-
density lipoprotein (LDL-C) levels, whereas increased that of high-density lipoproteins (HDL-C). Meanwhile, ZL
capusle upregulated the expression of endothelial markers (CD31 and VE-cadherin) and reduced that of
mesenchymal markers (a-SMA and FSP1), indicating that ZL capusle could inhibit EndMT during the develop-
ment of AS. Furthermore, molecular docking results indicated that active ingredients including formononetin,
calycosin, astragaloside III, astragaloside A in ZL capsule have strong affinity with YAP proteins, and ZL capsule
can significantly repress the initiation of Hippo/YAP pathway during AS. In conclusion, ZL capsule effectively
attenuated AS progression by exerting inhibitory effects on EndMT through modulation of the Hippo/YAP
signaling pathway.

1. Introduction

epidemiological evidence, the number of patients with cardiovascular
diseases worldwide is increasing year by year, from 271 million in 1990

Cardiovascular disease (CVD) has an increasing global impact due to to 523 million in 2019.? Atherosclerosis (AS), a commonly occurring
rising incidence, poor prognosis, and high mortality." According to chronic vascular disorder, is the principal stimulus of cardiovascular and
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cerebrovascular diseases such as hypertensive disease and coronary ar-
tery disease.>* Atherosclerosis (AS) is a common disease and one of the
main causes of cardiovascular and cerebrovascular diseases such as
hypertension and coronary heart disease,” among which endothelial
dysfunction has received increasing attention from many researchers.’
There is growing evidence that endothelial cells (ECs) play a key role in
every stage in the development of AS, from atherosclerosis to the for-
mation and expansion of atherosclerotic plaques and necrosis, plaque
rupture and clinical manifestations.” ECs are important participants in
the intravascular immune response, promoting the recruitment of white
blood cells during inflammatory responses or infections, and releasing
cytokines and chemokines that result in the buildup and penetration of
monocytes and other cells associated with inflammation, ultimately
leading to endothelial dysfunction and vascular damage.”*® Endothelial
dysfunction then triggers the atherogenic process by promoting platelet
aggregation, lipoprotein oxidation, thrombosis and inflammation.’

Endothelial-mesenchymal transition (EndMT) is the pivotal process
resulting in endothelial dysfunction, which has been widely acknowl-
edged for its indispensable role in the intricate development of vascular
inflammation and atherosclerosis.'®!'! During the EndMT process, ECs
lose their property of down-regulating endothelial cell markers, such as
CD31 and VE-cadherin, a-smooth muscle actin (a-SMA),
fibroblast-specific protein 1 (FSP1) and vimentin.'? The transformed
cells resulting from EndMT can migrate towards plaque-prone areas, and
these migrated cells can further differentiate into smooth muscle-like
cells or fibroblasts contributing to neointima formation or fibrous cap
thickening respectively.'®'* All these pathological alterations intensify
the progression of AS. Therefore, it is necessary to identify and validate
potential therapies for inhibiting EndMT to effectively treat AS.

The Hippo signaling pathway plays an important role in controlling
cell growth and maintaining organ size. When Hippo is activated, Yes-
related transcription proteins/coactivators with PDZ-binding motifs
(YAP/TAZ) are phosphorylated, retained in the cytoplasm, and then
gradually degraded.'® When Hippo is inactivated, YAP/TAZ is dephos-
phorylated and translocated to the nucleus. This phenomenon triggers
the expression of target genes, controls the functional status of smooth
muscle cells and affects vascular remodeling.'® Therefore, targeted in-
hibition of Hippo/YAP signaling activation may attenuate inflammatory
responses, inhibit vascular remodeling, stabilize arterial plaques, and
slow down AS progression by inhibiting YAP/TAZ activation.

Zhilong Huoxue Tongyu capsule (Patent No.: 200810147774.1) is a
patented traditional Chinese medicine preparation composed of astra-
galus, leeches, earthworms, cinnamon, and wild ginseng.”’18 For more than
20 years, ZL capsule has been used clinically as an effective herbal
medicine to treat AS related cardiovascular diseases.'®?° Recently, our
group has also reported that ZL capsule could improve AS through
inhibiting the interplay between miR-30b-5p and NLRP3.?! Both clinical
trials and animal experiments demonstrate that ZL capsule has the
ability to effectively reduce levels of total cholesterol (TC), total tri-
glyceride (TG), and low-density lipoprotein cholesterol (LDL-C) in the
bloodstream, whereas simultaneously enhancing high-density lipopro-
tein (HDL-C).!” However, the regulatory effect of ZL capsule on EndMT
in the process of AS has not been evaluated, and the intervention
mechanism on EndMT has not been explored. Herein, in this study, the
impact of ZL capsule on EndMT during AS was further clarified in vitro
and in vivo. Further, the pharmocological mechanism of ZL capsule on
EndMT was explored, which may shed new lights on the application of
ZL capsule as a potential therapeutic agent targeting AS.

2. Materials and methods
2.1. Chemicals and reagents
ZL capsule was purchased from the Affiliated Traditional Chinese

Medicine Hospital of Southwest Medical University (Luzhou, Sichuan,
China, Batch No. 20210619). Atorvastatin was purchased from the
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MedChemExpress (CAT: HY-B0589).

We purchased the following antibodies: a-Actin (Santa Cruz, sc-
32251), CD31 (BD Biosciences, 553370), FSP1 (Proteintech, 20886-1-
AP), CD68 (Proteintechl, 28058-1-AP), YAP (Proteintech, 13584-1-
AP), WWTR1 (Proteintech, 66500-1-1g), and VE-cadherin (Proteintech,
66804-1-Ig) from Proteintech.

2.2. Animals and treatment

The male ApoE /™ mice (weighing 20-22 g and aged 6-8 weeks)
were obtained from GemPharmatech Co.Ltd and acclimatized for one
week. The mice were adapted for 22 + 0.5 °C under a 12 h light/dark
cycle with unrestricted access to a conventional diet and water for
drinking. The protocols for animal care and handling were approved by
the Animal Research Committee of Southwest Medical University. The
30 mice were separated into two groups: the normal control group,
which received a regular diet (ND), and four other groups (each con-
sisting of 6 mice) that were given a high fat diet (HFD) for a duration of 8
weeks in order to induce AS. Further, the HFD-fed animals were
randomly assigned to different groups: untreated model group (HFD),
low-dose ZL-LD group (0.35 g/kg), medium dose ZL-MD group (0.7 g/
kg), high dose ZL-HD group (1.4 g/kg), and positive control group
treated with 5 mg/kg simvastatin. The prepared ZL capsule extract was
administered to AS mice orally once daily at 2 mL/100 g body weight for
4 weeks.

2.3. Serum lipid content detection

At the end of the experiment, blood samples were obtained from the
orbital vein while the subject was under anesthesia. The samples were
collected and stored at room temperature for 1-2 h, and sera were iso-
lated by centrifuging at 3000 rpm for 15 min at 4 °C, and preserved at
—80 °C. Plasma TC, TG, LDL and HDL were determined with commer-
cially available kits (Jiancheng Bioengineering Institute, Nanjing,
China).

2.4. Hematoxylin and eosin (H&E) staining

After the experiment, the aortic sinus tissue was excised and stored in
4% paraformaldehyde for 72 h. Further, the samples were embedded in
paraffin and sectioned into 4 pm thick. Paraffin sections were depar-
affinized in xylene and then rehydrated in ethanol at concentrations of
100%, 95%, 90%, and 85%. Hematoxylin staining was performed for 10
min, and sections were graded in acid alcohol for 5 s. The membrane was
then washed with 75% alcohol and stained with eosin for 2 min.
Dehydrated in an ethanol gradient and cleared in xylene for 5 min, the
sections were then covered with neutral gel and examined under a
microscope.

2.5. Oil Red O staining

Aortic samples were fixed in 4% paraformaldehyde for 3-6 h and
washed three times for 10 min each in PBS. After removing adjacent
connective tissue and fat, staining was performed using Oil Red O
working solution (Sigma, Deisenhoggfen, Germany) for 30 min at 37 °C.
The cells were then washed three times with PBS for 10 min each time.
The samples were then rinsed with 75% ethanol for 2 min. Subsequently,
PBS was used for washing the samples before imaging.

2.6. Immunofluorescent staining of aortic samples

For immunofluorescence staining, 4 pm thick cryosections were
prepared from aortic samples and immersed in a solution containing 4%
paraformaldehyde. Sections were first fixed with 5% goat serum, treated
with primary antibodies and incubated overnight at 4 °C. After washing
3 times with PBS (including a 10-min wash), the slides were exposed to
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secondary antibodies for 1 h. Finally, sections were counterstained with
DAPI (Beyotime, C1002) for 10 min, rinsed with PBS, stored in 20%
glycerol, and photographed.

2.7. Cytotoxicity assay

Cell viability assay was used to evaluate the effect of ZL capsule on
HUVECs. HUVECs were cultured in a 96-well plate at of 5 x 10° cells/
well. The cells were then cultured for 48 h with various chemical doses
overnight at 37 °C in an incubator with 5% CO,. Afterward, 100 pL of
the detection reagent Cell Titer-Lumi Plus (Beyotime, CAT:C0068 M)
was added to each well, and the wells were vibrated for 5 min to
completely lyse the cells. Each well’s luminescence (RLU) was measured
using a luminometer with a multipurpose microplate reader. The values
of the test wells’ absorbance were recorded as RLU treatment while the
values of the negative controls’ absorbance were recorded as RLU con-
trols, and the values of the blank were recorded as RLU blank for each
assay. Inhibition rate (%) = (RLUontrol-RLUpblank-RLUtreated)/ (RLUcontrol-
RLUpjank) *100, ICso values were calculated using GraphPad Prim 8.0
software.

2.8. Western blotting

The protein extraction was performed using a cold RIPA lysis buffer
(Beyotime, CAT: P0O013B), and the quantification of protein was carried
out using the bicinchoninic acid (BCA) assay. The protein samples un-
derwent separation using SDS-PAGE and were subsequently transferred
onto PVDF membranes (Merck Millipore, CAT: IPVH00010). After
incubating in 5% bovine serum albumin (BSA) at 37 °C for 2 h, primary
antibodies such as a-SMA (1:1000), FSP1 (1:1000), CD31 (1:1000), VE-
cadherin (1:1000), and GAPDH (1:5000) were added overnight at 4 °C.
After washing, secondary antibodies labeled with HRP were incubated
at a temperature of 37 °C for 1 h. The bands were visualized using ECL
blotting technique (Beyotime, CAT: PO018S).

2.9. Statistical analysis

Data analysis was performed using Paradigm 9 in GraphPad. In this
study, comparative analysis was performed using two-tailed t-test to
examine the differences between two different groups. P value of less
than 0.05 was considered statis-tically significant.

3. Results

3.1. ZL capscule improved atherosclerotic lesions and lipid deposition in
ApoE’/ ~ mice

To explore the efficacy of ZL capsule on atherosclerotic lesions, we
established an AS model using ApoE /~ mice fed with HFD, and
administered the animals with varying amounts of ZL capsule or ATO. In
light of the association between atherosclerotic plaque development and
heightened cholesterol levels in the bloodstream, we conducted an
evaluation of blood lipid profiles in mice subsequent to a 4-week drug
administration. As shown in Fig. 1A, after being subjected to HFD,
ApoE~/~ mice displayed notably elevated serum levels of LDL-C, TC, and
TG, while concurrently experiencing a notable decrease in HDL-C. And
after administration of ZL capsule, the levels of HDL-C, LDL-C, TC, and
TG were improved (Fig. 1A). To further assess the efficacy of ZL capsule
in alleviating symptoms associated with AS, we conducted histological
examination using HE staining and Oil Red O staining on the aortic root.
The findings suggest that there is a substantial decrease in lipid accu-
mulation and atherosclerotic plaque lesion areas in mice treated with a
high dose of ZL capsule or ATO compared with the untreated HFD-fed
animals (Fig. 1B). CD68" macrophages can serve as valuable in-
dicators for evaluating plaque stability in the progression of AS.*?
Therefore, we conducted immunofluorescence staining experiments
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targeting CD68 in the aortic roots of mice. The results clearly showed
that the expression of CD68 in plaques was reduced in mice treated with
high doses of ZL capsule or ATO compared with the untreated mice fed
with HFD (Fig. 1C). These findings provided further validation that ZL
capsule can impair dyslipidemia metabolism and attenuate the symp-
toms of AS.

3.2. ZL capscule inhibited the development of EndMT during
atherosclerotic in vivo

To estimate the potential impact of ZL capsule on EndMT, we per-
formed double-staining experiments for CD31/a-SMA and CD31/FSP1
in mouse aortic roots. The experimental results showed that stronger
signal of a-SMA/FSP1 was observed in the CD31 expression region
compared with the control group (Fig. 2A and B). After administration of
ZL capsule or ATO, the signal of a-SMA/FSP1 in the CD31 expression
region was significantly reduced (Fig. 2A and B). The findings indicated
that ZL capsule could ameliorate AS by inhibiting EndMT.

3.3. ZL capscule inhibited the development of ox-LDL-induced EndMT in
HUVECs

In this study, we employed the CCK8 method to appraise the impact
of ZL capsule on HUVECs, and the outcomes indicated that ZL capsule
exhibited minimal cytotoxicity (Fig. 3A). Further, additional validation
was conducted to confirm the effect of ZL capsule on inhibiting EndMT
in HUVEC cell lines. As ox-LDL has the ability to disrupt the integrity of
the ECs barrier within blood vessels and initiate EndMT, it is commonly
used as an in vitro stimulus to simulate the process of atherosclerosis-
induced EndMT. We observed consistent alterations in the levels of
CD31 and a-SMA in HUVECs exposed to ox-LDL for a duration of 48 h,
mirroring those observed in an in vivo model. In addition, compared with
the control group, ox-LDL exhibited a downregulating effect on the
expression of CD31 and VE-cadherin genes, while concurrently upre-
gulating the gene expression of FSP1 and a-SMA (Fig. 3B). However, ZL
capsule effectively counteracted the alterations in the aforementioned
factors that were triggered by oxidized low-density lipoprotein (Fig. 3B).
EndMT is distinguished by the disruption of cell-cell adhesion and
cellular orientation, leading to the acquisition of a spindle-shaped
morphology and the development of migratory and invasive character-
istics, accompanied by an enhanced production of extracellular matrix.
As illustrated in Fig. 3C, the exposure to ox-LDL triggers a notable
alteration in the morphology of HUVECs, transitioning them from a
cobblestone-like appearance to a spindle-shaped configuration, but ZL
capsule effectively blocked OX-LDL-induced changes in HUVEC
morphology. At the same time, the results of the immunofluorescence
staining demonstrated a significant reduction in the overexpression of
a-SMA induced by ox-LDL following the administration of ZL capsule
(Fig. 3D). Accordingly, the results indicate that ZL capsule has the ability
to impede EndMT in vitro.

3.4. YAP is a potential target for ZL capsule to inhibit EndMT and reduce
AS

Recent research has revealed remarkable therapeutic potential of
YAP protein-targeting drugs in combating AS. In our previous study, we
characterized the active ingredients of ZL capsule and identified a total
of 12 components including astragaloside A, astragaloside I, astragalo-
side II, astragaloside III, chlorogenic acid, L-epicatechin, calycosin,
wogonin, formononetin and calycosin-7-glucoside.>® To further sub-
stantiate the intervention potential of ZL capsule on Hippo/YAP
signaling, we performed molecular docking simulations between 12
compounds derived from ZL capsule and YAP protein (Fig. 4A). Gener-
ally, the lower the binding energy of ligand-receptor docking indicates
the more robust binding of the molecule, with more robust binding at
binding energies < —5.0 kcal-mol-1 and very robust binding at binding
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Fig. 1. ZL capsule reduced AS lesions and lipid buildup in ApoE™”~ mice. (A) Serum levels of HDL-C, LDL-C, TC and TG in the indicated groups (n = 4). (B)
Representative images of HE-stained/Oil red O-aortic root sections that have been stained to reveal the presence of atherosclerotic plaques (n = 4). Scale bar = 100
pm. (C) Representative immunofluorescence images are presented to demonstrate the in-situ expression of CD68 in sections of the aorta root (n = 4). Scale bar = 100
pm. All results are presented as the average + S.D. The statistical significance was observed at p < 0.05* and p < 0.01** levels.
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Fig. 2. ZL capscule inhibited the development of EndMT during AS in vivo. (A) Immunofluorescent staining against a-SMA (green) and CD31 (red), counterstaining
with DAPI (blue: nuclei) from the indicated experimental groups (n = 4) after HFD-induced atherosclerosis. Scale bar: 100 pm. (B) Immunofluorescent staining
against FSP1 (green) and CD31 (red), counterstaining with DAPI (blue: nuclei) from the indicated experimental groups (n = 4) after HFD-induced atherosclerosis.
Scale bar: 100 pm.
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Fig. 3. ZL capscule inhibited the development of ox-LDL-induced EndMT in HUVECs. (A) The cell viability was determined after HUVECs were incubated with
various concentrations of ZL capsule for 48 h. (B) The expression of EndMT-related proteins including a-SMA, FSP1 and CD31 after ZL capsule treatment, were
compared among ox-LDL and ZL capsule groups in HUVECs. (C) Morphological change in HUVECs was observed by microscopy. Scale bar = 100 pm. (D) Immu-
nofluorescent staining against a-SMA (green) and counterstaining with DAPI (blue: nuclei) in HUVECs. Scale bar: 100 pm.

energies < —7.0 kcal-mol-1. The experimental results indicate a robust
binding affinity between the YAP protein and the aforementioned 12
compounds (Fig. 4B). In order to further clarify the binding potential of
active ingredients in ZL capsules to YAP protein, we further analyzed the
binding sites and binding forces of formononetin, calycosin, astragalo-
side III, astragaloside A and YAP protein with strong binding forces. It
was found that formononetin, calycosin, astragaloside III, astragaloside
A and YAP proteins have multiple binding sites (Fig. 4C). They interfere
with YAP protein activity by forming n-n coupling with YAP protein
amino acid residues and forming van der Waals forces. Through the
analysis of the experimental results of molecular dynamics simulation,
we found that components including formononetin, calycosin, astraga-
loside III, astragaloside A in ZL capsule had strong affinity with YAP
protein.

3.5. ZL capsule inhibits the Hippo/YAP signal pathway during AS

WB results revealed that stimulation with ox-LDL induced a
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significant upregulation of YAP and its downstream effectors TAZ in
HUVECs. However, treatment with ZL capsule effectively reversed the
ox-LDL-induced upregulation of these factors (Fig. 5A). To further sub-
stantiate the efficacy of ZL capsule in modulating Hippo/YAP signaling,
we conducted an in vivo assessment of the intervention effect exerted by
ZL capsule on Hippo/YAP signaling. The immunofluorescence results
demonstrated a significant inhibition in the expression of YAP and TAZ
following treatment with ZL capsule (Fig. 5B). The results mentioned
above suggest that ZL capsule possessed a strong intervention effect on
Hippo/YAP signaling pathway in the process of atherosclerosis.

4. Discussion

EndMT plays an important role in the occurrence and development
of cardiovascular and cerebrovascular diseases.>* Vascular endothelial
dysfunction disrupts endothelial integrity and barrier function and
promotes lipid deposition. EC dysfunction is one of the lesions that can
be detected in the early stages of atherosclerosis.”>?° Currently, the
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diagram and the 3D diagram of the interaction between formononetin, calycosin, astragaloside III, astragaloside A and BRD4.
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Fig. 5. ZL capsule inhibits the Hippo/YAP signal pathway during AS. (A) Immunofluorescent staining against YAP (green), counterstaining with DAPI (blue: nuclei) from
the indicated experimental groups (n = 4) after HFD-induced atherosclerosis. Scale bar: 100 pm. (B) Immunofluorescent staining against TAZ (green) and CD31 (red),
counterstaining with DAPI (blue: nuclei) from the indicated experimental groups (n = 4) after HFD-induced atherosclerosis. Scale bar: 100 pm.

involvement of EndMT is believed to be crucial in causing damage to In recent years, the application of traditional Chinese medicine in the
ECs.?” The purpose of this study was to evaluate the therapeutic effect of prevention and treatment of AS has been increasing.’® Extensive basic
ZL capsules on EC dysfunction and its underlying mechanisms. It was and clinical research provides sufficient evidence for the beneficial ef-

observed that the administration of ZL capsule mitigated EndMT fects of ZL capsules on AS!7. Our previous study showed that ZL capsule
induced by HFD and also attenuated EndMT stimulated by ox-LDL in has a dose-dependent protective effect on AS. In the present study, we
HUVECs. evaluated the therapeutic effect of ZL capsule on AS by detecting the
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contents of TC, TG, LDL-C and HDL-C. The results showed that ZL
capsule significantly reduced TC, TG and LDL-C of HFD-induced mice,
and obviously increased HDL-C. In addition, we found that ZL capsule
can significantly improve the vascular structure, reduce the deposition
of lipids, and inhibit the aggregation of macrophages in the process of
AS. As aresult, the utilization of ZL capsule can effectively improve lipid
metabolism disorders and alleviate AS symptoms during the develop-
ment of atherosclerosis. ECs undergoing EndMT transformation can
aggravate AS symptoms by stimulating inflammation responses,
inducing lipoprotein oxidation, platelet aggregation, and thrombosis. >’
We also found that ZL capsule can considerably reduce the proliferation
of ECs and the acquisition of mesenchymal features during AS in vivo.
Further, we tested the intervention effect of ZL capsule on EndMT in
HUVEC lines, and the experimental results showed that LDL could
induce EndMT transformation in HUVECs, while ZL capsule could block
the induction effect of LDL on HUVECs. According to the findings, ZL
capsule has the potential to disrupt EC dysfunction, particularly due to
its ability to inhibit EndMT.

The process of EndMT was initially observed in the development of
heart valves, where it involves a transformation from epithelial to
mesenchymal cells triggered by an external signal.*® At the molecular
scale, EndMT exhibits similarities to EMT in terms of its ability to
facilitate tumor advancement, invasion, and metastasis. The frequently
investigated molecular pathways implicated in EndMT encompass
transforming growth factor p (TGFp), Notch, interleukin, and Hippo/-
YAP signaling.>! YAP, a crucial intermediary of Hippo/YAP signaling
and a essential controller of EndMT, has been confirmed to promote
UUO-induced kidney fibrosis via Hippo/YAP pathway>’ and improve
renal fibrosis symptoms by inhibiting the occurrence of EndMT. In this
study, we found that several components of ZL capsule had strong af-
finity with YAP protein, suggesting that YAP may be a potential thera-
peutic target for ZL capsule to inhibit EndMT in AS, which was further
confirmed in vivo and in vitro, namely, ZL capsule significantly inhibited
the activation of Hippo/YAP signal during AS. Taken together, these
results provide strong evidence that ZL capsule could inhibit EndMT by
regulating the Hippo/YAP signaling pathway and effectively prevent the
progression of AS.
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