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Myocardial infarction or pressure overload leads to cardiac fibrosis, the leading cause
of heart failure. ADAMTS8 (A disintegrin and metalloproteinase with thrombospondin
motifs 8) has been reported to be involved in many fibrosis-related diseases. However, the
specific role of ADAMTSS8 in cardiac fibrosis caused by myocardial infarction or pressure
overload is yet unclear. The present study aimed to explore the function of ADAMTS8
in cardiac fibrosis and its underlying mechanism. ADAMTS8 expression was significantly
increased in patients with dilated cardiomyopathy; its expression myocardial infarction
and TAC rat models was also increased, accompanied by increased expression of a-SMA
and Collagen1. Adenovirus-mediated overexpression of ADAMTSS through cardiac in
Situ injection aggravated cardiac fibrosis and impaired cardiac function in the myocardial
infarction rat model. Furthermore, in vitro studies revealed that ADAMTS8 promoted the
activation of cardiac fibroblasts; ADAMTSS8 acted as a paracrine mediator allowing for
cardiomyocytes and fibroblasts to communicate indirectly. Our findings showed that
ADAMTSS8 could damage the mitochondrial function of cardiac fibroblasts and then
activate the PIBK-Akt pathway and MAPK pathways, promoting up-regulation of YAP
expression, with EGFR upstream of this pathway. This study systematically revealed the
pro-fibrosis effect of ADAMTSS in cardiac fibrosis and explored its potential role as a
therapeutic target for the treatment of cardiac fibrosis and heart failure.

Keywords: ADAMTSS, cardiac fibrosis, heart failure, myofibroblast, EGFR pathway

INTRODUCTION

Heart failure is an increasingly concerning public health problem with alarming morbidity and
mortality, and cardiac fibrosis remains the main pathological outcome of heart failure (1). The
prominent features of cardiac fibrosis are excessive remodeling and accumulation of extracellular
matrix (ECM) (2). Replacement fibrosis in research animal models is typically established by
myocardial infarction and the reactive fibrosis is induced by the pressure load model (3).
When injury or pressure overload occurs, cardiac fibroblasts differentiate into highly specialized
myofibroblasts, increasing the production/secretion of fibrous collagen, stromal cell proteins, and
the expression of a-smooth muscle actin (a-SMA, ACTA2 gene) to cope with injury or stress
(4). Additionally, the development of cardiac fibrosis is also controlled by the myocyte-fibroblast
communication (5). Appropriate fibrotic response contributes to tissue repair. However, excessive
fibrosis caused by continuous activation of myofibroblasts can lead to a gradual decrease in tissue
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compliance, reduced nutrient and oxygen delivery, and increased
myocardial atrophy and cell death, leading to progressive left
ventricular dilation and dysfunction (6-8). A recent study
showed that ablation of myofibroblasts under chronic stress
has cardioprotective effects; eliminating the stress stimulus
after activation of myofibroblasts permitted these cells to
restore to a quiescent state, indicating that myofibroblasts
could be a potential target to reduce fibrosis and lessen
the severity of disease (9). Therefore, the present study
investigated the molecular mechanism of the activation and
maintenance of cardiac fibroblasts to find a new method for heart
failure treatment.

ADAMTS family proteins (ADAMTS) are similar in
structure and function to metalloproteinases (ADAM) (10).
The main difference is that ADAM is a membrane-anchored
protein, while ADAMTS is a secreted protease that binds
to the extracellular matrix (ECM) (11). Recent reports
indicated that certain ADAMTSs play an important role
in regulating cell proliferation, adhesion, migration and
intracellular signal transduction (10, 11). In the transverse
aortic constriction (TAC) model, the ADAMTSI6 expression
level was increased and its overexpression in vitro activated
fibroblasts (12). In the pressure overload mouse model,
ADAMTS2 was upregulated during cardiac hypertrophy
(13). Many studies have described the important role of
ADAMTSs in cardiac fibrosis and heart failure, specifically
ADAMTSS playing a key role in cardiovascular disease (14).
ADAMTS8 promoted the development of pulmonary arterial
hypertension (PH) and right ventricular failure and the
proliferation of PASMCs, ECM remodeling, and endothelial
dysfunction in an autocrine/paracrine manner (15). Besides,
Badshah et al. discovered that ADAMTS8 was upregulated
in linear morphoea and normal fibroblasts transfected
with ADAMTS8 overexpression plasmid differentiated into
myofibroblasts (16). However, the effect of ADAMTS8 in
myocardial fibrosis has not been thoroughly investigated.
Therefore, this study aimed to explore the effect and
mechanism of ADAMTSS8 in myocardial fibrosis after injury
or stress.

MATERIALS AND METHODS

Human Heart Tissue

Heart tissue with severe fibrosis was collected from
patients with DCM who underwent surgery at Xinhua
Hospital. Normal heart tissue was derived from
donors who died of brain death. After obtaining the
patient’s left ventricular tissue, one part was used for
protein extraction, and the other part was fixed for
immunofluorescence staining.

Abbreviations: ADAMTS8, A disintegrin and metalloproteinase with
thrombospondin motifs 8; CFs, Cardiac fibroblasts; TAC, Transverse aortic
constriction; ECM, Extracellular matrix; MI, Myocardial infarction; DCM, Dilated
cardiomyopathy; LAD, Left anterior descending; PASMC, Pulmonary artery
smooth muscle cell; EF, Ejection fraction; a-SMA, Alpha smooth muscle actin;
EGFR, Epidermal growth factor; CM, Conditioned Medium.

Animal Studies

Male Sprague-Dawley rats used for the study were purchased
from Jihui Laboratory Animal Breeding Co., Ltd. (Shanghai,
China). The myocardial infarction (MI) model was established
in rats via permanent ligation of the left anterior descending
branch of the coronary artery as previously described (17).
After administrating anesthesia by intraperitoneal injection of
3% sodium pentobarbital at 50 mg/kg of rat body weight,
the rats were fixed on a pad, and the chest was shaved
and disinfected. The rats were then intubated and ventilated
with a positive pressure artificial respirator (tidal volume 7-
8 mL, respiratory rate 80 breaths/min). The thoracotomy was
performed on the third and fourth intercostal spaces on the
left side of the rat sternum. Then, the left anterior descending
coronary artery was sutured with silk sutures 2-3 mm below
the root of the left atrial appendage. The anterior wall of
the heart immediately turned pale after ligation, proving that
the myocardial infarction model was successfully established.
Additionally, the pressure overload rat model was induced by
TAC as described previously (18). Briefly, Sprague-Dawley rats
were anesthetized with pentobarbital and placed on a ventilator.
A suprasternal incision was made to expose the aortic root,
and a tantalum clip with an ID of 0.58 mm was placed on the
ascending aorta. Animals in the sham operation group went
through a similar process without a clip insertion. Then, the
supraclavicular incision was closed, and the rat was returned to
the cage.

To determine whether ADAMTS8 promoted cardiac
fibrosis after myocardial infarction, after the establishment
of myocardial infarction model, the visibly ischemic zone
of the rat myocardium was injected with adenovirus-
mediated overexpression of ADAMTSS8 or the corresponding
control at 6.0 x 10'° vector genome per rat. Two weeks
later, another injection was given. The adenovirus with
ADAMTS8 overexpression was synthesized by Hanbio
Biotechnology, China.

Isolation and Culture of Primary Cardiac

Fibroblasts and Cardiomyocytes

Isolation and culture of cardiac fibroblasts and cardiomyocytes
were performed as described previously (19). The ventricles
were excised from SD rats of 2-day old, washed, cut into
pieces smaller than 1 mm?, and incubated overnight at 4°C
in D-Hanks’ balanced salt solution containing 0.5% trypsin.
The small pieces were then collected and further digested
by type-II collagenase (100 units/ml; Worthington, USA) for
40min at 37°C. The digestion was terminated with DMEM
(Gibco-Life) supplemented with 10% FBS, and the small
pieces were re-suspended by pipetting. The resulting cell
suspensions were filtered through a cellular sifter (200-mesh),
incubated in DMEM with 10% FBS for 70min. Cells in
suspension were removed and the remaining cells attached
to the bottom were collected, re-plated at a density of 3 to
5 x 105 cells/ml, and cultured in DMEM with 10% FBS,
100 units/ml penicillin, 100 pg/ml streptomycin, and 0.1 mM
bromodeoxyuridine (BrdU).
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Overexpression of ADAMTSS in Cardiac

Fibroblasts and Cardiomyocytes

Cardiac fibroblasts and cardiomyocytes were transfected
with adenovirus according to the manufacturer’s adenovirus
operating manual. The multiplicity of infection was about 70
pfu number/cell.

Small Interfering RNA Transfection

According to the product instructions of RiboBio,
the small interference targeting ADAMTS8 (sequence:
TAGGAGCAAGAG-ATTTGTA) was  transfected into

cardiomyocytes and fibroblasts. For transfection, cardiac
fibroblasts or cardiac myocytes were cultured to 60-80%
confluence. 100nM ADAMTS8-siRNA or scramble-siRNA
was delivered into cells by using Lipofectamine RNAIMAX
reagent (Life Technologies) according to the manufacturer’s
protocol (20).

Co-culture of Cardiac Myocytes and
Fibroblasts

One of the methods to co-culture cardiomyocytes was to plant
fibroblasts in inserts (8 pm pore size), and cardiomyocytes were
cultured in the bottom chamber of a 24-well culture plate and co-
cultured together. Another method was placing in insert (0.4 pm
pore size) in the wells to place the cardiomyocytes transfected
with overexpressed ADAMTS8 adenovirus or siRNA. Cardiac
fibroblasts were then cultured in the bottom chamber of a 6-well
culture plate and co-cultured together.

Transwell Migration, Scratch-Wound
Assay, and CCK-8 Assay

As described in the previous study, fibroblast migration was
observed by the transwell system and scratch-wound (21).
Cardiac fibroblasts were prepared at a concentration of 2.0 x
10°/ml with serum-free medium. Cardiomyocytes transfected
with overexpressed ADAMTS8 adenovirus or siRNA were then
cultured in the bottom chamber of a 24-well culture plate. An
insert (8 um pore size) was placed in the wells to place the cardiac
fibroblasts (100 pl). After cardiomyocytes and fibroblasts were
co-cultured for 24 h, the insert was removed into a new 24-well
culture plate containing PBS to remove unattached cells. Cardiac
fibroblasts were then fixed by 10% formalin for 15 min, stained
with 0.25% crystal violet for 15 min, rinsed again with sterile
water, and allowed to dry.

An in vitro scratch-wound assay was performed to evaluate
cell motility. Thus, cardiac fibroblasts were plated at a density
of 5 x 10°/well in six-well culture plates. Then, a single scratch
was made by a sterile 200 1 micropipette tip when cells reached
90% confluence and an insert (0.4 jLm pore size) was placed in the
wells to place the cardiomyocytes transfected with overexpressed
ADAMTS8 adenovirus or siRNA. After cardiomyocytes and
fibroblasts were co-cultured for 24 h, images of the bright field
were obtained separately.

For the CCK-8 method, Cardiac fibroblasts were plated in
96-well plates at a density of 5 x 10° cells/well. The cells were
exposed to conditioned medium (CM) for up to 48 h. Then, each

well was supplemented with 10 il CCK-8 and incubated at 37°C
for 2h. The optical density was measured at 450 nm and the
proliferation was calculated.

Preparation of Conditioned Medium
Cardiomyocytes ~ were  transfected  with ~ ADAMTSS8
overexpressing adenovirus or ADAMTS8-siRNA. After the
incubation period, the medium was collected as conditioned
medium (CM).

Reverse-Transcription Quantitative PCR

(aPCR)

Total RNA was extracted from cells using TRIzol (Takara). cDNA
was synthesized using with the PrimeScript™ RT Reagent Kit
(Takara) and quantitative PCR was performed using SYBR Green
(Takara). GAPDH was used as an internal control. The primer
sequences are shown in Table 1.

Western Blot Analysis

Protein was extracted from isolated cells and ventricular
tissue using RIPA lysis buffer (Beyotine, China) supplemented
with the protease and phosphatase inhibitor cocktail (MCE).
Proteins were separated on an 8-12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to polyvinylidene difluoride (PVDF) membranes. After being
blocked with 5% milk for 1h, the membranes were incubated
with primary antibodies at 4°C overnight. We used the
following antibodies: ADAMTS8 (Santa, sc-514717), a-SMA
(Abcam, ab32575), Collagenl (Abclonal, A1352), CTGF (Abcam,
ab6992), p-EGFR (Abcam, ab32578), EGFR (Abcam, ab52894),
p-ERK (Abclonal, AP0974), ERK (Abclonal, A4782), p-JNK
(Abclonal, AP0631), JNK (Abclonal, A4867), p-p38 (Abcam,
ab178867), p38 (Abclonal, A4771), p-AKT (Proteintech, 66444-
1-Ig), AKT (Proteintech, 10176-2-AP), p-YAP (Cell Signaling,
#4911), YAP (Cell Signaling, #14074), TAZ (Cell Signaling,
#4883), proliferating cell nuclear antigen (Santa, sc-56), p27kip1l
(Abclonal, A19095), dynamin-related protein 1 (DRP-1, Cell
Signaling, #8570, 1:500), phosphorylated DRP-1 at Ser616
(Cell Signaling, #4494), phosphorylated DRP-1 at Ser637
(Cell Signaling, #4467), GAPDH (Abcam, ab181602). Then
membranes were washed thoroughly and incubated with
horseradish peroxidase (HRP)-conjugated secondary antibodies
at room temperature for 1 h. Signals were revealed by enhanced
chemiluminescence ECL (Thermo Scientific) on an image-
capturer (Tanon 5200) and quantified by densitometry software
(Image-Pro Plus).

Histological Analysis and

Immunofluorescence Staining

Four weeks after MI or 8 weeks after TAC, rats were euthanized,
left ventricle tissues were fixed with phosphate-buffered 10%
formalin for 24h, and then the fixed tissues were paraffin
embedded and sliced into 4uM sections. The extent of
interstitial fibrosis was determined by PSR staining according to
the instructions. Immunofluorescence staining was performed
using antibodies against ADAMTS8 and vimentin according
to previously described methods (20). Quantification of the
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TABLE 1 | Primers sequences used for gRT-PCR.

Gene Forward primer Reverse primer
Norway rat ADAMTS8 CAGCGGCGGACTGTGGAATG GGCTTGGCATCCTCAGGTTTCAG
Norway rat Mfn1 CGTGGCAGCAGCAGAGAAGAG CCTCCTCCGTGACCTCCTTGATC
Norway rat Mfn2 TCCACAGCCATTGCCAGTTCAC CCGCACAGACACAGGAAGAAGG
Norway rat NOX4 ACTGCCTCCATCAAGCCAAGATTC CCAATGCCTCCAGCCACACAC

immunopositive area was carried out by means of Image-Pro
Plus 6.0.

Dihydroethidium Staining

The effect of ADAMTS8 on ROS generation was detected
by Dihydroethidium (DHE, BestBio, China). After 24h of
virus transfection, cardiac fibroblasts were preloaded with
DHE for 20min. After washing with PBS for three times,
DHE fluorescence images were obtained using a fluorescence
microscopy (LSM780).

Mebendazole Treatment in vitro

CFs were seeded in 10 cm dish or 6-well plate in DMEM with
10% FBS. CFs were allowed to adhere for 24 h, washed two times,
and starved in serum-free medium for 24 h. These quiescent cells
were then stimulated with mebendazole (5 mol/L, 0.5% DMSO)
or vehicle for 24 h (15).

Mebendazole Treatment in vivo

After 1 week of MI or TAC model, adult male Sprague-Dawley
rats (6 weeks of age, 150-170 g) male rats were randomized to be
treated with either mebendazole (1% DMSO, 25 mg/kg/day, i.p.)
or vehicle for 3 weeks (15). Age-matched control rats received
an equal volume of vehicle. Simple randomization method was
applied to categorize rats to each group. After the proposed
protocol, echocardiography was performed. All analyses were
carried out in a blinded manner.

Echocardiographic Measurements of the

Left Ventricle

On the 28th day, echocardiography was performed with
ultrasound instrument (Vivid7, GE Healthcare). Rats were
anesthetized by intraperitoneal injection of pentobarbital and
placed on a heating pad to maintain a body temperature of
37°C (22). M-mode tracing of the LV was obtained from
the parasternal long-axis view to measure LV end-diastolic
diameter (LVEDD) dimension and LV end-systolic diameter
(LVESD) dimension. Left ventricle fractional shortening (FS) was
calculated as (LVEDD - LVESD)/LVEDD x 100 and expressed
as percentage. Left ventricle ejection fraction was calculated as
following: LVEF (%) = [(LVEDD3 - LVESD3)/LVEDD3] x 100.

Data Analysis

All values are presented as mean = SEM of independent
experiments. Results were analyzed by an unpaired, two-tailed
Student t-test (two groups) or ANOVA (three or more groups)
followed by Bonferroni’s correction if needed. All of the statistical
tests were performed with the GraphPad Prism software version
5.0, and P < 0.05 was considered to be statistically significant.

RESULTS

ADAMTSS8 Expression Was Increased in
DCM Patients With Severe Cardiac Fibrosis

We compared ADAMTSS8 expression in normal hearts obtained
from healthy donors in traffic accidents and failing hearts
obtained from patients with dilated cardiomyopathy (DCM)
undergoing surgery. The characteristics of healthy controls and
patients with DCM were listed in the Supplementary Table 1.
Masson staining revealed severe cardiac fibrosis in the failing
hearts compared with normal hearts (Figures 1A,B). Western
blotting confirmed that the expression of ADAMTS8 was
increased in patients with heart failure, and the production of
a-SMA and type I collagen was also increased (Figures 1C,D).
Immunofluorescence showed that ADAMTSS8 and vimentin were
significantly increased in patients with heart failure (Figure 1E).

Increased ADAMTSS8 Expression Was
Associated With Cardiac Fibrosis in the Ml

Rat Model

To explore whether the expression of ADAMTSS8 was related to
cardiac fibrosis after myocardial infarction injury and pressure
overload, the MI and TAC-induced heart failure rat models
were used to represent the above two different cardiac fibrosis
responses. First, the successful modeling was confirmed by
Masson staining (Figure 2A). In the MI rat models, we detected
the spatial expression of ADAMTSS in the border zone of
the infarct and the remote area from the infarct by western
blot. The level of ADAMTSS increased in the border zone
on the 3rd day after MI, significantly increased on the 7th
day, peaked on the 14th day, and then decreased slightly
on the 28th day. However, ADAMTSS levels in the remote
area from the infarct did not change significantly throughout
28 days post-MI (Figure 2B). The expression of a-SMA and
collagel in the border zone gradually increased after myocardial
infarction (Figure 2C). The weak staining of ADAMTSS in the
remote area was examined by immunofluorescence analysis and
vimentin-positive fibroblasts were not detected in the remote
area (Figure 2D). However, the ADAMTSS staining was strongly
positive in the border zone in rats 28 days post-MI (Figure 2D).
Furthermore, we investigated the expression of ADAMTS8 in
cardiac fibroblasts and cardiomyocytes at different time points
after hypoxia exposure. ADAMTSS expression was increased
after 24h of hypoxia, remained elevated after 48h, and was
increased more significantly in cardiomyocytes (Figures 2E,F).
Collectively, the above results suggested that ADAMTSS8 cuold
be involved in myocardial infarction.
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ADAMTSS Expression Was Increased in the
TAC-Induced Cardiac Fibrosis Rat Models

Similar results to the MI rat model were obtained in the TAC-
induced cardiac fibrosis. Successful modeling was confirmed by
Sirius red and Masson staining (Figures 3A,B). The increased
expression of ADAMTS8 was examined by immunofluorescence
staining in hypertrophic myocardial tissues (Figure 3C).
Similarly, the western blot results showed increased expressions

of ADAMTSS, o-SMA, and collagenl in fibrotic hearts
(Figure 3D). At the same time, we detected the expression of
ADAMTSS in cardiomyocytes and cardiac fibroblasts stimulated
with Ang-II (1 uM); the protein expression of ADAMTSS8
was upregulated in these cells after Ang-II stimulation
(Figures 3E,F). Collectively, these results demonstrated that
increased ADAMTSS8 expression was related to cardiac fibrosis
in rats with cardiac injury or pressure overload.
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ADAMTSS8 Promoted Myofibroblast
Formation in vitro

In a previous study on the chronic hypoxia-induced pulmonary
hypertension model, the ADAMTS8-specific knockout mice of
cardiomyocytes had significantly less right ventricular fibrosis

than control mice (15). Our findings showed that the expression
changes of ADAMTSS in cardiac myocytes were more obvious
than in cardiac fibroblasts under hypoxia and angiotensin II
stimulation. Considering that cardiac fibrosis is mainly mediated
by the activation of resident cardiac fibroblasts and the main

Frontiers in Cardiovascular Medicine | www.frontiersin.org

6 February 2022 | Volume 9 | Article 797137


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Zha et al

ADAMTS8 Promotes Cardiac Fibrosis

>

Sham

Sirius Red

Masson

(¢

ADAMTSS8

Sham

TAC

D
Sham TAC
ADAMTSS | e —— s s | 98kDa
Collage1 | " W -~ | 140kDa
SMA | o gu» amw| 42kDa
GAPDH |emm @D @) @ 36kDa
E Cardiac myocytes
Ctrl Ang-TI
ADAMTSS | e | 98kDa
GAPDH | @) @B <N @B | 36kDa

TAC

Vimentin

(<2}
1

**

=

Fibrotic area size(%)

2_
0 T T
Sham TAC
Merge

4- ® Sham TAC
I —_—
Qg *kk
o 2 3 *%
S &
T O 21 *% ol
-a E £
= O
. = ﬂ ﬂ ﬂ
o
0 T T T
ADAMTS8 o-SMA Collagen1
F Cardiac Fibroblats

Ctrl Ang-II

ADAMTSS[ e e s s | 98kDa

GAPDH |eme ws» @0 @ 36/Da

FIGURE 3 | ADAMTSS expression was increased in the TAC-induced cardiac fibrosis rat model. (A,B) Representative Sirius Red and Masson staining images from a
sham heart and a TAC-induced heart (scale bar = 200 wm). (C) Immunofluorescence staining of ADAMTSS (green) and vimentin (red) in normal and TAC-induced rats
(scale bar = 100 wm). (D) ADAMTSS, a-SMA, and Collagen1 expressions in the sham group and TAC model group via western blotting and quantified according to

the immunoblots. (E,F) The ADAMTSS8 protein level in cardiac myocytes and cardiac fibroblasts treated with PBS or Ang-Il. Data were presented as mean + SEM. **P

< 0.01, **P < 0.001 vs. sham.

function of ADAMTS8 is to degrade the key components of
the extracellular matrix (23), we speculated that ADAMTS8
could be secreted by cardiomyocytes and then activated cardiac
fibroblasts by paracrine, thereby affecting cardiac fibrosis. To
confirm this hypothesis, we first explored whether ADAMTS8
affects fibroblasts. Three ADAMTS8-specific siRNAs were used
to transfect cardiac fibroblasts. After 48h of transfection, it

was confirmed that the si2 knockdown efficiency was the
highest by qPCR and western blot (Figure4A). We also
constructed an adenovirus with overexpressed ADAMTS8 (Ad-
ADAMTSS8) and a positive control adenovirus (Ad-v). Virus
transfection efficiency was verified by immunofluorescence and
WB (Figure 4B). Cultured cardiac fibroblasts from neonatal
rats were transfected with Ad-ADAMTS8 or si-ADAMTS8
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to further explore the role of ADAMTSS in cardiac fibrosis
and the underlying mechanisms. ADAMTS8 overexpression
promoted the differentiation of fibroblasts into myofibroblasts,
which was manifested by the increased expression of a-
SMA, collagenl and CTGF (Figure 4C). Conversely, ADAMTS8
knockdown inhibited myofibroblast activation (Figure 4D) and
the expression of a-SMA in the ADAMTS8-siRNA group was
significantly reduced compared with the scramble-siRNA group
by immunofluorescence staining. At the same time, treatment
with Ad-ADAMTS8 induced a remarkable elevation in «-
SMA expression compared with the Ad-v group, suggesting
that ADAMTSS8 could promote fibroblast to differentiate into
myofibroblasts (Figure 4E). These results provided evidence that
ADAMTS8 exacerbated cardiac fibrosis in vitro.

ADAMTSS8 Mediated the Interaction
Between Cardiomyocytes and Cardiac

Fibroblasts

Cardiomyocytes and fibroblasts are key cell types in the heart
that collaborate to regulate normal cardiac function and the
heart’s response to pathogenic stimuli (24). ADAMTSS, as a
paracrine mediator, has been reported to play a crucial role in
the interaction between pulmonary artery smooth muscle cells
(PASMCs) and pulmonary artery endothelial cells (PAECs) in
the development of pulmonary hypertension (PH) (15). The
expression of ADAMTS8 in cardiomyocytes increased more
obviously after hypoxia or by Ang-II or stimulation. The previous
study has shown that the ADAMTS8-specific knockout of mice
cardiomyocytes had significantly less right ventricular fibrosis
than the control mice. Thus, we next assessed the effects
of ADAMTSS cardiomyocyte-derived as a paracrine signaling
on cardiac fibroblasts. We co-cultured cardiac fibroblasts
with cardiomyocytes transfected with overexpressed ADAMTS8
adenovirus (Ad-ADAMTS8-Co) or siRNA (si-ADAMTSS8-Co).
As expected, the co-culture of cardiomyocytes transfected with
overexpressed ADAMTS8 adenovirus enhanced the migration
capability of the cardiac fibroblasts isolated from SD rats, but
si-ADAMTS8-Co inhibited fibroblasts migration (Figures 5A,B).
To confirm our findings, we prepared a conditioned medium
(CM) from cardiomyocytes transfected with Ad-ADAMTSS8 (Ad-
ADAMTSS8-CM) or si-ADAMTSS (si-ADAMTS8-CM) for a
CCKS8 assay. The results showed that cell proliferation was also
decreased in cardiac fibroblasts cultured with si-ADAMTS8-CM
compared with those cultured with control CM (Figure 5C).
Moreover, cardiac fibroblasts co-cultured with cardiomyocytes
transfected with overexpressed ADAMTS8 adenovirus increased
the expression of proliferating cell nuclear antigen (PCNA)
but decreased the expression of kip27 (an inhibitor of a
cyclin-dependent kinase). In contrast, the co-culture with si-
ADAMTS8-Co decreased the expression of PCNA and increased
the expression of p27Kipl of CFs (Figures5D,E). Hence,
these data suggested that the secretion of ADAMTSS from
cardiomyocytes might be associated with the interaction between
cardiomyocytes and cardiac fibroblasts in the development of
cardiac fibrosis.

ADAMTS8-Mediated Mitochondrial
Dysfunction in Cardiac Fibroblasts and
Activated Ros-Sensitive Pathways to
Regulate the Fibrotic Response

ADAMTSS8 promotes mitochondrion division in pulmonary
artery smooth muscle cells, resulting in increased ROS
production and cell proliferation (15). Recent studies have
shown an emerging role of reactive oxygen species (ROS) and
mitochondrial function in CF proliferation and activation.
Meanwhile, ROS production induced by mitochondrial fission
activates the phosphorylation of p38-MAPK to increase
proliferation and collagen production in rat cardiac fibroblasts
(25, 26). In lung fibroblasts, transcriptionally TGFp-induced
mitochondrial ROS generation resulted in increased NOX4
expression, which was considered to be a way to sustain the
elevated intracellular ROS levels to activate the PI3K-AKT
and MAPK signaling pathways (27). Therefore, we explored
whether the effect of ADAMTS8 on cardiac fibroblasts was
related to the balance between mitochondrial fission and
fusion in cells, thereby activating the PI3K-AKT and MAPK
signaling pathways. It is known that drpl is phosphorylated
at Ser637, which inhibits the division of mitochondria (28).
We found that the ADAMTSS8-siRNA treatment activated
drpl phosphorylation (Ser637) (Figure 6A). RT-PCR showed
that pro-fusion genes (Mfnl and Mfn2) were significantly
up-regulated in the si-ADAMTS8 group compared with the
SCR group (Figure 6B). Consistently with these findings,
the phosphorylation level of drpl at Ser637 was significantly
decreased by the overexpression of ADAMTS8 (Figure 6C).
Furthermore, ADAMTS8 overexpression increased NOX4
expression and ROS level (Figures 6D,E). To elucidate the
potential molecular mechanism of ADAMTSS8 on fibroblasts, we
analyzed whether ADAMTSS affected the PI3K-AKT and MAPK
signaling pathways which were mentioned above. Consistent
with previous studies (29, 30), the phosphorylation levels of
ERK1/2, JNK, and p38 were decreased in the si-ADAMTSS8
group, whereas all of them were significantly increased in
the ADAMTS8 overexpression group (Figure6F). At the
same time, the AKT signaling pathway was inhibited in the
si-ADAMTSS8 group, while it was significantly activated in
the ADAMTS8 overexpression group (Figure6G). Finally,
the effect of ADAMTSS8 on fibroblast activation was mostly
abolished by the MAPK pathway inhibitor SB203580 and the
AKT inhibitor LY294002 (Figure 6H). Collectively, these results
indicated that ADAMTSS8 is one possible mechanism of action
for mitochondrial dysfunction, which results in ROS-dependent
activation of the p38-MAPK and AKT pathways to increase
proliferation and collagen production in CFs.

ADAMTSS Activated YAP, and Inhibiting the
EGFR Expression Blocked the
ADAMTSS8-Induced YAP Activation in
Cultured Cardiac Fibroblasts

It is known that proteoglycans, which are crucial components
of ECM can be degraded by ADAMTS8 (23). ECM affects
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and western blotting. (B) The overexpression efficiency of ADAMTSS verified by fluorescence and Western blotting. (C,D) a-SMA, Collagen |, and CTGF levels in
cultured cardiac fibroblasts infected with ADAMTS8-overexpressing adenovirus or si-ADAMTS8 detected via western blotting. (E) Immunofluorescence for the
expression of a-SMA (red) and nuclei (DAPI: blue) (scale bar = 20 um). Data were presented as mean + SEM. *P < 0.05, *P < 0.01, **P < 0.001, and NS indicates

efficiency of three different interference sequences of ADAMTSS detected by gPCR

cellular behavior in physiological and pathological processes
and provides structural support. ECM can also release growth
factors locally, such as epidermal growth factor (EGF), which
can act as soluble ligands binding to EGFR. Thus, ECM
remodeling through proteolytic degradation can release these
growth factors, affecting cell proliferation and migration (31).

Furthermore, the ERK and PI3K-AKT pathways activated by
ADAMTSS are distinct effector pathways activated by EGFR
(32). Thus, we hypothesized that the fragments of ECM
proteins released by ADAMTS8 could act as soluble ligands
to interact with EGFR and then activate the ERK and PI3K
signaling pathways. Therefore, we co-cultured cardiac fibroblasts
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FIGURE 5 | ADAMTS8 mediated the interaction between cardiomyocytes and cardiac fibroblasts. (A) Wound repair assays to assess the migration ability of cardiac
fibroblasts co-cultured with cardiomyocytes transfected with ADAMTS8 overexpressing adenovirus (Ad-ADAMTS8-Co) or siRNA (si-ADAMTS8-Co). (B) Transwell
migration assay and quantification of migrated cardiac fibroblasts (scale bar = 50 pm). (C) Quantification by CCK-8 assay (n = 4 in each group). (D,E) p27kip1 and
PCNA levels in cardiac fibroblasts co-cultured with cardiomyocytes transfected with ADAMTSS8 overexpressing adenovirus (Ad-ADAMTS8-Co) or siRNA
(si-ADAMTS8-Co) detected via western blotting. Data were presented as mean + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 between the two indicated groups.

with cardiomyocytes transfected with overexpressed ADAMTS8  induced by ADAMTS8 were also significantly attenuated by
adenovirus (Ad-ADAMTS8-Co). The result showed that the  gefitinib pretreatment (Figure7C). These findings indicated
phosphorylation level of EGFR in fibroblasts was increased.  that the differentiation of fibroblasts into myofibroblasts by
At the same time, pretreatment with EGFR tyrosine kinase = ADAMTS8 was at least partially mediated by activating the EGFR
inhibitor gefitinib partly downregulated the ADAMTS8-induced  signaling pathway. Several studies in Drosophila and diabetic
p-Akt/Akt, p-ERK/ERK, p-JNK/JNK, and p-p38/p38 ratios  renal interstitial fibrogenesis have suggested that activating the
(Figures 7A,B). Increased a-SMA and collagel expressions  PI-3 kinase-Akt and MAPK pathways leads to YAP activation
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FIGURE 6 | ADAMTS8-mediated mitochondrial dysfunction in cardiac fibroblasts and activated ROS-sensitive pathways to regulate the fibrotic response. (A,C)
Representative Western blot of DRP-1 (p-drp1) phosphorylated at Ser637 and total drp1 (t-drp1) in cultured cardiac fibroblasts infected with si-ADAMTS8 or
ADAMTS8-overexpressing adenovirus. (B) Real-time polymerase chain reaction (RT-PCR) analyses of Mfn1 and Mfn2 mRNA in cultured cardiac fibroblasts infected
with si-ADAMTS8. Average expression values were normalized to GAPDH mRNA. (D) RT-PCR analyses of NOX4 mRNA in cultured cardiac fibroblasts infected with
ADAMTS8-overexpressing adenovirus average expression values were normalized to GAPDH mRNA. (E) Representative images of dihydroethidium (DHE) staining of
CFs infected with ADAMTS8-overexpressing adenovirus. (F,G) Activation of MAPK and AKT in cultured cardiac fibroblasts overexpressing ADAMTSS8 or
downregulating ADAMTS8 detected via western blotting. (H) Cultured cardiac fibroblasts infected with ADAMTS8 overexpressing adenovirus treated with the MAPK
pathway inhibitor SB203580 or AKT inhibitor LY294002 (25 uM) after quiescence, followed by analysis of the cell lysates with indicated antibodies. Data were
presented as mean + SEM. “P < 0.05, “*P < 0.01, and ***P < 0.001 between the two indicated groups.

(33, 34), and EGFR is the upstream of the two pathways. hypothesized that the activation of ERK and PI3K-Akt signals
At the same time, a study showed that cardiac fibrosis was  depended on EGFR, and their interaction was upstream of
attenuated by blockade of fibroblast YAP post-MI (35). Thus, we ~ YAP activation after ADAMTSS8 overexpression. As we expected,
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YAP expression and YAP phosphorylation at serine 127 (s127)
were upregulated and TAZ (another hippo signaling effector)
was downregulated in CFs co-cultured with cardiomyocytes
transfected with overexpressed ADAMTS8 adenovirus (Ad-
ADAMTS8-Co). Treatment with gefitinib (an EGFR tyrosine
kinase inhibitor) reversed the increased YAP expression and

YAP phosphorylation and decreased TAZ expression in CFs
(Figure 7D). Furthermore, we found that the upregulation of
collagen I and a-SMA in CFs co-cultured with cardiomyocytes
transfected with overexpressed ADAMTS8 adenovirus (Ad-
ADAMTS8-Co) was significantly inhibited by treatment with a
YAP inhibitor, verteporfin, suggesting that YAP was downstream
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FIGURE 8 | ADAMTSS8 overexpression promoted cardiac fibrosis and impaired cardiac function in vivo. (A-C) Representative pictures from Sirius red and Masson
staining and quantitative analysis of interstitial fibrotic area in the infarct border zone of Ad-v Sham, Ad-ADAMTS8 Sham, Ad-v MI, and Ad-ADAMTS8 Ml rats (scale
bar = 50 wm). (D) Representative M-mode images of Ad-v Sham, Ad-ADAMTS8 Sham, Ad-v MI, and Ad-ADAMTS8 MI groups; EF was quantified via
echocardiography. (E) Collage1 and a-SMA expression levels were quantified by western blotting. (F) Activation of the EGFR, MAPK, and AKT signaling pathways of a
rat model of M following adenovirus injection was detected via western blotting in vivo. Data were presented as mean + SEM. **P < 0.01, **P < 0.001, #P < 0.05,
##P < 0.01, and NS indicates no significance between the two indicated groups.

of the pathway mentioned above (Figure7E). At the same and YAP phosphorylation induced in cardiac fibroblasts co-
time, inhibiting MAPK with SB203580 or inhibiting PI3K  cultured with cardiomyocytes transfected with overexpressed
with LY294002 also inhibited the increased YAP expression = ADAMTSS8 adenovirus (Ad-ADAMTS8-Co) (Figure 7F). These
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FIGURE 9 | Mebendazole down-regulated ADAMTS8 and ameliorated cardiac fibrosis and heart failure. (A) Representative Western blots and quantification of
ADAMTSS in cardiac fibroblasts treated with mebendazole (5 mol/L) for 48 h (n = 3 each). (B) Representative Western blots and quantification of ADAMTS8, PCNA,
p27kip1, a-SMA, and Collage1 expression in CFs treated with or without Mebendazole (n = 3 each). (C) Representative Western blotting of ADAMTSS8, a-SMA, and
Collagen1 protein levels in the LVs of rats followed by treatment with vehicle or mebendazole for 14 days after Ml or TAC (n = 5 each). (D) Representative pictures
from Sirius red and Masson staining in the infarct border zone of rats followed by treatment with vehicle or mebendazole for 21 days after Mi(scale bar = 100 um).
(E,F) Representative M-mode echocardiograms obtained on 28th day post-MI. Cardiac function was measured by detecting EF%, FS%, LVDD, and LVSD post-MI.
Data were presented as mean + SEM. **P < 0.001, ##P < 0.01 and ###P < 0.001 between the two indicated groups.
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FIGURE 10 | lllustrating ADAMTS8-mediated activation of EGFR signaling pathway by hypoxia and Ang-Il stimulation.

results indicated that ADAMTS8 mediated YAP expression, and
EGFR was upstream.

ADAMTSS8 Overexpression Promoted
Cardiac Fibrosis and Impaired Cardiac

Function in vivo

To explore the role of ADAMTSS in cardiac fibrosis following
injury, after rats were subjected to LAD artery ligation,
we injected adenovirus carrying overexpressed ADAMTSS
and positive control adenovirus into the myocardium
at multiple locations around the infarct border zone
(Supplementary Figure 1A). The expression level of ADAMTS8
was detected by western blot 7 days after MI. The results
showed that ADAMTSS expression was significantly higher in
the MI-Ad-ADAMTSS8 group than that in the MI-Ad-v group
(Supplementary Figure 1B). The results of Sirius red staining
and Masson staining showed that overexpression of ADAMTS8
aggravated the degree of cardiac fibrosis (Figures 8A-C).

Echocardiography was performed to assess whether the cardiac
function was affected by ADAMTS8 overexpression. Compared
with the rats injected with positive control virus, the cardiac
function of the rats injected with overexpressed ADAMTSS8
adenovirus was significantly decreased after myocardial
infarction (Figure 8D). Consistent with the above results,
compared with the rats injected with control virus, the expression
levels of Collagel and a-SMA were higher in rats injected with
overexpressed ADAMTS8 adenovirus than rats injected with
control virus, indicating that ADAMTSS8 played a key role in
activating cardiac fibroblasts in vivo (Figure 8E). Additionally,
we examined the EGFR, MAPK, and AKT pathways in the
rat MI models and found that the phosphorylation levels of
EGFR, ERK, JNK, p-38, and AKT were significantly increased
in the ADAMTS8 overexpression MI group compared with the
scramble MI group (Figure 8F). In summary, the results above
suggested that overexpression of ADAMTS8 promoted cardiac
fibrosis and impaired cardiac function in vivo.
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Mebendazole Down-Regulates ADAMTSS
and Ameliorates Cardiac Fibrosis and

Heart Failure

It has been reported that mebendazole could suppress ADAMTS8
expression in the lung and right ventricle and ameliorates
pulmonary hypertension (15). Therefore, we explored whether
mebendazole could also inhibit cardiac fibrosis by inhibiting
ADAMTS8 expression. We found that mebendazole treatment
suppressed in vitro ADAMTSS expression in cardiac fibroblasts
under normoxic and hypoxic conditions. Mebendazole
also suppressed ADAMTS8 expression induced by Ang-II
(Figure 9A). Mebendazole treatment reduced the proliferation
of fibroblasts while inhibiting the transformation of fibroblasts
into myofibroblasts (Figure 9B). We then examined the effect
of mebendazole administration in the MI and TAC rat models.
The results showed that ADAMTS8 expression in the heart was
significantly attenuated by mebendazole treatment in the MI and
TAC rat models. In addition, the expression levels of a-SMA
and Collagel were greatly decreased concomitantly in the
TAC or MI surgery group receiving mebendazole (Figure 9C).
Mebendazole also significantly reduced interstitial fibrosis in
the infarct border zone at 28 days after myocardial infarction
(Figure 9D). Although LVEF and FS were both decreased at
28 days post-MI, the mebendazole treatment group showed a
less-dilated LV dimensions (LVEDD, LVESD) and significantly
less-deteriorated LV systolic function compared with the vehicle
treatment group (Figures 9E,F). These results demonstrate that
mebendazole suppressed ADAMTSS expression in the heart and
ameliorated cardiac fibrosis and heart failure.

Collectively, these results indicated the pivotal involvement of
ADAMTSS in the pathogenesis of cardiac fibrosis and revealed
that ADAMTS8 could be a useful target for preventing and
treating cardiac fibrosis (Figure 10).

DISCUSSION

The present study has made some major findings that can
be outlined as the following: (1) ADAMTSS8 expression was
increased in the MI rat model, cardiac fibrosis induced by
transverse aortic constriction (TAC), and patients with heart
failure, which were all accompanied by myofibroblast activation
and collagen fiber deposition in these diseases and models. (2)
EGEFR and related downstream signaling pathways were partially
activated by increased ADAMTSS secretion, thereby promoting
fibroblast activation in vitro. (3) ADAMTS8 overexpression
in vivo impaired cardiac function and promoted myocardial
fibrosis in the MI rat model. (4) Mebendazole treatment reduced
ADAMTS8 expression in the cardiac myocytes and fibroblasts
and ameliorated heart fibrosis. In conclusion, this study was the
first to systematically explore the role of ADAMTSS8 and reveal a
novel mechanism in cardiac fibrosis.

ADAMTSs are secreted proteins characterized by the presence
of an MMP domain and a variable number of TSP-1. It has been
reported that various ADAMTSs can regulate cell proliferation,
migration, adhesion and intracellular signal transduction (10,
11). For instance, ADAMTSI deficiency induces thoracic aortic

aneurysms and dissections in mice, while it is downregulated
in the aorta of patients with Marfan syndrome (36). Moreover,
it has been reported that ADAMTS?7 deficiency, a novel locus
for coronary artery disease in humans, suppressed neointimal
formation after wire injury in mice and downregulated the
migration of vascular smooth muscle cells (36). It is also
known that ADAMTSS8 plays a crucial role in antiangiogenic
responses. Unlike ADAMTS1 and 7, both ubiquitously expressed
in various tissues, ADAMTSS is specifically expressed in the
lung and the heart (14). Presently, only a few reports describe
the important role of ADAMTSs in cardiac fibrosis and
cardiac hypertrophy. In the transverse aortic constriction (TAC)
model, the expression of ADAMTS16 was enhanced, and its
overexpression in vitro could activate cardiac fibroblasts (12).
Another in vivo pressure overload mouse model showed that
ADAMTS2 was upregulated during cardiac hypertrophy (13).
ADAMTSS is associated with fibroblast activation and organ
fibrosis promotion in some diseases. For example, ADAMTS8
expression was significantly enhanced in pulmonary arterial
hypertension and linear morphoea, a connective tissue disease.
Many studies have reported that ADAMTS8 overexpression
induced normal fibroblasts to transform into myofibroblasts
(15, 16). In the pulmonary hypertension rat model induced by
the Sugen/hypoxia model, the levels of ADAMTSS in the lung
and RV were significantly elevated, and cardiomyocyte-specific
ADAMTS8 knockout mice showed significantly less RV fibrosis
than the control mice after chronic hypoxia (15). Considering
all the findings above, we hypothesized that the ADAMTS8
expression might also be associated with the development
of cardiac fibrosis. Here, our results provided evidence that
ADAMTSS expression was increased in the MI rat model, cardiac
fibrosis induced by transverse aortic constriction (TAC), and
DCM patients with severe cardiac fibrosis.

ADAMTS8 overexpression in MI rats impaired cardiac
function and promoted myocardial fibrosis at 28 days post-MI in
vivo. In vitro studies revealed that overexpression of ADAMTS8
promoted cardiac fibroblast transition into myofibroblasts and
induced cardiac fibroblast proliferation, migration and collagen
synthesis. Therefore, the combined findings in vivo and in
vitro indicated that the ADAMTS8 overexpression in the infarct
boundary zone after myocardial infarction was one of the
reasons for CFs enhancement, which lead to cardiac dysfunction
and remodeling after myocardial infarction. Thus, targeting
ADAMTSS8 might be a potential treatment for cardiac fibrosis.

Changes in the mitochondrial ROS (mtROS) generation
and oxidative phosphorylation are essential for myofibroblast
formation (37). In lung fibroblasts, TGFp-induced mitochondrial
ROS generation transcriptionally upregulated NOX4, potentially
as a mean to sustain elevated intracellular ROS levels to activate
the AKT and MAPK pathways (27). A study has reported
that the knockdown of NOX4 inhibited the induction of
SMA and FN-EDA via ERK1/2 signaling in the kidney (38).
Previous studies have shown that canonical Samd signaling
pathways and non-canonical signaling pathways such as MAPK
and PI3K/Akt are associated with cardiac fibrosis (39-41).
ADAMTSS8 knockdown in pulmonary artery smooth muscle
cells (PASMCs) showed significantly lower NADPH oxidase
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activity and ROS levels after hypoxia. ADAMTS8 cell-specific
knockout in the pulmonary artery smooth muscle of mice
had significantly lower pulmonary artery ROS levels than
control mice. ADAMTSS also regulated the balance between
mitochondrial fission and fusion in PASMCs (15). In vitro studies
demonstrated that ADAMTS8 enhanced NOX4-mediated ROS
production and CFs proliferation. Furthermore, ADAMTS8
knockdown in CFs significantly increased the phosphorylation
level of mitochondrial division-related protein, DRP-1, at Ser637.
Overexpression of ADAMTSS in fibroblasts activated AKT and
MAPK signaling pathways, and the activation of these pathways
was inhibited by ADAMTSS8 knockdown; the same results were
also proved in vivo.

Proteoglycans which are crucial components of ECM, can be
degraded by ADAMTS8 (23). ECM can sequester and locally
release growth factors, such as epidermal growth factor (EGF),
which can act as soluble ligands binding to EGFR, affecting
cell proliferation and migration (31). It is known that G-
protein coupled receptors induces EGFR transactivation, which
works through intracellular kinases such as disintegrin and
metalloproteases (ADAMs), cleaving EGFR ligands into soluble
active moieties that activate EGFR. This sequence leads to
the subsequent activation of downstream signaling pathways,
including the MAPK and Akt (32). In addition, the MAPK
and Akt signaling pathways dependent on EGFR have been
revealed to be involved in pulmonary and hepatic fibrosis, among
other organs fibrosis (42-44). Our study results indicated that
activating cardiac fibroblasts induced by ADAMTS8 is mediated
via activating the EGFR signaling pathway.

Several studies in Drosophila and diabetic renal interstitial
fibrogenesis have suggested that activation of the MAPK and
AKT pathways led to YAP activation (33, 34), and EGFR was the
upstream of these two pathways. Cardiac fibrosis was attenuated
by blockade of fibroblast YAP after myocardial infarction (35).
We found that YAP activation and subsequent phosphorylation
of YAP induced by ADAMTS8 overexpression were related
to cardiac fibrosis characterized by myofibroblast activation.
Inhibition of YAP significantly reversed ADAMTS8-induced
Collagel and a-SMA expression levels, revealing that ADAMTSS8
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