
Original Article
Treatment of Hypertensive Heart Disease
by Targeting Smad3 Signaling in Mice
Jinxiu Meng,1,4,5 Yuyan Qin,2,4,5 Junzhe Chen,4 Lihua Wei,4 Xiao-ru Huang,3,4 Xiyong Yu,2 and Hui-yao Lan3,4

1Guangdong Provincial Key Laboratory of Coronary Heart Disease, Guangdong Cardiovascular Institute, Guangdong Provincial People’s Hospital and Guangdong

Academy of Medical Sciences, Guangzhou, Guangdong 510080, China; 2Key Laboratory of Molecular Target & Clinical Pharmacology and the State Key Laboratory of

Respiratory Disease, School of Pharmaceutical Sciences & the Fifth Affiliated Hospital, Guangzhou Medical University, Guangzhou, Guangdong 511436, China;
3Guangdong-Hong Kong Joint Laboratory for Immune and Genetic Kidney Disease, Guangdong Provincial People’s Hospital and Guangdong Academy of Medical

Sciences, Guangzhou, and The Chinese University of Hong Kong, Hong Kong SAR, China; 4Department of Medicine and Therapeutics, Li Ka Shing Institute of Health

Sciences, and Lui Che Woo Institute of Innovative Medicine, The Chinese University of Hong Kong, Hong Kong, China
Received 22 April 2020; accepted 29 July 2020;
https://doi.org/10.1016/j.omtm.2020.08.003.
5These authors contributed equally to this work.

Correspondence: Hui-yao Lan, Department of Medicine and Therapeutics, Li Ka
Shing Institute of Health Sciences, The Chinese University of Hong Kong, Hong
Kong, China.
E-mail: hylan@cuhk.edu.hk
Correspondence: Xiyong Yu, Key Laboratory of Molecular Target & Clinical
Pharmacology and the State Key Laboratory of Respiratory Disease, School of
Pharmaceutical Sciences & the Fifth Affiliated Hospital, Guangzhou Medical
University, Guangzhou, Guangdong 511436, China.
E-mail: yuxycn@aliyun.com
Transforming growth factor b (TGF-b)/Smad3 signaling plays
a central role in chronic heart disease. Here, we report that tar-
geting Smad3 with a Smad3 inhibitor SIS3 in an established
mouse model of hypertension significantly improved cardiac
dysfunctions by preserving the left ventricle (LV) ejection frac-
tion (LVEF) and LV fractional shortening (LVFS), while
reducing the LV mass. In addition, SIS3 treatment also halted
the progression of myocardial fibrosis by blocking a-smooth
muscle actin-positive (a-SMA+) myofibroblasts and collagen
matrix accumulation, and inhibited cardiac inflammation by
suppressing interleukin (IL)-1b, tumor necrosis factor alpha
(TNF-a), monocyte chemotactic protein 1 (MCP1), intercel-
lular cell adhesion molecule-1 (ICAM1) expression, and infil-
tration of CD3+ T cells and F4/80+ macrophages. Interestingly,
treatment with SIS3 did not alter levels of high blood pressure,
revealing a blood pressure-independent cardioprotective effect
of SIS3. Mechanistically, treatment with SIS3 not only directly
inactivated TGF-b/Smad3 signaling but also protected cardiac
Smad7 from Smurf2-mediated proteasomal ubiquitin degrada-
tion. Because Smad7 functions as an inhibitor for both TGF-b/
Smad and nuclear factor kB (NF-kB) signaling, increased car-
diac Smad7 could be another mechanism through which SIS3
treatment blocked Smad3-mediated myocardial fibrosis and
NF-kB-driven cardiac inflammation. In conclusion, SIS3 is a
therapeutic agent for hypertensive heart disease. Results from
this study demonstrate that targeting Smad3 signaling with
SIS3 may be a novel and effective therapy for chronic heart dis-
ease.

INTRODUCTION
Hypertension remains amajor cause of chronic heart disease.1 Hyper-
tensive cardiac remodeling, characterized by progressive cardiac
fibrosis and inflammation associated with high blood pressure, is a
major complication of hypertension.2,3 Angiotensin II (Ang II) has
been regarded as a key mediator in hypertensive cardiac remodel-
ing.4,5 Many studies have reported that Ang II mediates fibrosis
directly and indirectly via transforming growth factor b (TGF-b1)/
Smad3 signaling because Ang II can activate Smad3 directly via the
Molecular Therapy: Methods & Clini
This is an open access article under the CC BY-NC-
AT1-p38/Extracellular signal-Eegulated Kinase (ERK) mitogen-acti-
vated protein kinase (MAPK)-Smad crosstalk pathway and indirectly
by inducing TGF-b.6–9 Thus, activation of TGF-b/Smad signaling
may be a central mechanism in the pathogenesis of hypertensive car-
diac disease. In the context of fibrosis, Smad3 is pathogenic because
Smad3 can bind directly to many collagen matrix promoters,
including COL1A2, COL2A1, COL3A1, COL5A1, COL6A1, and
COL6A3 genes, to mediate fibrogenesis.10 The functional importance
for Smad3 in hypertensive complications is demonstrated by the find-
ings that mice lacking Smad3 are protected against renal and myocar-
dial fibrosis in response to Ang II.9,11–15 In contrast, Smad7, an inhib-
itor of TGF-b/Smad signaling, is protective and functions to inhibit
Smad3-mediated fibrosis via its negative feedback mechanism. This
is also supported by the findings that deletion of Smad7 enhances,
but overexpression of Smad7 inhibits Ang II-induced hypertensive
renal and cardiac complications.9,16–20 It is now well recognized
that during fibrogenesis, Smad3 signaling is overactivated, whereas
Smad7 is degraded or lost, suggesting that the imbalance between
Smad3 and Smad7 signaling may be a key mechanism in progressive
fibrosis. This is also supported by the findings that deletion of Smad3
protects against, but deletion of Smad7 promotes fibrosis as seen in
hypertensive kidney and cardiovascular diseases.13–16,18,20 Thus,
overexpression of Smad7 has been shown as a novel therapeutic strat-
egy to inhibit Smad3-driven cardiac and renal fibrosis.9,17,19,21,22

However, it remains unknown whether inhibition of Smad3 directly
with a Smad3 inhibitor has therapeutic potential for hypertensive car-
diopathy. This was examined by treating an established hypertensive
cal Development Vol. 18 September 2020 ª 2020 The Authors. 791
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Figure 1. Echocardiography Detects that Treatment with SIS3 from Day 14 to 28 Protects against Ang II-Induced Cardiac Dysfunction Independently of

Blood Pressure

(A) Systolic blood pressure. (B–E) M-mode echocardiography. Results show that treatment with SIS3 in the established hypertensive heart disease over the period of days

14–28 protects against the fall in the LVEF and LVFS and an increase in LV mass without altering blood pressure. Data are mean ± SEM from groups of six mice. *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001 versus saline control; ##p < 0.01, ###p < 0.001 versus DMSO treatment mice; &&p < 0.01 versus Ang II infusion before SIS3 treatment at

day 14.
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mouse model with a specific Smad3 inhibitor SIS3. The therapeutic
effect and mechanisms of SIS3 on hypertensive myocardiopathy
were also investigated.

RESULTS
Treatment with SIS3 Protects against Ang II-Induced Cardiac

Dysfunction Independently of Blood Pressure

As shown in Figure 1A, compared with normal saline control, chronic
Ang II infusion significantly increased blood pressure in all mice over
days 3–28, and treatment with SIS3 from day 14 onward did not alter
the levels of systolic blood pressure. Echocardiography also detected
that the cardiac functions, including left ventricle ejection fraction
(LVEF), LV fractional shortening (LVFS), and LV mass, were signif-
icantly impaired in all mice at day 14 after Ang II infusion and became
more severe injuries at day 28 after Ang II infusion (Figures 1B–1E).
In contrast, hypertensive mice treated with SIS3 from day 14 onward
showed protection against the decline in the LVEF and LVFS and an
increase in LV mass when compared with the DMSO-control treated
mice (Figures 1B–1E). These results suggested that the cardioprotec-
792 Molecular Therapy: Methods & Clinical Development Vol. 18 Septe
tive effect of SIS3 on established hypertensive cardiopathy is blood
pressure independent.

Treatment with SIS3 Protects against Myocardial Fibrosis in an

Established Mouse Model of Ang II-Induced Hypertension

Because mice lacking Smad3 are protected against myocardial fibrosis
in response to Ang II and ischemic injury,11–13 we next examined
whether blocking Smad3 signaling with SIS3 has any impact on
myocardial fibrosis. Immunohistochemistry revealed that compared
with the saline-infused normal mice, mice with Ang II infusion for
14 days developed moderate myocardial fibrosis as demonstrated
by extensive collagen I and III, fibronectin, and a-SMA+ myofibro-
blasts accumulation in the LV tissues, particularly in the focal area
with severe myocardial damage and in the perivascular area (Figure 2;
Figure S1). Further analysis at the protein levels by western blot and at
the mRNA levels by real-time PCR confirmed these findings (Fig-
ure 3). All of these fibrotic parameters were further significantly
increased with massive myocardial fibrosis at day 28 (Figures 2 and
3; Figure S1). In contrast, treatment with a Smad3 inhibitor SIS3
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over the period of days 14–28 halted the progression of myocardial
fibrosis to the levels comparable with those at day 14 before SIS3 treat-
ment (Figures 2 and 3; Figure S1).

Treatment with SIS3 Inhibits Cardiac Inflammation in an

Established Mouse Model of Ang II-Induced Hypertension

We have previously shown that mice lacking Smad3 are protected
against renal and cardiac inflammation in response to Ang II.13,14

We thus examined whether inhibition of Smad3 has any impact on
cardiac inflammation. Immunohistochemistry revealed that no
leukocytic infiltration was evident in saline infusion mice; however,
Ang II infusion increased moderate cardiac inflammation, such as
CD3+ T cell and F4/80+ macrophage infiltration, at day 14 (Fig-
ure 4A). Real-time PCR also showed a marked upregulation of tumor
necrosis factor alpha (TNF-a), MCP-1, intercellular cell adhesion
molecule-1 (ICAM1), and interleukin (IL)-1b at day 14 after Ang II
infusion (Figure 4B). All of these changes became more severe at
day 28 in DMSO-treated mice but were blocked by treatment with
SIS3 (Figure 4), revealing the anti-inflammatory effect of SIS3 on
Ang II-induced hypertensive heart disease.

SIS3 Treatment Inhibits Ang II-Induced Myocardial Fibrosis by

Blocking TGF-b1/Smad3 Signaling

We then investigated the mechanisms through which inhibition of
Smad3 protects against Ang II-induced myocardial fibrosis. Because
Ang II-induced TGF-b1 expression leads to renal and myocardial
fibrosis via a Smad3-dependent mechanism,6–9,13–15 we thus exam-
ined whether the anti-fibrotic effect of SIS3 is associated with inacti-
vation of TGF-b/Smad3 signaling. As shown in Figure 5, immunohis-
tochemistry, western blot, and real-time PCR analyses showed that
chronic Ang II infusion activated TGF-b/Smad3 signaling, including
upregulation of TGF-b1 and increased Smad3 phosphorylation, over
the 14- to 28-day period. Treatment with SIS3, but not DMSO con-
trol, virtually blocked Ang II-induced activation of TGF-b/Smad3
signaling in the cardiac tissue, demonstrating the therapeutic effect
of SIS3 on blocking TGF-b/Smad3 signaling under the progressive
phase of hypertensive myocardiopathy.

Blockade of Smad3 Diminishes Ang II-Induced Cardiac

Inflammation by Attenuating NF-kB Signaling via the Smurf2-

Dependent Ubiquitin Degradation of Cardiac Smad7

We have previously shown that deletion of Smad3 protects against
Ang II-induced E3-ligase Smurf2, thereby preventing Smad7 from
Smurf2-mediated proteasomal ubiquitous degradation in hyperten-
sive nephropathy.14 We have also previously detected that Smad7 is
capable of inducing expression of IkBa, an inhibitor of NF-kB
signaling, to suppress NF-kB-driven renal inflammation in vitro
and in vivo.23 We thus hypothesized that the anti-inflammatory effect
Figure 2. Immunohistochemistry Shows that SIS3 Treatment in the Establishe

Progression of Myocardial Fibrosis in a Mouse Model of Hypertension

(A) Representative immunostaining images of collagen I, collagen III, a-SMA, and fibrone

of six mice. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 versus saline control; #p < 0

II infusion before SIS3 treatment at day 14. Scale bar: 50 mm.
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of SIS3 on cardiac inflammation may be attributed to inactivated NF-
kB signaling by upregulating cardiac Smad7. As shown in Figures 6
and S2, compared with saline-control mice, Ang II infusion caused
degradation of cardiac Smad7 over days 14–28 (Figure 6A), which
was tightly associated with upregulation of an E3-ligase Smurf2 in
both mRNA and protein levels (Figure 6B). Importantly, inhibition
of cardiac Smad7 resulted in a marked degradation of IkBa, therefore
increasing NF-kB/p65 phosphorylation and its nuclear translocation
(Figure 6C; Figure S2). Conversely, mice treated with SIS3 were pro-
tected against Ang II-upregulated Smurf2 and the degradation of car-
diac Smad7 (Figures 6A and 6B), resulting in inactivating NF-kB
signaling by increasing cardiac IkBa expression (Figure 6C; Fig-
ure S2). Thus, treatment with SIS3 inhibited NF-kB-driven cardiac
inflammation by preventing cardiac Smad7 from Smurf2-mediated
ubiquitous degradation.

In Vitro Evidence for the Anti-cardiac Fibrotic and Anti-

inflammatory Effects of SIS3 on Ang II-Induced Activation of

Cardiac Fibroblasts

To confirm the mechanism and direct therapeutic effect of SIS3 on
Ang II-induced cardiac fibrosis and inflammation, we treated primary
mouse cardiac fibroblasts with Ang II (1 mM) in the presence or
absence of SIS3 (1 mM) or losartan (1 mM). Results shown in Figures
7A and 7B revealed that addition of Ang II could induce a marked
phosphorylation of Smad3 as early as 30 min, which was blocked
by either SIS3 or losartan. Importantly, like losartan, which blocks
the Ang II-AT1 signaling, treatment with SIS3 inactivated Smad3
signaling and suppressed Ang II-induced upregulation of pro-inflam-
matory cytokines, such as IL-1b and TNF-a, and fibrosis, including
collagen I and a-SMA mRNA expression (Figures 7C–7F).

We next examined whether SIS3 treatment has an inhibitory effect on
cardiac fibroblast growth in response to Ang II. Results shown in Fig-
ure 7G clearly demonstrated that, like losartan treatment again, addi-
tion of SIS3 blocked Ang II-induced cardiac fibroblast proliferation as
determined by the methyl-thiazoldiphenyl tetrazolium (MTT) assay.

DISCUSSION
It is well established that chronic Ang II infusion activates TGF-b/
Smad3 signaling to mediate progressive myocardial fibrosis with
impaired cardiac function.13,16,17 In the present study, we found
that targeting TGF-b/Smad3 signaling directly with a Smad3 inhibi-
tor SIS3 in established hypertensive heart disease protected against
progressive cardiac injury by preventing the decline in LVEF and
LVFS, an increase in LV mass, and the development of severe cardiac
inflammation and fibrosis. These findings provided direct evidence
for the treatment of hypertensive heart disease by targeting Smad3
signaling. In addition, results from this study also demonstrated
d Hypertensive Heart Disease over the Period of Days 14–28 Halts the

ctin. (B) Quantitative analysis of fibrotic markers. Data are mean ± SEM from groups

.05, ##p < 0.01, ####p < 0.0001 versus DMSO treatmentmice; &&p < 0.01 versus Ang
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Figure 3. Western Blot and Real-Time PCR Reveal

that Treatment with SIS3 in the Established

Hypertensive Heart Disease over the Period of Days

14–28 Halts the Progression of Myocardial Fibrosis

in a Mouse Model of Hypertension

(A) Western blot analysis of collagen I, collagen III, a-SMA,

and fibronectin from LV cardiac tissues. (B) Real-time

PCR analysis of cardiac collagen I, collagen III, a-SMA,

and fibronectin. Data are mean ± SEM from groups of six

mice. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

versus saline control; #p < 0.05, ##p < 0.01, ###p < 0.001,
####p < 0.0001 versus DMSO and Ang II treatment at

28 days; &p < 0.05, &&p < 0.01, &&&p < 0.001 versus Ang II

infusion before SIS3 treatment at day 14.

www.moleculartherapy.org
that SIS3 may be a novel and effective therapeutic agent for chronic
cardiovascular disease.

It is now well established that Smad3 is a common downstream
signaling molecule and transcriptional factor leading to tissue fibrosis.9

Indeed, Smad3 can be activated not only by TGF-b1 but also by many
pathogenic mediators, including Ang II, advanced glycation end prod-
ucts (AGEs), and C-reactive protein (CRP) via the p38/ERK MAPK-
Smad crosstalk pathway.6–8,24,25 It is also known that Smad3 binds
many collagen promoters to trigger fibrogenesis.10 Thus, mice lacking
Smad3 are protected against fibrosis inmany diseases, including hyper-
tensive renal and cardiovascular diseases.11–15 These findings strongly
suggest that targeting Smad3 may represent promising research into
the new drug development for treating diseases with progressive
fibrosis. SIS3 is a small molecule that blocks Smad3 phosphorylation
and Smad3 binding to the target DNA.26 Therefore, treatment with
Molecular Therapy: Methods & Clinic
SIS3 inactivated Smad3 signaling and thus
blocked Smad3-mediated myocardial fibrosis in
a fully established hypertensive cardiac disease
as found in this study, in addition to diabetic
and obstructive nephropathy and cancer as pre-
viously reported.27–29

Inhibition of the Smurf2-mediated Smad7 pro-
teasomal ubiquitin degradation pathway may
also be a mechanism whereby treatment with
SIS3 blocked Smad3-mediated myocardial
fibrosis. It is well recognized that Smad7 is an
inhibitory Smad that inactivates Smad signaling
by recruiting E3 ubiquitin ligases such as Smurf2
to target the TGF-b receptor complex for degra-
dation through the proteasomal-ubiquitin degra-
dation pathway.30,31 Smurf2 consists of multiple
WW domains that can interact with Smad7 to
induce its ubiquitin-dependent degradation.32

We have previously reported that Ang II induces
Smurf2 to cause degradation of Smad7 via a
Smad3-dependent mechanism because deletion
of Smad3 inhibits Smurf2 while upregulating
Smad7, thereby blocking progressive renal fibrosis in hypertensive ne-
phropathy.14,15 Once Smad7 is degraded, Ang II-induced activation of
Smad3 is further enhanced, thereby promoting severe myocardial
fibrosis. Thus, overexpression of Smad7 inhibits, but disruption of
Smad7 enhances Smad3-mediated fibrosis in response to Ang II.16–22

In the present study, treatment with SIS3 inhibitedAng II-induced acti-
vation of Smad3 and Smurf2-dependent Smad7 ubiquitin degradation,
which in turn blocked Smad3-mediated myocardial fibrosis via a
Smad7-dependent negative feedback mechanism.

Inhibition of the Smurf2-dependent Smad7-ubiquitin degradation
pathway may also contribute to the inhibitory effect of SIS3 on Ang
II-induced, NF-kB-mediated cardiac inflammation. It is well recog-
nized that Ang II activates the NF-kB signaling pathway to mediate
inflammation.33 Recent studies also demonstrated that activation of
NF-kB is negatively regulated by Smad7 because Smad7 is capable of
al Development Vol. 18 September 2020 795
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Figure 4. Treatment with SIS3 in the Established Hypertensive Cardiac Disease from Day 14 to 28 after Ang II Infusion Inhibits Progressive Cardiac

Inflammation

(A) Representative immunostaining pictures and quantitative analysis of CD3+ T cells and F4/80+ macrophages infiltrating the cardiac tissues, particularly in the perivascular

area. (B) Real-time PCR analysis of cardiac TNF-a, MCP-1, ICAM-1, and IL-1b. Data are mean ± SEM from groups of six mice. *p < 0.05, **p < 0.01, ***p < 0.001, ***p <

0.0001 versus saline control; #p < 0.015, ##p < 0.01, ####p < 0.0001 versus DMSO and Ang II treatment at day 28; &p < 0.05, &&p < 0.01, &&&p < 0.001 versus Ang II infusion

prior to SIS3 treatment at day 14. Scale bar: 50 mm.
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Figure 5. Treatment with SIS3 Inhibits Ang II-Induced Activation of TGF-b/Smad3 in the Established Mouse Model of Hypertension

(A and B) Representative immunostaining pictures for phosphorylated Smad3 (phospho-Smad3; dark brown nuclear staining) and TGF-b1 (dark brown staining). (C and D)

Quantitative analysis of p-Smads3 and TGF-b1. (E) TGF-b1 expression detected by real-time PCR. (F and G) Western blot analysis of p-Smad3 protein. Data are mean ±

SEM. *p < 0.05, **p < 0.01, ****p < 0.0001 versus saline control; #p < 0.015, ##p < 0.01, ####p < 0.0001 versus DMSO and Ang II treatment at day 28; &p < 0.05, &&p < 0.01

versus Ang II infusion prior to SIS3 treatment at day 14. Scale bar: 50 mm.
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inducing IkBa, an inhibitor of NF-kB, to inhibit NF-kB-driven inflam-
matory responses in Ang II-induced hypertensive cardiovascular and
kidney diseases.16–23 Thus, overexpression of Smad7 inhibits, but dele-
tion of Smad7 enhances NF-kB-driven inflammation as seen in many
diseases.16–22 In the present study, targeting Smad3 impaired Smurf2-
mediated Smad7 degradation, thereby preventing Ang II-induced NF-
Molecular The
kB signaling. This may be a key mechanism by which SIS3 treatment
protected against Ang II-induced cardiac inflammation.

Inhibition of cardiac inflammation by targeting Smad3 also may be
associated with suppression of cardiac MCP-1 expression. It is known
that MCP-1 is a direct target gene of Smad3, and Smad3 is critical for
rapy: Methods & Clinical Development Vol. 18 September 2020 797
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Figure 6. Treatment with SIS3 Blocks Ang II-Induced Smurf2-Mediated Degradation of Cardiac Smad7 and Inhibits Ang II-Activated NF-kB Signaling in the

Established Mouse Model of Hypertension

(A) Western blot and real-time PCR analysis of cardiac Smad7. (B) Western blot and real-time PCR analysis of cardiac Smurf2. (C) Western blot and real-time PCR analysis of

phosphorylated IkBa, IkBa, phosphorylated NF-kB/p65, and p65. Data represent mean ± SEM from groups of six mice. *p < 0.05, **p < 0.01, ***p < 0.001 versus saline

control; #p < 0.015, ##p < 0.01 versus DMSO and Ang II treatment for 28 days; &p < 0.05, &&p < 0.01 versus Ang II infusion before SIS3 treatment at day 14.
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Figure 7. Treatment with SIS3 Blocks Ang II-

Induced Smad3 Activation, Cardiac Fibrosis and

Inflammation, and Cardiac Fibroblast Proliferation

In Vitro

(A) Western blot analysis of Ang II (1 mM)-induced phos-

phorylation of Smad3 in a time-dependent manner. (B)

Western blot analysis of Ang II (1 mM)-induced phos-

phorylation of Smad3 at 30 min is blocked by SIS3 (1 mM)

or losartan (1 mM). (C and D) Real-time PCR analysis

shows that blockade of Smad3 with SIS3 or AT1 with

losartan inhibits Ang II (1 mM)-induced cardiac inflam-

mation, such as IL-1b and TNF-a mRNA expression at 3

h. (E and F) Real-time PCR analysis shows that blockade

of Smad3 with SIS3 or AT1 with losartan inhibits Ang II-

induced cardiac fibrosis including collagen I and a-SMA

mRNA expression at 3 h. (G) 3-(4,5-Dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MMT) assay detects

that treatment with SIS3 or losartan inhibits Ang II-

induced cardiac fibroblast proliferation. Data represent

mean ± SEM from three independent experiments. *p <

0.05, **p < 0.01, ***p < 0.001 versus medium (0); #p <

0.015, ##p < 0.01, ##p < 0.001 versus Ang II treatment.
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TGF-b-induced MCP-1 expression during vascular inflamma-
tion.34,35 Therefore, mice lacking Smad3 are protected against hyper-
tensive renal and cardiac inflammation by inhibiting MCP-1-depen-
dent infiltration and activation in response to Ang II.13,14 Consistent
with this known mechanism, inhibition of MCP-1-mediated macro-
phage infiltration and activation may be another mechanism through
which treatment with SIS3 blocked cardiac inflammation.

In conclusion, the present study demonstrates that SIS3 is a specific
Smad3 inhibitor that can effectively inhibit Ang II-induced, TGF-
b1/Smad3-mediated myocardial fibrosis and NF-kB-driven cardiac
Molecular Therapy: Methods & Clinic
inflammation. Thus, results from this study
suggest that SIS3 may be a novel therapeutic
agent for hypertensive myocardiopathy, and
targeting Smad3 may represent a new and effec-
tive therapy for chronic heart disease clinically.

MATERIALS AND METHODS
A Mouse Model of Ang II-Induced

Hypertension and SIS3 Treatment

Hypertension was induced in male C57BL/6J
mice (aged 8 weeks) by subcutaneous infusion
of Ang II at a dose of 1.46 mg/kg/day for 14 or
28 days via osmotic minipumps (Model2004;
ALZA, Palo Alto, CA, USA) as previously
described.13,15–19 SIS3 (S0447; Sigma, St. Louis,
MO, USA), a novel specific inhibitor that has
been shown to inhibit Smad3 phosphorylation
and DNA binding in response to TGF-b1,26

was diluted inDMSOand injected intraperitone-
ally (i.p.) daily fromday14 to28afterAng II infu-
sion at an optimal dose of 2.5 mg/kg/day. The dose used in this study
was based on previous studies in various mouse models, including
obstructive and diabetic nephropathy and cancer.27–29 Control-treated
mice received DMSO only. In addition, a group of normal mice that
received saline infusion via osmotic minipumps were used as normal
control. Groups of six to eight mice were used in this study, and all
mice were euthanized by cardiac blood collection under anesthesia
with ketamine (80 mg/kg) and xylazine (15 mg/kg) i.p. at days 14
and 28 after Ang II infusion. Systolic blood pressure was measured in
conscious mice by the noninvasive tail-cuff method using the CODA
bloodpressure system (Kent Scientific, Torrington, CT,USA) following
al Development Vol. 18 September 2020 799
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the manufacturer’s instruction. LV tissues were collected for immuno-
histochemistry, real-time PCR, and western blot analysis. The experi-
mental procedures were approved by the Animal Experimentation
Ethics Committee of The Chinese University of Hong Kong.

Echocardiography

Echocardiography was conducted in both chronic saline and Ang II
infusion mice with or without SIS3 treatment at day 14 prior to
SIS3 treatment and at day 28 after Ang II infusion with or without
SIS3 treatment as previously described.13,16,17 The functions of the
LV were assessed by two-dimensional and M-mode echocardiogra-
phy using a Vevo770 high-resolution ultrasound imaging system
(VisualSonics, Toronto, ON, Canada) with a RMV 707B scan head
(30 MHz) (VisualSonics) after lightly anesthetizing with ketamine
(50 mg/kg) and xylazine (50 mg/kg) i.p. In brief, mice were anesthe-
tized with i.p. administration of ketamine/xylazine. All animals were
examined in the left lateral position with an ultrasound gel pad posi-
tioned in the anterior chest wall. The LV was analyzed through the
parasternal long- and short-axis views. The body temperature was
maintained at 37�C, and the heart rate was maintained around 450
beats/min. The LVEF, LVFS, and LV mass were calculated according
to the guidelines of the Vevo 770.

Immunohistochemistry

Immunohistochemistry was performed in paraffin sections using a
microwave-based antigen retrieval method.13,16,17 The antibodies
used in this study were as follows: collagen I (1310-01; Southern
Biotech, Birmingham, AL, USA), collagen III (1330-01; Southern
Biotech), a-smooth muscle actin (ab230458; Abcam), fibronectin
(sc-6953; Santa Cruz Biotechnology, Santa Cruz, CA, USA), TGF-
b1 (sc-146; Santa Cruz Biotechnology) and phosphorylated Smad3
(phospho-Smad3; #9520; Cell Signaling Technology, Beverly, MA,
USA), phospho-NF-kB/phospho-p65 (ab86299; Abcam, Cambridge,
UK), CD3+ T cells (ab16669; Abcam), and macrophages (F4/80+)
(MCA 497R; Serotec, Oxford, UK). All slides (except sections stained
with antibodies against a-SMA, phospho-Smad3, and phospho-NF-
kB/p65) were counterstained with hematoxylin. The percentage of
positive staining for collagen I, collagen III, a-SMA, fibronectin,
and TGF-b1 was measured by using a quantitative image analysis sys-
tem (Image-Pro Plus 6.0; Media Cybernetics, Silver Spring, MD,
USA). In brief, under a microscope high power field (20�), positive
staining signals were identified and selected. Then the percentage of
the positive area was scored, and 10 random high-power fields
from each mouse were analyzed and recorded. Whereas positive cells
for CD3, F4/80, phospho-Smad3, and phospho-p65 were counted un-
der a 40� microscope power field in 12 random areas of LV tissues
using a 0.25-mm2 graticule fitted in the eyepiece of the microscope.
The positive counts were then expressed as cells per square millimeter
as previously described.13,16,17

Real-Time PCR

LV mRNA expression was quantitatively analyzed by real-time PCR
with primers against mouse mRNA as previously described.13,16,17 In
brief, total RNA was isolated from LV tissues using RNeasy Isolation
800 Molecular Therapy: Methods & Clinical Development Vol. 18 Septe
Kit (QIAGEN, Valencia, CA, USA) according to themanufacturer’s in-
structions. Real-time PCR was performed using Bio-Rad iQ SYBR
Green supermix with the Opticon2 (Bio-Rad, Hercules, CA, USA).
The primers used for real-time PCR included collagen I, collagen III,
a-SMA, Fibronectin, TGF-b1, IL-1b, TNF-a, MCP-1, ICAM-1,
Smad7, Smurf2, and GAPDH as described previously.13–20 Primers
for Smurf2 were: forward 50-GCTGCTTTGTGGATGAGAAT-30 and
reverse 50-CCTGCTGCGTTGTCCTTTGT-30. Reaction specificity
was confirmed by melting curve analysis. The ratio for the mRNA
was normalized with GAPDH and expressed as mean ± SEM.

Western Blot Analysis

Protein from LV tissues was extracted with Radio-Immunoprecipita-
tion Assay (RIPA) lysis buffer, and western blot analysis was per-
formed as described previously.13,16,17 In brief, after blocking nonspe-
cific binding with 5% BSA, membranes were incubated overnight at
4�C with primary antibodies against collagen I (1310-01; Southern
Biotech), collagen III (1330-01; Southern Biotech), a-smooth muscle
actin (ab230458; Abcam), fibronectin (sc-6953; Santa Cruz Biotech-
nology), GAPDH (Chemicon; Merck), phospho-NF-kB/phospho-
p65 (ab86299; Abcam), phospho-IkBa (#2859; Cell Signaling Tech-
nology), IkBa (sc-371; Santa Cruz Biotechnology), phospho-Smad3
(#9520; Cell Signaling Technology), Smad3 (51-1500; Invitrogen,
Waltham, MA, USA), Smad7 (sc-11392; Santa Cruz Biotechnology),
and Smurf2 (sc-393848; Santa Cruz Biotechnology). After being
washed, the membranes were incubated with LI-COR IRDye 800-
conjugated secondary antibodies, anti-mouse (#24849; Rockland
Immunochemicals, Limerick, PA, USA) and anti-rabbit (#36595;
Rockland Immunochemicals), in the dark for 1 h at room tempera-
ture. Signals were scanned and visualized by Odyssey Infrared Imag-
ing System (Li-COR Biosciences, Lincoln, NE, USA). The ratio of the
target protein was subjected to GAPDH and was quantified with Im-
ageJ software (National Institutes of Health, Bethesda, MD, USA).

Primary Culture of Cardiac Fibroblasts

Cardiac fibroblasts were isolated from the LV of C57/BL6 mice and
were characterized by positive for vimentin but negative for desmin
(a smooth muscle marker) and factor VIII (an endothelial cell
marker) as described previously.13 Cardiac fibroblasts at passage 3
were stimulated with Ang II (1 mM) for 0, 0.5, 1, 3, 6, and 12 h for
measuring phospho-Smad3 by western blotting and for collagen I,
a-SMA, TNF-a, IL-1b, and mRNA expression by real-time PCR.
To determine the therapeutic mechanism of SIS3 on Smad3-depen-
dent cardiac fibrosis and inflammation in response to Ang II, we
treated cardiac fibroblasts with Ang II (1 mM) in the presence or
absence of SIS3 (1 mM). Losartan (1 mM) was used as a positive con-
trol. Effect of SIS3 and losartan on Smad3 phosphorylation (30 min)
and expression of collagen I, a-SMA, TNF-a, and IL1b mRNA
expression at 3 h after Ang II stimulation were detected by western
blot or real-time PCR as described above.

MTT Assay

Cardiac fibroblasts were seeded on a 96-well plate at the density of 1�
104/well and treated with Ang II (1 mM) in the presence or absence of
mber 2020
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SIS3 (1 mM) and losartan (1 mM) for 24 h. MTT (5 mg/mL; Invitro-
gen) was added to each well in a final concentration of 0.5 mg/mL and
incubated for 4 h at 37�C. After supernatant was removed and 100 mL
DMSO was added to each well, then absorbance at 570 nm was
measured using a plate-reading spectrophotometer. All data were
calculated as a ratio against control.

Statistical Analysis

Data obtained from this study were expressed as mean ± SEM. Statis-
tical analyses were performed using one-way ANOVA, followed by
Newman-Keuls posttest using GraphPad Prism 6.0 (Graph Pad Soft-
ware, San Diego, CA, USA).
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