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Background and aim: Zhilong Huoxue Tongyu (ZL) capsule is a classical traditional Chinese medicine
(TCM) with satisfactory curative effects. Endothelial cell (EC) dysfunction plays an important role during
myocardial fibrosis (MF). But the therapeutic effect of ZL capsule on EC dysfunction remains unknown in
the development of MF. This study aims to investigate the effect of ZL capsule on EC dysfunction during
MF in vivo.
Experimental procedure: The model of MF is established in vivo by injecting isoproterenol for 14 days,
simultaneously, we examined the therapeutic effect of ZL capsule on MF in vivo. An integrative approach
combining biomarker examination, echocardiography and myocardial fibrosis condition using
Hematoxylin-eosin staining, Masson staining, and Sirius red staining were performed to assess the ef-
ficacy of ZL capsule against MF. Subsequently, comprehensive immunofluorescence staining was per-
formed to evaluate the therapeutic effect of ZL capsule on EC dysfunction.
Results and conclusion: Prior to experiments, analysis of the published single-cell sequencing data was
performed and it was discovered that EC dysfunction plays an important role. Further pharmacological
results showed that ZL capsule could alleviate fibrosis injury and collagen fiber deposition. The mech-
anism investigation results showed that the endothelial-to-mesenchymal transition (EndMT) and MHC
class-II (MHC-II) expression in EC were improved. In addition, ZL capsule can attenuate the inflammatory
response during MF by intervening the activation of CD4þT cell mediated by EC. For the first time, we
provided evidence that ZL capsule could improve MF by alleviating EC dysfunction via the regulation of
EndMT and expression of MHC-II.
Taxonomy (classification by evise): Myocardial fibrosis, Chinese Herbal Medicine, Traditional Medicine,
Endothelium, dysfunction, Endothelial-to-mesenchymal transition.
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Abbreviations:

CVDs cardiovascular diseases
ZL: Zhilong Huoxue Tongyu
OCT gel optimal cutting temperature gel
TCM traditional Chinese medicine
MF Myocardial fibrosis
EC Endothelial cell
ISO Isoproterenol
EndMT endothelial-to-mesenchymal transition
MHC-II MHC class-II
EF% Ejection fraction
FS% fractional shorting
LVEDd left ventricular end-diastolic diameter
LVESd left ventricular end-systolic diameter
H&E Hematoxylin-Eosin
Masson Masson's trichrome
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1. Introduction

Cardiovascular disease (CVD) has become a threat to human
health worldwide due to its increasing prevalence, poor prognosis
and high mortality.1 Epidemiologic data suggest that the number of
CVDs patients worldwide has increased every year, from 271
million in 1990 to 523 million in 2019.2 Growing evidence has
revealed that the myocardial fibrosis (MF) is a common patholog-
ical feature of a variety of end-stage CVDs, MF is the foundation of
the occurrence and development of heart failure.3 Myocardial
fibrosis is characterized by accumulation of activated fibroblasts
and excessive deposition of fibrotic extracellular matrix proteins,
among which chronic inflammation and endothelial cell (EC)
dysfunction are important predisposing factors for the develop-
ment of myocardial fibrosis.4 EC is important in maintaining
structural and functional roles of blood vessels,5 which is important
to maintain the normal physiological function of the heart. EC are
highly sensitive to vascular pathological changes. For example,
when EC is exposed to different milieus include cardiac overload
and chronic hypertension, the normal function of EC changes,
resulting in EC dysfunction.6 In fact, EC dysfunction contributes to
MF progression by promoting inflammation, activating cardiac fi-
broblasts and promoting the excessive deposition of collagen-I.7

Endothelial-mesenchymal transition (EndMT) is the primary
mechanism resulting in EC dysfunction, which throughout the
whole process of CVDs.8 In this process, EC obtains characteristics
of mesenchymal cells and loses the characteristics of EC.9 The
expression of various intercellular junction molecules in the
vascular endothelium including VE-cadherin and ZO-1 decreases
during EndMT,10 resulting in increased vascular permeability,
increased leakage, and weakened blood perfusion capacity, thereby
aggravating tissue hypoxia, causing massive cell death, and
destroying normal organ tissue structure.11 All of these pathogenic
alterations accelerate the onset of MF.12 Therefore, the discovery
and verification of potential therapeutic drugs targeting EndMT is
crucial in the treatment of MF.

Another element contributing to EC dysfunction is the interac-
tion between CD4þT cell activation and MHC-II expression in
EC.13,14 The CD4þT cell can influence fibrosis progression and scar-
ring in multiple ways,15 among which, the acceleration of inflam-
mation by CD4þT cell has attracted increasing attention.16 In
41
particular, persistent inflammation mediated by CD4þT cell was
associated withMF progression and dysfunction.17 Immunotherapy
that targets CD4þT cell guards against fibrosis and dysfunction in
the ischemic heart,18 suggesting that CD4þT cell is an attractive
novel therapeutic target for MF. The presentation of MHC-II anti-
gens to CD4þTcell is a key condition for CD4þTcell activation.19 Due
to the expression of MHC-II, dendritic cells (DCs) possess potential
capacity to take up exogenous antigens that drives the develop-
ment of CD4þT cell.20 However, numerous studies have demon-
strated that EC participates in CD4þT cell activation via MHC-II
antigen presentation.21 It has been confirmed that blocking the
presentation of MHC-II antigens to CD4þT cell by EC is a potential
therapeutic strategy for fibrosis.14 Consequently, suppression of
MHC-II expression in ECs may alleviate MF and could potentially
lead to new therapies.

Zhilong Huoxue Tongyu (ZL) capsule (Patent No.
200810147774.1) is a patented Chinese herbal formulation con-
sisting of Astragalus membranaceus, Leech, Earthworm, Cinnamo-
mum cassia, and Sargentodoxa cuneate, having functions of
replenishing qi and activating blood, dispelling wind and reducing
phlegm.22 ZL capsule has been used in clinic for more than 20 years
as a herbal remedy with definite therapeutic efficacy for the
treatment of CVDs.23 Both clinical trials and animal studies have
indicated that ZL capsule can improve coronary blood flow, stabi-
lize plaque, reduce blood lipid, protect the function of myocardial
cells and vascular endothelial cells.24,25 However, themechanism of
its anti-MF is not fully understood.

According to traditional Chinese medicine theory, the main
lesion of EC dysfunction is Qi deficiency and blood stasis,26 corre-
sponding to the function of ZL capsule. In our previous studies, ZL
capsule has been proven to exert anti-inflammatory and anti-
apoptotic activities to treat CVDs.22,24 However, inflammatory
response is only a pathological manifestation in the early stage of
MF, and it is suppressed to some extent after severe heart fail-
ure.27,28 Therefore, the systematic evaluation of the effect of ZL
capsule on EC dysfunction during MF is of great significance to
understand the pharmacological mechanisms of ZL capsule. In this
study, we investigated the beneficial effects of ZL capsule against EC
dysfunction in vivo, mainly concerning the effect of ZL capsule on
the inhibition of endothelial cell-mediated fibroblast activation and
inflammatory response, which may shed new lights on its potential



Table 1
Prescription of ZLHXTY capsule.

Scientific Name Family English Name Chinese Name Part Used Quantity (Dry Weight)

Whitmania pigra Whitman Hirudideae Leech ShuiZhi Dried whole body 0.32 g
Pheretima aspergillum (E.Perrier) Megascolecidae Earthworm Dilong Dried whole body 1.7 g
Astragalus membranaceus (Fisch.) Bge.var.mongholicus (Bge.) Hsiao Fabaceae Astragalus Huang Qi Roots 2.3 g
Cinnamomum cassia Presl Lauraceae Cassia Gui Zhi Stem/Twig 0.86 g
Sargentodoxa cuneata (Oliv.) Rehd. Et Wils. Lardizabalaceae Sargentglory-vine DaXueTeng Stem/Twig 1.7 g
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use as a drug candidate for the treatment of MF.

2. Materials and methods

2.1. Chemicals and reagents

ZL capsules were purchased from the Affiliated Traditional
Chinese Medicine Hospital of Southwest Medical University (Luz-
hou, Sichuan, China, Batch No. 20210619), which consists of a
mixture of five TCMs (Table 1). Standard compounds used in quality
control analysis including astragaloside A, astragaloside I, astraga-
loside II, astragaloside III, chlorogenic acid, L-epicatechin, calycosin,
wogonin, formononetin, calycosin-7-glucoside, salidroside and
ononin were purchased from Beijing Saibaicao Technology Co., Ltd
(Beijing, China). Methanol, acetonitrile, formic acid of HPLC-grade
were purchased from Thermo Fisher Scientific (Massachusetts,
USA). The other chemicals and solvents were of analytical grade.
Details of the antibodies used in this study are shown in Table 2.

2.2. Sample preparation for UPLC-HR-MS analysis

For the chemical characterization of ZL capsule, the capsule
powder was sonicated with 10 times of 70% ethanol for 0.5 h and
then 8 times of 70% ethanol for 0.5 h. Finally, the combined su-
pernatants were concentrated by rotary evaporation and freeze
vacuum dried to obtain extracts of ZL capsule for subsequent UPLC-
HR-MS analysis and animal experiments.25

The twelve standard compounds including astragaloside A,
astragaloside I, astragaloside II, astragaloside III, chlorogenic acid, L-
epicatechin, calycosin, wogonin, formononetin, calycosin-7-
glucoside, salidroside and ononin were dissolved in methanol
before standard validation of ZL capsule by UPLC-HR-MS.

2.3. UPLC-HR-MS conditions for chemical characterization

Chemical characterization of ZL capsule was performed by the
ultimate 3000 ultra high performance liquid chromatography
(UPLC) system coupled with high resolution Q-Exactive mass
Table 2
Description of the antibodies used in this study.

Name Citation

a-Actin PMID:34099640
Anti-Collagen I PMID:32814879
Anti-Collagen III PMID:35420633
Anti-Mouse CD31 PMID:8980224
Anti-FSP1 PMID:31634900
Anti-mouse MHC class II PMID: 35219847
Anti-mouse CD4 PMID:35087966
Anti-IL-1 Beta PMID:30581532
Anti-mouse IL-6 PMID:20139174
Anti-IL-17 PMID:34974400
Goat Anti-Mouse IgM (Alexa Fluor® 488) PMID:33294731
Goat Anti-Rabbit IgG (Alexa Fluor® 488) PMID:33474514
Goat Anti-Mouse IgG (Alexa Fluor® 555) PMID:32638495
Donkey Anti-Rabbit IgG (H þ L) (Alexa Fluor 555) PMID 25,036,476
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spectrometry (HR-MS) via an electrospray ionization (ESI) interface
from Thermo Fisher Scientific (Bremen, Germany). An auto-
sampler, a diode-array detector, a column compartment, and two
pumps were included in the chromatography system. A BEH C18
column (1.7 m, 2.1 mm ID100mm,Waters) maintained at 35 �Cwas
selected for separation of ZL capsule extract after the chromato-
graphic parameters were improved. With acetonitrile and water
both containing 0.1% formic acid and flowing at a rate of 200 mL/
min, the elution gradient was optimized as follows: 0e5 min at 2%
B; 8e45 min at 20% B; 45e52 min at 55% B; and 52e55 min at 100%
B. The sampler was adjusted to 4 �C, and the injection volume was
2.0 mL.29,30

Negative full scan mode was utilized to accurately acquire mo-
lecular ions in the range of m/z 70e1050 Da at a resolution of
70,000 in order to identify the components in ZL capsule extract.
Spray voltage, �3.0 kV; sheath gas flow rate, 35 arb; aux gas flow
rate, 10 arb; capillary temperature, 320 �C; vaporizer temperature,
250 �C; and RF lens, 50% were the other settings. Standards were
applied to assist component identification. Xcalibur 4.5 software
(Thermo Fisher) was utilized for UPLC-HR-MS control and data
handling.31

2.4. Animals and treatment

The male C57BL/6J mice (20e22 g body weight, 7e8 weeks old)
were purchased from GemPharmatech Co. Ltd. They were raised in
clean normal cages at a temperature of 22 ± 0.5 �C and a humidity
of 55 ± 5%, 12 h alternating light and dark cycle. Mice had free
access to a standard diet and drinking water and were cared for
humanely. Prior to the trials, animals were adapted to the lab
environment for 7 days. The study was approved by the Animal
Research Committee of Southwest Medical University (No.
20211115e010).

C57BL/6J mice were intraperitoneally injected with isoproter-
enol (ISO, 5 mg/kg, MCE. No. 51-30-9) per day for 14 consecutive
days, and the control group was given the same amount of normal
saline. The prepared ZL capsule extract was dissolved in normal
saline according to the dose of 2 ml/100g (crude material content:
Supplier Cat no. Clone no.

Santa Cruz sc-32251 1A4
abcam ab34710 Polyclonal
Proteintech 22734-1-AP Polyclonal
BD Biosciences 553370 MEC 13.3
Proteintech 20886-1-AP Polyclonal
Bioss Bs-8481R Polyclonal
Proteintech 65104-1-Ig Polyclonal
Proteintech 16806e1-AP Polyclonal
BioLegend 504,512 MP5-20F3
Proteintech 66148-1-Ig Polyclonal
abcam ab150121 Polyclonal
abcam ab150081 Polyclonal
abcam ab150114 Polyclonal
Beyotime A0453 Polyclonal
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1.4 g/kg), and the mice in the treatment group were given drug
intervention by gavage, and the mice in the model group were
given the same volume of normal saline. The model group were
gavaged the same volume of physiological saline. The mice were
killed on the 15th day to get the heart tissue of the mice.
2.5. Echocardiography

We performed echocardiography experiments to assess cardiac
function in mice 4h after the end of the last drug administration of
the animals, the mice were anesthetized by isoflurane inhalation
and were further placed in a pure oxygen induction chamber
containing 1.5e2% isoflurane. Heart rate parameters were recorded
by MyLab Sigma VET, the ejection fraction (EF%) and short stroke
fraction (FS%) in bidimensional mode were calculated while the left
ventricular end-diastolic diameter (LVEDd) and left ventricular
end-systolic diameter (LVESd) were measured in M-mode. All
experimental protocols have been reported to be expensive in
previous studies.32,33
2.6. Histopathological examinations

The fresh heart tissue was cut into three parts, one part was
soaked in 4% paraformaldehyde, one part was embedded in optimal
cutting temperature (OCT) gel and frozen in liquid nitrogen while
the rest was used for flow cytometry. We fixed the tissue with 4%
paraformaldehyde to maintain the inherent cellular morphology
and structure of the tissue, and de-embedded the fresh tissue with
OCT gel and then flash frozen in liquid nitrogen to maintain the
antigen activity of the tissue for later immunofluorescence staining.
After soaking in 4% paraformaldehyde for 72 h, we used increasing
concentrations of ethanol for tissue dehydration and decreasing
concentrations of ethanol for rehydrating paraffin sections before
pathological staining. The paraffin sections were stained with
Hematoxylin-Eosin (H&E), Masson's trichrome and Sirius red to
evaluate the improvement of myocardial fibrosis. HE staining was
used to determine the improvement of cardiac tissue structure by
ZL capsule, and Sirius Red and Masson staining were used to
determine the improvement of collagen deposition in the heart
after treatment with ZL capsule.34
2.7. Immunochemistry

The antigen retrieval was performed by microwave after
deparaffinization. The endogenous peroxidase was blocked with
the endogenous peroxidase blocker (3% H2O2 solution). Bovine
serum albumin was used to block the paraffin slices before an
overnight antibody incubation. Incubation with enzyme-labeled
secondary antibodies was performed to show the specific binding
of the first antibody, and positive staining was observed with the
DAB substrate kit.35
2.8. Immunofluorescent staining of cardiac tissue slides

For the immunofluorescence staining assay, frozen myocardial
tissue was cut into 4 mm sections and soaked in 4% para-
formaldehyde. Slides were firstly fixed with 5% goat serum and
treated with the primary antibody for an overnight incubation at
4 �C. Followed by rinsing with PBS, the slides were then incubated
with secondary antibody for 1 h. Finally, the sections were coun-
terstained with DAPI, washed with PBS and stored in 20% glycerol
before imaging.36
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2.9. Flow cytometry

Collagenase type IX (125 U/mL), collagenase IS (450 U/mL), or
hyaluronidase IS (60 U/mL) were used to dissect the mouse heart in
a 20 mM HEPES-PBS buffer. Cardiomyocyte suspensions were
stained with the designated monoclonal antibodies or an isotype
control before being counted using Z2 cytometry beads (Beckman
Coulter) (bilegend). LSRFortessa (BD) was used to capture the data
and FlowJo software was used to analyze the results (TreeStar).37

2.10. Statistical analysis

GraphPad Prism 9 was used for data analysis. The mean and
standard deviation of all data was displayed. Using a two-tailed t-
test, statistical analysis of differences between two groups was
carried out. P values less than 0.05 and 0.01 were considered sig-
nificant and very significant, respectively, which were noted as
*p < 0.05 and **p < 0.01 individually.

3. Results

3.1. Dysfunction of EC was induced during MF

Prior to experiments, we analyzed a published scRNA-Seq
dataset of heart cells38 and found that the S100a4þPecam1þ/
Aifm2þPecam1þ(CD31 official name: Pecam1; FSP1 official name:
S100a4/Aifm2) endothelial subpopulationwas increased duringMF
(Fig. 1A and B), indicating that EndMT is closely associated with MF.
In the same published public data set, we also analyzed the antigen
extraction ability of EC and observed an increase in the number of
Hla2þPecam1þ EC subsets, and the activation of CD4þTcell was also
enhanced (Fig. 1C and D). These data demonstrated that EC
dysfunction plays an important role in MF.

3.2. Qualitative compound identification of ZL capsule and target
prediction of the active compounds

After the chromatographic conditions were optimized, UPLC-
HR-MS was used for compound identification in ZL capsule, and
the chromatograms were obtained (Fig. 2A). Twelve compounds
including astragaloside A, astragaloside I, astragaloside II, astraga-
loside III, chlorogenic acid, L-epicatechin, calycosin, wogonin, for-
mononetin, calycosin-7-glucoside, salidroside and ononin were
confirmed in ZL capsule by standards (Fig. 2BeC). Through the
further target analysis of the active components in ZL capsule, we
found that eight targets were closely related to EC dysfunction
(Fig. 2D), suggesting that ZL capsule has the potential to ameliorate
EC dysfunction.

3.3. The successful establishment of ISO-induced MF mouse model

To further analyze the effect of ZL capsule on the improvement
of EC dysfunction during MF, a mouse model of ISO-induced
myocardial injury mimicking MF was used. To establish the
model, C57BL/6 mice were injected with ISO (5 mg/kg) for 14
continuous days (Fig. 3A). Due to abnormal MF markers induced by
ISO, the extent of fibrosis was evaluated by routine pathological
staining and quantitative related fibrosis markers, providing reli-
able morphological and biochemical data. H&E, Sirius red and
Masson staining showed a significant increase in ISO-induced
myocardial injury and fibrosis (Fig. 3B). To further assess the de-
gree of fibrosis, the expression of a-SMA and collagen-I/III were
assessed by immunohistochemical staining in the heart tissue.
These data showed that the expression of collagen I/III was strongly
positive, high, and spread widely throughout the fibrotic tissue



Fig. 1. Dysfunction of EC was induced during myocardial fibrosis
(A, B) UMAP showing the expression of CD31 and a-SMA/FSP1 in different pathologies. (C) Quantitative changes of CD31þHLA2þ cell subsets between diseased and normal groups,
as determined by single-cell sequencing. (D) Quantification of the frequencies of CD4þT cell in two different groups. All of the results are shown as the mean ± S.D.; *P < 0.05;
**P < 0.01.
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(Fig. 3C and D), demonstrating the successful establishment of MF
model.
44
3.4. The misexpression of EndMT and endothelial MHC-II antigen
presentation to T cells are aggravative during MF

To further determine the role of EC in the process of MF, we
performed immunofluorescence staining for evaluating the
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Fig. 3. The establishment of ISO-induced MF mouse model was successful.
(A) Process of establishing the present model of mouse myocardium. (B) Histological analysis of myocardial fibrosis. H&E, Sirius Red, and Masson staining results of cardiac tissue
(n ¼ 4). Scale bars: 200 mm. (C) Immunohistochemical and immunofluorescence analyses of markers (a-SMA, collagen-I, and collagen-III) related to fibrosis (n ¼ 4). Scale bars:
100 mm. (D) Quantification of relative proportion of a-SMA, collagen-I, and collagen-III cells per visual field for sham and ISO-model (n ¼ 4). All of the results are shown as the
mean ± S.D.; *P < 0.05; **P < 0.01.
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condition of EndMT and MHC-II. Immunofluorescence analysis of
the EC marker CD31 revealed a significant increase in angiogenesis
and EndMT in equivalently induced MF (as evidenced by the co-
localization of CD31 and the fibroblast marker a-SMA/FSP1 in
Fig. 2. Qualitative UPLC-HR-MS analysis of ZL capsule
(A) UPLC-HR-MS chromatogram of ZL capsule in negative ion mode. (BeC) UPLC-HR-MS chr
(3), calycosin-7-glucoside (4), ononin (5), calycosin (6), formononetin (7), astragaloside A (8
Discovery of the eight targets of ZL capsule that are closely related to EC dysfunction.
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Fig. 4AeC). Consistently, CD31þ endothelial MHC-II expression was
increased in the MF model (Fig. 4D, F). MHC-mediated peptide
presentation is essential for adaptive myocardial inflammation
because it governs the activation of T cells. Therefore,
omatogram of 12 standards, namely, salidroside (1), chlorogenic acid (2), L-epicatechin
), astragaloside III (9), wogonin (10), astragaloside II (11), and astragaloside I (12). (D)



Fig. 4. Degree of EndMT and the extent of endothelial MHC-II antigen presentation to T cell are enhanced during myocardial fibrosis.
(A) Co-staining of ISO-model or control myocardial sections for the EC marker CD31 and the mesenchymal marker a-SMA (n ¼ 4). Scale bars: 100 mm. (B) Co-staining of ISO-model
or control myocardial sections for CD31 and the mesenchymal marker FSP1 (n ¼ 4). Scale bars: 100 mm. (C) Quantification of the numbers of CD31þa-SMAþ and CD31þFSP1þ

double-positive cells per visual field. (D) Co-staining of ISO-model or control myocardial sections for CD31 and the MHC class II marker MHC-II (n ¼ 4). Scale bars: 100 mm. (E)
Immunofluorescent staining against CD4 (green) (n ¼ 4). Scale bars: 100 mm. (F) Quantification of the numbers of CD31þ MHC-II þ and CD4þ positive cells per visual field. (G)
Immunofluorescent staining against IL-1, IL-6, and IL-17 and counterstaining with DAPI (blue: nuclei) in mouse control and ISO-model myocardial sections (n ¼ 4). Scale bars:
100 mm. (H) Quantification of (G) on mouse myocardial sections from the control and ISO-induced myocardial fibrosis mice. All of the results are shown as the mean ± S.D.;
*P < 0.05; **P < 0.01.
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immunofluorescence was used to detect myocardial CD4þT cell in
each group. The results showed that the number of CD4þT cell in
MF mice induced by ISO was significantly increased (Fig. 4E).
Furthermore, we measured the inflammatory response during the
process of MF, and the immunofluorescence staining results
showed that the expression of IL-1, IL-6, and IL-17 increased
(Fig. 4GeH). Taken together, these results suggest that EC
dysfunction is a dangerous risk during MF.
3.5. ZL capsule attenuates ISO-induced cardiac dysfunction in
mouse models

MyLab Sigma VET is a kind of experimental small animal ul-
trasound imaging equipment with high frequency and high reso-
lution. Compared with conventional pathological diagnostic
techniques for evaluating myocardial fibrosis, MyLab Sigma Vet has
the advantage of real-time dynamic monitoring of small animal
cardiac function, and has been widely used in the evaluation of the
efficacy of anti-myocardial fibrosis drugs. Echocardiography further
demonstrated that the MFmice model was successfully established
and the cardiac function of the ZL capsule-treated MF mice was
improved (Fig. 5A and B). After treatment, left ventricular systolic
function was measured by quantitative EF% and FS%. In addition, to
further evaluate the degree of fibrosis and the effect of the ZL
capsule, LVEDd and LVESd was measured. These results confirmed
that ZL capsule can impair cardiac function and improve stress
tolerance in ISO-induced heart failure.
Fig. 5. ZL capsule improves ISO-induced cardiac dysfunction.
(A) Representative images of echocardiography. (B) Echocardiographic assessment of EF%, FS
All of the results are shown as the mean ± S.D.; *P < 0.05; **P < 0.01.
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3.6. ZL capsule attenuates the symptoms of MF

In the ISO-induced MF model, MF was improved in the ZL
capsule-treated group. Staining with H&E and Sirius Red showed a
significant reduction in MF after administration of ZL capsule.
Deposition of a-SMA and collagen-I/III were also reduced in the
group of ZL capsule-treated mice (Fig. 6A and B). As mentioned
above, these findings suggest that ZL capsule can inhibit collagen
deposition and attenuate the symptoms of MF.

3.7. ZL capsule dampens EndMT and endothelial MHC-II antigen
presentation to improve MF

To further analyze the effect of ZL capsule on EC dysfunction, the
related indexes of pathological vascular remodeling in myocardial
tissues were stained. Immunofluorescence staining showed that
the co-staining of a-SMA/FSP1- and CD31-positive area in the
myocardium of treated mice were reduced (Fig. 7AeC). At the same
time, we also observed that ZL capsule significantly reduced the
expression of MHC-II on EC (Fig. 7DeF). These results provided
solid evidence that ZL capsule could improve MF by preventing EC
dysfunction.

3.8. ZL capsule reduces CD4þT cell response and inflammation
during MF

It was previously reported that MHC-II levels were correlated
with the level of CD4þT cell responses.14 In this study, we counted
%, LVESd, and LVEDd by quantification to evaluate the impaired cardiac function (n ¼ 4).



Fig. 6. ZL capsule improved myocardial structure and reduced collagen deposition.
(A, B) ZL capsule attenuates a series of symptoms after ISO-induced myocardial fibrosis. H&E, Sirius Red staining (Scale bar: 200 mm) and immunohistochemistry against a-SMA and
immunofluorescence of collagen-I/III were performed and quantified in mouse myocardial sections (n ¼ 4). Scale bar: 100 mm. All of the results are shown as the mean ± S.D.;
*P < 0.05; **P < 0.01.
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the number of CD4þT cell and observed a significant reduction in
CD4þT cell counts in the ZL capsule-treated group compared with
the control group (Fig. 8AeC), which was consistent with previous
reported results.14 The inflammatory response (IL-1, IL-6, IL-17)
mediated by CD4þT cell was improved after CD4þT cell was
inhibited (Fig. 8D and E). Collectively, these data showed that ZL
capsule can significantly improve the inflammatory response
mediated by EC dysfunction.
4. Discussion

MF is known to play a key role in the pathogenic remodeling of
myocardial ischemia, hypertension, and heart failure.39 EC
dysfunction mediated myofibrotic cell activation and inflammatory
response are important factors that aggravate the formation of
myocardial fibrogenesis during cardiac remodeling.40 In this study,
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we proved that ZL capsule could ameliorate MF by ameliorating EC
dysfunction in an ISO-induced mouse model of MF. As far as we
know, it was firstly confirmed that ZL capsule has the potential to
be an anti-fibrotic drug by improving EC dysfunction (Fig. 9).

A large number of basic and clinical studies have proven that ZL
capsule has a positive effect on CVDs.22,25 Our previous study
showed that ZL capsule has protective effects on CVDs in a dose
dependent manner.25 In this study, we used echocardiography to
systematically evaluate the improvement of ZL capsule on the
cardiac function in mice. The results showed that ZL capsule
significantly increased the myocardial EF% and FS% of ISO-induced
mice, and obviously reduced LVEDd and LVESd. It was further
confirmed that ZL capsule could improve the cardiac function of
mice at the animal level. Consequently, treatment with ZL capsule
can significantly enhance the cardiac function of mice and reduce
the symptoms of MF.



Fig. 7. ZL capsule can inhibit EndMT and the expression of MHC-II of EC.
(AeC) Co-staining of sections from the ISO-induced myocardial fibrosis model for the EC marker CD31 and the mesenchymal markers a-SMA and FSP1, and quantification of the
numbers of CD31þa-SMAþ and CD31þFSP1þ double-positive cells per visual field. (DeE) Co-staining of CD31 and the MHC class-II markers MHC-II, and quantification of the
numbers of CD31þ MHC-IIþ double-positive cells per visual field. Scale bar: 100 mm. All of the results are shown as the mean ± S.D.; *P < 0.05; **P < 0.01.
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The key features of fibrosis are increased collagen content, and
the arrangement of the collagen fibers becomes disordered. The
accumulation of collagen fibers in the heart is one of the main
manifestations of MF, the presence of a collagen scar increases
stiffness of the myocardial tissue and reduces the ability of the
heart to contract.41 Therefore, reducing the excessive deposition of
collagen is an important goal for the treatment of MF. In this study,
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in order to systematically evaluate the effect of ZL capsule on MF,
routine pathological staining and immunohistochemical staining
were performed on mouse myocardial tissues. H&E staining results
showed that after ZL capsule treatment, the original disordered
heart tissue structure of the MF mice became orderly. Sirius red,
Masson's trichrome, and immunohistochemical staining showed
that ZL capsule reduced collagen production during fibrosis



Fig. 8. ZL capsule inhibited the action of CD4þT cell and inflammatory reaction during myocardial fibrosis.
(A) Flow cytometric analysis of the percentage of CD4þT cell in cardiac muscle tissues from the indicated experimental groups. (B, C) Immunofluorescent staining and quantification
of CD4þ (red) T cell in mice after treatment with ZL capsule (n ¼ 4). Scale bar: 100 mm. (D, E) Immunofluorescent staining and quantification of the number of IL-1þ, IL-6þ, and IL-17þ

positive cells per visual field in mouse myocardium (n ¼ 4). All of the results are shown as the mean ± S.D.; *P < 0.05; **P < 0.01.
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Fig. 9. Schematic showing the complex mechanism of ZL capsule for reducing MF. Note 1. ZL capsule can inhibit the activation of myofibroblast cells by inhibiting EndMT, thereby
reducing collagen deposition to improve myocardial fibrosis. Note 2. ZL capsule can attenuate the inflammatory response during fibrosis by intervening the activation of CD4þT cells
mediated by EC.

Table 3
The final results of this study.

Zhilong Huoxue Tongyu capsule alleviates myocardial fibrosis by improving endothelial cell dysfunction

Section1: Dysfunction of EC was induced during MF Section2: Qualitative compound identification of ZL capsule and target prediction of the
active compounds

Section3: The successful establishment of ISO-induced MF mouse model Section4: The misexpression of EndMT and endothelial MHC-II antigen presentation to T
cells are aggravative during MF

Section5: ZL capsule attenuates ISO-induced cardiac dysfunction in mouse
models

Section6: ZL capsule attenuates the symptoms of MF

Section7: ZL capsule dampens EndMT and endothelial MHC-II antigen
presentation to improve MF

Section8: ZL capsule reduces CD4þT cell response and inflammation during MF
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formation. The above experimental results indicated that ZL
capsule had a positive effect on inhibiting the excessive deposition
of collagen and improving the myocardial tissue structure during
cardiac remodeling.

Previous research has demonstrated that EC has a variety of
impacts on the production of fibrosis and the healing of myocardial
tissue during cardiac remodeling.42 The primary process causing
angiogenesis, which is crucial for myocardial healing during
myocardial infarction, is the clonal growth of resident cardiac EC.43

Under constant pressure, EC will transform and lose their normal
function, turning into a group of dangerous cell subsets that stim-
ulate inflammation to continuously increase collagen-I deposition
and promote the development of fibrosis symptoms.44 The niche
formed by EC plays a guiding role in collagen deposition during
fibrosis.45 In our research, we focus on the alleviation effects of ZL
capsule on EC dysfunction during MF. According to the results, ZL
capsule interferes with EC dysfunction in many ways, among
which, it has a better inhibitory effect on EndMT. The number of
myofibrotic cells and collagen production were observed to be
dramatically reduced during the fibrosis process in mice treated
with ZL capsule, indicating that ZL capsule could directly reduce
collagen synthesis by mediating the transformation of EC into
myofibrotic cells. We also evaluated the influence of ZL capsule on
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other functions of EC, and the results showed that ZL capsule also
had a beneficial effect on improving EC-mediated inflammatory
response via inhibiting the expression of EC MHC complex, pre-
venting CD4þT cell activation and reducing the inflammatory
response during fibrosis (Table 3).

EC dysfunction can promote fibrosis in many aspects. In addition
to EndMT and EC mediated inflammation, exosomes secreted by EC
and vascular thinning and vascular senescence induced by EC are
also important factors for participating in the formation of
fibrosis.46,47 Therefore, ameliorating EC dysfunction to alleviate MF
symptoms may be an ideal treatment for CVDs. In the future,
whether ZL capsule can improve other aspects of EC dysfunction
remains to be further investigated.
5. Conclusion

The ZL capsule is a well-known traditional Chinese herbal
remedy for CVDs. The present study clarified the mechanisms of ZL
capsule for improving CVDs using in vivo ISO-induced MF model.
We further demonstrated that ZL capsule can inhibit EndMT and
block the inflammatory response mediated by endothelial antigen
presentation to improve fibrosis. Taken together, these findings
provide a new clue to exploit the TCM formula ZL capsule for its
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potential therapeutic utilization in MF.
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