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Abstract: Endothelial-to-mesenchymal transition (EndMT) is involved in cardiac fibrosis induced by angiotensin
I (Ang Il). Adisintegrin and metalloproteinase 8 (ADAMS8), a member of ADAMSs family, participates in cell adhesion,
proteolysis and various signaling. However, its effects on the development of cardiac fibrosis remain completely
unknown. This study aimed to reveal whether ADAMB8 aggravates cardiac fibrosis induced by Ang Il in vivo and in
vitro. The C57BL/6J mice or cardiac endothelial cells were subjected to Ang Il infusion to induce fibrosis. The
results showed that systolic blood pressure and diastolic blood pressure were significantly increased under Ang I
infusion, and ADAMB8 was up-regulated. ADAMS inhibition attenuated Ang Il-induced cardiac dysfunction. ADAM8
knockdown suppressed Ang ll-induced cardiac fibrosis as evidenced by the down-regulation of CTGF, collagen I,
and collagen lll. In addition, the endothelial marker (VE-cadherin) was decreased, whilst mesenchymal markers
(a-SMA and FSP1) were increased following Ang Il infusion. However, ADAMS8 repression inhibited Ang II-induced
EndMT. Moreover, ADAMS silencing repressed the activation of TGF-B1/Smad2/Smad3 pathways. Consistent with
the results in vivo, we also found the inhibitory effects of ADAMS inhibition on EndMT in vitro. All data suggest that
ADAMS8 promotes Ang ll-induced cardiac fibrosis and EndMT via activating TGF-B1/Smad2/Smad3 pathways.
Key words: a disintegrin and metalloproteinase 8 (ADAMS), angiotensin Il, cardiac fibrosis, endothelial-mesenchymal
transition, TGF-B1/Smad2/Smad3 signaling

Introduction

Hypertension is one of the common cardiovascular
diseases with complicated pathological mechanism and
long treatment cycle, and it is difficult to cure [1]. Many
patients need to take anti-hypertensive drugs throughout
their lives. Hypertensive cardiovascular disease is an
organic heart disease formed by the long-term increase
of blood pressure, the augment of ventricular load, as
well as the compensatory left ventricular (LV) hypertro-
phy and dilation [2]. Previous studies have shown that

50% of heart failure is caused by high blood pressure
[3]. In addition, it may also be associated with coronary
heart disease, atrial fibrillation and other complications.

Studies report that using angiotensin II (Ang II) can
establish the hypertension model [4]. Growing evidence
indicates that Ang I1 is a pivotal regulator in hypertensive
cardiovascular disease [5]. Ang II up-regulates trans-
forming growth factor-beta 1 (TGF-B1) through its type
1 receptor inducing cardiomyocyte hypertrophy and
myofibroblast transformation [6]. Moreover, activation
of TGF-B1/Smad signaling plays a central role in the
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ANG II-INDUCED CARDIAC FIBROSIS

pathogenesis of hypertensive cardiac disease [7]. There-
fore, finding a target that can block Ang II [8] may open
our eyes to the treatment of hypertensive cardiovascular
disease.

Endothelial-to-mesenchymal transition (EndMT) is
involved in the development of cardiac fibrosis [9]. Dur-
ing this process, endothelial cells gradually lose the
adhesion between cells and endothelial characteristics,
which is manifested by the down-regulation of VE-
cadherin. Following, cells have acquired migration and
invasion properties, as evidenced by the up-regulation
of mesenchymal-specific markers, such as a-SMA, fi-
broblast-specific protein 1 (FSP1), and vimentin [10].
Improving endothelial function and inhibiting EnMT is
beneficial for improving hypertensive cardiovascular
disease induced by Ang IT [11].

A disintegrin and metalloproteinase 8 (ADAMS) be-
longs to the ADAMSs family and participates in cell adhe-
sion, proteolysis and various signaling pathways [12].
Studies have shown that elevated ADAMS expression
and soluble ADAMS (sADAMS) content in the blood
are associated with the occurrence of some cardiovas-
cular diseases [13, 14]. In addition, ADAMS can induce
epithelial-mesenchymal transition to facilitate the inva-
sion of colon cancer cells via TGF-/Smad2/3 signaling
pathway [15]. Moreover, its family members play an
important role in various fibrotic diseases. For instance,
ADAMI10 can accelerate pulmonary fibrosis [16].
ADAMI17 inhibition suppresses renal fibrosis [17].
Therefore, we speculate that ADAMS, as a member of
the same family, is likely to have similar functions. In
this study, we investigated the functional role and mech-
anism of ADAMS in Ang II-induced cardiac fibrosis in
vivo and in vitro.

Materials and Methods

Animal experiments

All animal studies were approved by the Institutional
Animal Use and Care Committee of Hebei General Hos-
pital. Male 8—10-week-old C57BL/6J mice were housed
at 22 + 1°C and 45-55% humidity for 1 week. During
this period, they were allowed access to food and water
ad libitum for adapting to the environment. The mice in
the Ang II group were treated with Ang II (Glbiochem,
Shanghai, China) at a dose of 1.5 mg/kg/day for 14 days
via subcutaneous infusion using osmotic minipumps
(Alzet, Cupertino, CA, USA). The mice in the control
(Con) group received saline infusion in the same way.
The mice in the Ang II + LV-shADAMS or Ang II +
LV-shNC group were treated with lentivirus-shRNA
targeting Adam$8 or negative control via tail vein injec-

tion prior to Ang Il administration. The mice were anes-
thetized to death by intraperitoneal injection of 200 mg/
kg pentobarbital sodium. The heart tissues and serum
were isolated for further experiments.

Blood pressure and echocardiography

Blood pressure was detected by using a noninvasive
tail cuff method (Non-invasive blood pressure system,
AlcBio, Shanghai, China) after Ang II infusion at 14th
day as previously described [18]. Cardiac function was
measured by echocardiography using ultrasound imaging
system (GE VOLUSON E§, Milwaukee, WI, USA) fol-
lowing Ang II infusion at 14th day. Left ventricular end-
systolic diameter (LVESD) and LV end-diastolic diam-
eter (LVEDD) were recorded. LV ejection fraction
(LVEF)% and LV fraction shortening (LVFS)% were
calculated using M-mode measurements.

Immunohistochemistry and Masson’s trichrome
stain

The cardiac tissues were fixed in 4% paraformalde-
hyde, subsequently embedded in paraffin. Following the
paraffin was sliced into 5 um, it was covered with xylene
for 15 min. After antigen retrieval, the sections were
added with 3% H,0,. The sections were incubated with
the anti-ADAMS (Proteintech, Wuhan, China) after
blocking with goat serum (Solarbio, Beijing, China) at
4°C overnight. The sections were washed with PBS fol-
lowed by incubation with horseradish peroxidase goat
anti-rabbit IgG (ThermoFisher, Waltham, MA, USA).
The sections were stained with hematoxylin (Solarbio).
The images were captured.

Masson’s trichrome stain was performed according to
manufacturer’s description (Leagence, Huaibei, China).
In brief, the 5 um section was stained with hematoxylin
for 6 min, subsequently, it was washed by water for 20
min. After staining with ponceaux, section was added
with 1% phosphomolybdic acid for 5 min. The section
was observed following aniline blue counterstaining.
The fibrotic area was analyzed.

ELISA

The serum was obtained via centrifuging at 1,000 g
for 20 min. The ELISA kit (Uscnk, Wuhan, China) was
applied to measure the content of ADAMS. The OD
value was examined at 450 nm via microplate reader
(BioTek, Winooski, VT, USA).

Endothelial cell isolation and culture

The tissues were sliced into 1-3 mm and treated with
0.05% trypsin and 0.05% type II collagenase following
incubation for 10 min at 37°C. After termination of di-
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gestion, the cell supernatant was removed through cen-
trifuging at 1,000 g for 10 min. After repeating twice,
the cells were resuspended in the DMEM (Gibco, Carls-
bad, CA, USA) culture medium containing 10% FBS
(Hyclone, Logan, UT, USA). After 24 h, the culture
medium was changed and replaced every 3 days. Iso-
lated cells were resuspended with buffer, then the CD45
MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Ger-
many) were added for incubation 15 min at 4°C. After
washing, CD31 MicroBeads (Miltenyi Biotec) were used
to bind endothelial cells. The endothelial cells were
washed and cultured in complete medium.

Lentiviral infection and cell treatment

The cells were infected with the lentivirus-shRNA
targeting Adam8 (LV-shADAMS) or negative control
(LV-shNC) for 48 h. Following, cells were stimulated
with 10 uM Ang II for 24 h.

Immunofluorescence

The cells were fixed in 4% paraformaldehyde for 15
min, and washing with PBS three times. The cells were
covered with 0.1%tritonX-100 following incubation for
30 min. After washing with PBS, cells were blocked with
goat serum. Subsequently, the primary antibodies (CD31,
1:200, Abcam, Cambridge, UK; FSP1, 1:200, Affinity,
Jiangsu, China) were added with cells at 4°C overnight.
After clearing the primary antibodies, cells were stained
with secondary antibodies (Cy3-labeled goat-anti-rabbit
IgG, 1:200, Beyotime, Haimen, China; FITC-labeled
goat-anti-mouse 1gG, 1:200, Beyotime) for 60 min at
room temperature. Following staining with DAPI, cells
were observed under a fluorescence microscope.

Real-time PCR

The total RNA of tissues and cells was extracted with
TRIZOL reagent (BioTeke, Beijing, China) according to
the manufacturer’s instructions. The messenger RNA
(mRNA) was reverse transcribed to complementary DNA
via M-MLYV reverse transcriptase (TaKaRa, Tokyo, Japan).
The Real-time PCR was performed using a SYBR Green
staining (BioTeke). The primer sequences were listed as
follows. ADAMS8 forward 5°-GGGGTT-
GATTTCATTGGG-3’, reverse 5’- ACCCTCCCGTG-
GTTCAG-3’; ANP forward 5’-GGGCTTCTTCCTC-
GTCTT-3", reverse 5’-CTTCTCCTCCAGGTGGTCTA-3’;
BNP forward 5’-CAGCTCTTGAAGGACCAA-3’, re-
verse 5’-GTTACAGCCCAAACGACT-3’; collagen 1
forward 5’-AAGAACCCTGCCCGCACATG-3’, reverse
5’-GAATCCATCGGTCATGCTCT-3’; collagen III for-
ward 5’-GCCCACAGCCTTCTACACCT-3’, reverse
5’-GATAGCCACCCATTCCTCCC-3’; CTGF forward
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5’-TGTGAAGACATACAGGGCTAAG-3’, reverse
5’-ACAGTTGTAATGGCAGGCAC-3’; a-SMA forward
5’-GGGAGTAATGGTTGGAAT-3’, reverse 5’-TCAAA-
CATAATCTGGGTCA-3’; FSP1 forward 5’-TACTCAG-
GCAAAGAGGGTG-3’, reverse 5’-CAATGCAGGA-
CAGGAAGAC-3’; VE-cadherin forward
5’-CAGCCCTACGAACCTAAA-3’, reverse 5’-AAACT-
GCCCATACTTGACC-3". B-actin was used as an internal
reference.

Western blot

The protein of tissues and cells were extracted via
RIPA lysis (Beyotime). The concentration of protein was
measured using BCA kits (Beyotime). Following, the
protein was separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE), and were
transferred onto polyvinylidene fluoride (PVDF) mem-
branes. After blocking, the membranes were incubated
with the primary antibodies (ADAMS, 1:1,000, Protein-
tech; a-SMA, 1:1,000, Affinity; FSP1, 1:1,000, Affinity;
VE-cadherin, 1:1,000, ABclonal, Wuhan, China;
TGF-B1, 1:1,000, ABclonal; Smad2, 1:1,000, Affinity;
p-Smad2, 1:1,000, Affinity; Smad3, 1:1,000, ABclonal;
p-Smad3, 1:1,000, ABclonal) at 4°C overnight. The
membrane was washed using PBS following incubation
with corresponding secondary antibodies. The image
was analyzed by Gel-Pro Analyzer (Media Cybernetics,
Bethesda, MD, USA).

Statistical analysis

Data are described as the mean + SD. Student’s #-test
was used for two-group comparisons. Multiple com-
parisons were performed using one-way ANOVA fol-
lowed by Bonferroni’s post hoc test from GraphPad
Prism 8.0.

Ang Il influences cardiac function in vivo

In this study, Ang II was used to establish the hyper-
tension model. Systolic blood pressure and diastolic
blood pressure were recorded via a non-invasive blood
pressure monitor. The results showed that systolic blood
pressure and diastolic blood pressure were significantly
increased after Ang II treatment (Fig. 1A, P<0.0001).
The mean pulse pressure of mice in the Ang II group
(more than 30 mmHg) was higher than that in the Con
group (less than 25 mmHg) (Fig. 1B, P<0.05). In addi-
tion, we detected the ADAMS expression in the myocar-
dial tissues. The results of immunochemistry analysis
indicated that ADAMS was up-regulated in the presence
of Ang II (Fig. 1C), and ADAMS expression was evident



ANG II-INDUCED CARDIAC FIBROSIS

sk Kk
_ 1701 n L] 2on ’
[<) u n
I 160 = 9 HC
£ 150 ™1 f' -\:ﬁt - a \ t "J’ S 7
;140- L] * %k k Ry \/ : 1 %, / ) e
@ 120 ] © 4 o
o E ’ ; il \(
110 " : ” ! i S J
Siep : o e
o ° <, ‘\ N O L A Yere AP
K<} 90 N < \ t— . f § ) % -
o ° SN R 5Qum NV a  50pm,
80 T T Con Ang Il
Ssu\'e
gystolic P1O° astotic bood Pr€
B D g E -
404 * P g E 400- kkk
§ = Con g 5 *kkk =1 Con ) = Con
€ = Angll S ——— mm Angll = mm Angll
£ 35 s 47 2 300
~ <
e z 3
5 ¢ 31
@ 30+ £ < 200
o 2 24 °
S c
o 25 5 8 1004 L
K] < 14 g
& 2 o
20- Z 0- 2 o0 T
Con Ang Il e Con  Angll L Con Ang Il

Fig. 1. Effect of Ang II on cardiac function in vivo. (A) Systolic blood pressure and diastolic blood pressure were recorded
via a non-invasive blood pressure monitor. (B) The pulse pressure was analyzed. (C) The immunochemistry assay
was applied to detect the ADAMBS expression level in myocardial tissues. (D) The mRNA expression of Adam8 was
measured by real-time PCR. (E) ELISA kits were used to examine the content of ADAMS. *P<(0.05 and ****P<0.0001.

Student’s #-test was used for two-group comparisons.

in vascular endothelial cells (arrow pointed). Further,
the mRNA expression of Adam8 was measured by real-
time PCR. It was also found that Adam§ expression in
the Ang II group was obviously enhanced compared with
that in the Con group (Fig. 1D). Consistent with these
results, ELISA assays showed the increased ADAMS
level in the Ang II group.

The effect of ADAM8 on Ang ll-induced cardiac
dysfunction in vivo

After two weeks of Ang Il administration, echocar-
diography was used to examine LVESD, LVEDD,
LVEF%, and LVFS%. Representative echocardiographic
images from M-mode were shown as Fig. 2A. We found
that the LVESD and LVEDD were elevated following
Ang II infusion, whilst ADAMS silencing reversed the
undesirable elevation (Figs. 2B and C). Meanwhile, Ang
II infusion decreased dramatically LVEF% and LVFS%,
and ADAMBS knockdown increased the reduction of
LVEF% and LVFS% caused by Ang II (Figs. 2D and E).
We further confirmed that Ang II infusion upregulated
the mRNA and protein expression levels of ADAMS.
Both the mRNA and protein expression levels of ADAMS
were down-regulated after LV-shADAMS treatment
(Figs. 2F and G). Subsequent analysis on mRNA expres-
sion levels of ANP and BNP, which were responsible for
hypertension heart disease, showed similar trend (Figs.
2H and I). These findings reveal that ADAMS contributes

to the Ang II induced cardiac dysfunction.

ADAMS8 knockdown attenuates Ang ll-induced
cardiac fibrosis in vivo

Myocardial fibrosis is an important pathological
manifestation of hypertensive heart disease. The results
of Masson’s trichrome staining demonstrated that Ang
IT infusion aggravated cardiac fibrosis with an increase
in fibrotic area, nevertheless, this effect was attenuated
by ADAMS inhibition (Figs. 3A and B). Additionally,
collagen deposition was evaluated. Compared with those
in the Ang II group, the mRNA expression levels of
CTGF, collagen I, and collagen III in the Ang II + LV-
shADAMS group were markedly diminished (Figs.
3C-E). All data suggest that ADAMS knockdown at-
tenuates Ang Il induced cardiac fibrosis.

ADAMS silencing suppresses Ang ll-induced
EndMT in vivo

As evidenced by the previous studies, EndMT plays
an important role in the cardiac fibrosis. Therefore, we
measured that EndMT-related makers, a-SMA, FSP1
and VE-cadherin. The results of western blot revealed
that the endothelial marker (VE-cadherin) was decreased,
whilst mesenchymal markers (a-SMA and FSP1) were
increased following Ang II infusion. However, ADAMS
repression suppressed Ang Il-induced EndMT (Figs.
4A-D).
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Fig. 2. The effect of ADAMS on Ang II induced cardiac dysfunction in vivo. (A) Representative echocardiographic im-
ages from M-mode. (B-E) Quantitative changes of LVESD, LVEDD, LVEF%, and LVFS% in each group. (F, G)
The mRNA and protein expression levels of ADAMS were determined via real-time PCR and western blot, respec-
tively. (H, I) ANP and BNP expression levels were also tested. *P<0.05, ¥**P<0.01, ***P<0.001 and ****P<0.0001.
Multiple comparisons were performed using one-way ANOVA followed by Bonferroni’s post hoc test.

ADAMS8 modulates cardiac TGF-1/Smad2/Smad3  diac dysfunction. The results demonstrated that Ang II
pathways in vivo infusion obviously activated TGF-B1/Smad2/Smad3

Following, we investigated the effect of ADAMS8 on  pathways, according to the upregulation of TGF-B1,
TGF-B1/Smad2/Smad3 pathways in Ang [I-induced car-  phosphorylated Smad2 and Smad3 in the heart tissues.
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On the contrary, ADAMS knockdown repressed TGF-1/
Smad2/Smad3 signaling as evidenced by downregulating
the cardiac protein expression of TGF-B1, phosphory-
lated Smad2 and Smad3 (Figs. SA-E).

ADAMS8 inhibition ameliorated Ang Il-induced
EndMT in vitro

The primary mouse heart endothelial cells were iso-
lated and purified. The representative image was shown
in Fig. 6A. Meantime, the results of flow cytometry
analysis confirmed that the purify of endothelial cells
was up to standard (Fig. 6B). To further verify the effect
of ADAMS in EndMT, we knocked down the ADAMS
in cardiac endothelial cells. Lentivirus infection effi-
ciency was confirmed by the diminishment of ADAMS
both in mRNA and protein expression (Figs. 6C and D).
Similar with the results in vivo, we also found that Ang
IT infusion induced EndMT with the reduction of VE-
cadherin and the elevation of a-SMA and FSP1 (Figs.
6E—-G). In the meantime, the results from double im-
munofluorescence staining further confirmed inhibitory
effects of ADAMS inhibition on EndMT (Fig. 6H).

doi: 10.1538/expanim.21-0064

Discussion

In this study, it was found that Ang II induced cardiac
fibrosis and impaired cardiac function by upregulating
cardiac ADAMS. On the contrary, knocking down the
ADAMS can ameliorate Ang II-induced cardiac fibrosis
and EndMT via blocking TGF-B1/Smad2/Smad3 signal-
ing, which implied a negative role for ADAMS in hy-
pertensive cardiac fibrosis.

Hypertensive cardiovascular disease has become the
main cause of heart failure. Compared with other dis-
eases that cause heart failure, the heart tissue of hyper-
tensive heart disease is more prone to diffuse fibrosis,
which eventually leads to diastolic and systolic failure.
We found that systolic blood pressure and diastolic blood
pressure were significantly enhanced after Ang II infu-
sion for 14 days. In the meantime, Ang II infusion de-
creased dramatically LVEF% and LVFS%, which dem-
onstrated the damage of myocardial function. The above
results showed that the hypertension model was success-
fully replicated. Consistent with our results, Xu et al.
[11] and Zhang et al. [18] also established a model of
hypertensive cardiac fibrosis via using Ang II with the
same time and similar dose.
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Multiple comparisons were performed using one-way ANOVA followed by Bonferroni’s post hoc test.
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A variety of cells are involved in the occurrence and
development of cardiac fibrosis, including cardiac fibro-
blasts, endothelial cells, hematopoietic stem cells, and
so on, among which the conversion of endothelial cells
to mesenchymal cells plays an important role in cardiac
fibrosis [19, 20]. A number of studies have found that
inhibiting EndMT can suppress the development of car-
diac fibrosis [21, 22]. For instance, Liu et al. reported
that SIRT1 activated by resveratrol attenuated isoproter-
enol-induced cardiac fibrosis by downregulating EndMT
via the TGF-B/Smad2/3 pathway [23]. You et al. found
that EndMT contributed to vascular injury in Ang II-
treated mice, and it can be prevented via suppressing
NF-kB activation by Schizandrin B treatment [24]. In
addition, previous studies have reported that ADAMS
participates in the epithelial-mesenchymal transition
(EMT) process during colon cancer formation [15]. Our
data indicated that ADAMS can promote the formation
of cardiac fibrosis, thereby impairing cardiac function.
Furthermore, inhibition of ADAMS blocked the develop-
ment of cardiac fibrosis by reducing EndMT, as charac-
terized by the reduction of endothelial maker, VE-cad-
herin, as well as the acquisition of mesenchymal
markers, including a-SMA and FSP1 in cardiac endo-
thelial cells. Taken together, ADAMS plays an important
role in the regulation of EndMT, especially by promoting
cardiac fibrosis in response to Ang II infusion.

TGF-B1, a pro-fibrotic cytokine, which plays a vital
role in the pathogenesis of fibrosis and takes part in the
modulation of EndMT [25]. Increasing evidence displays
that TGF-f1 transcription and secretion were obviously
elevated in the process of hypertension-induced cardiac
fibrosis [26]. Additionally, TGF-B1 binds to the receptor
of Smad2/3 inducing the activation of Smad2/3, display-
ing the down-stream effect of TGF-B1-induced cardiac
fibrosis [27]. Previous studies indicated that ADAMS
acted as an agonist of the profibrotic effects of TGF-f1
and activated the TGF-B/Smad2/3 pathways [15]. Our
data showed that Ang II infusion significantly activated
TGF-B1/Smad2/Smad3 pathways. In contrast, ADAMS
suppression inhibited TGF-f1/Smad2/Smad3 signaling
as evidenced by decreasing the cardiac protein expres-
sion of TGF-B1 and phosphorylated Smad2 and Smad3.
Similar with our finding, Meng et al. [28] studied that
Asiatic acid inhibited cardiac fibrosis through suppress-
ing TGF-B1/Smads signaling. Zhu et al. [29] demon-
strated that BRD4 inhibition exerted an anti-fibrotic role
in Ang Il-incubated cardiomyocytes by repressing
TGF-B1/SMADs signaling.

Conclusion
In conclusion, the present study has revealed that
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ADAMS exacerbates Ang II-induced cardiac fibrosis and
EndMT via activating TGF-B1/Smad2/Smad3 pathways.
Our study may inform development of novel strategies
targeting the EndMT to treat hypertensive cardiac in-

jury.
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