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Abstract Notch3 and TGF-B1 signaling play a key role
in the pathogenesis and progression of chronic cardiovas-
cular disease. However, whether Notch3 protects against
myocardial infarction (MI) and the underlying mechanisms
remains unknown. C57BL/6 mice were randomized to be
treated with Notch3 siRNA (siNotch3) or lentivirus car-
rying Notch3 cDNA (Notch3) before coronary artery
ligation. Four weeks after constructing MI model, cardiac
function and fibrosis were compared between groups. The
cardiac fibroblast cells (CFs) were isolated from newborn
C57BL/6 mice (1-3 days old) and transfected with len-
tivirus carrying Notch3 cDNA. TGF-B1 (5 ng/ml), a well-
known pro-fibrotic factor, was administered 72 h after
Notch3 cDNA administration in CFs. The related proteins
of fibrosis such as a-smooth muscle actin (a-SMA), Type I
collagen, metalloprotease (MMP)-9 and the tissue inhibitor
of metalloproteinases (TIMP)-2 were examined by western
blot analysis. Notch3 cDNA treatment attenuated cardiac
damage and inhibited fibrosis in mice with MI. Meanwhile,
Notch3 siRNA administration aggravated cardiac function
damage and markedly enhanced cardiac fibrosis in mice
with MI. Overexpression of Notch3 inhibited TGF-B1-
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induced fibroblast—myofibroblast transition of mouse car-
diac fibroblast cells, as evidenced by down-regulating
a-SMA and Type I collagen expression. Notch3 cDNA
treatment also increased MMP-9 expression and decreased
TIMP-2 expression in the TGF-B1-stimulated cells. This
study indicates that Notch3 is an important protective
factor for cardiac fibrosis in a MI model, and the protective
effect of Notch3 is attributable to its action on TGF-B1/
Smad3 signaling.
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Introduction

Cardiac fibrosis which is characterized by excessive
deposition of scar tissue significantly reduces cardiac
function after myocardial infarction (MI). Thus, anti-fi-
brotic therapies are likely to be promising in curbing
fibrosis and enhance cardiac performance after MI. How-
ever, there is no effective anti-fibrotic therapy for MI,
largely because the underlying mechanism of fibrosis is
unclear [1]. During post-MI tissue repair, a-smooth muscle
actin (a-SMA)-expressing myofibroblast migrates into the
infarcted myocardium and synthesizes newly created
extracellular matrix. The reason why the infarcted myo-
cardium adopts fibrosis as its primary repair process
remains unknown. One of the key regulators of fibrosis is
transforming growth factor B1 (TGF-B1)/Smad3 signaling
[2]. Strategies inhibiting TGF-B1/Smad3 signaling may
serve as a potential therapeutic target for anti-fibrotic
treatments [2-5].

Notch pathway is an evolutionarily conserved signaling
system which has been shown to mediate cellular
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physiology process in developmental and differentiated
tissues [6, 7]. In mammals, four members of Notch
receptors (Notch-1 to 4) are known [8]. Upon ligand
binding, the Notch intracellular domain (NICD) is released
by proteolytic cleavage, which then migrates into the
nucleus and regulates Notch-dependent gene expression [9,
10]. Moreover, Hes-1 is a canonical Notch transcriptional
target gene. It has also been shown that activating Notch
signaling pathway has a beneficial effect in metabolic
diseases and cardiac hypertrophy [11, 12]. Interestingly,
Notch signaling has been recently shown to be involved in
tissue fibrosis. Notch activation, primarily via its actions on
the fibroblast population, prevents pro-fibrotic factor pro-
duction and limits cardiac fibrosis in response to pressure
overload. It can positively influence the switching of
fibroblasts into myofibroblasts [12]. Cross talk between
Notch and TGF-fB pathways is crucial during the devel-
opment of the heart and has been described to regulate
fibrosis in several organs in the adult [13, 14].

Several in vitro studies have reported that Notchl
inhibits TGF-B-induced fibroblast-myofibroblast transition
and stimulates the expression and release of ECM-de-
grading enzymes [3, 15]. More recently, Djudjaj and col-
leagues demonstrated Notch3 as a regulator of fibrosis in
kidney injury. On the basis of these observations, the aims
of the present study were to examine the role of Notch3 in
myocardial fibrosis after MI and the underlying
mechanisms.

Materials and Methods
Animal Models

Male C57BL/6 mice (6-8 weeks) were purchased from the
Fourth Military Medical University Medical Animal Cen-
ter. All experiments were performed in adherence with the
National Institutes of Health Guidelines on the use of
laboratory animals and approved by the Fourth Military
Medical University Committee on Animal Care
(ID:20140321). Mice were anesthetized with 2 % isoflu-
rane, and a left thoracotomy incision was made between
the fourth and fifth ribs to expose the heart. Notch3 siRNA
(20 pg) or scrambled siRNA was dissolved in 30 pl of
vivo-jetPEI™ (Invitrogen, USA) and 10 % glucose mix-
ture. Intramyocardial injections (5 pl per injection) were
made at six separate sites of the free anterior wall of the left
ventricle (LV) with a total volume of 30 pl solution con-
taining Notch3 siRNA or scrambled siRNA using a
30-gauge needle [16]. Notch3 cDNA lentivirus was injec-
ted into the free anterior wall of the left ventricle (LV) at
six different sites. Three days after infection of Notch3
siRNA or Notch3 cDNA lentivirus, cardiac MI injury

model was constructed as previously described [17]. The
incision was opened under anesthetic condition once again.
A 6-0 silk suture slipknot was placed at the proximal one-
third of the left anterior descending (LAD) artery. The
ligation was accomplished at the same segment of LAD,
and then, the anterior wall of left ventricle (LV) turned
pale. The same surgical protocols were performed in the
Sham group except that the suture placed under the left
coronary artery was not tied. Mice were randomly allocated
into the following groups: (1) Sham group (n = 20); (2) MI
group (n = 20); (3) MI + siControl group (n = 20); (4)
MI + siNotch3 group (n = 20); (5) MI + Control vector
group (n = 20); (6) MI + Notch3 group (n = 20). Four
weeks after MI, survival rate was recorded.

Cell Culture and Treatments

Primary cultures of mouse cardiac fibroblast cells were
obtained from newborn C57BL/6 mice (1-3 days old).
Briefly, myocardium specimen was cut into small pieces
and washed, followed by digestion steps with collagenase
type 2. The tissue lysate was filtered through a 70-mm cell
strainer (Millipore, Billerica, MA, USA) and pre-plated for
1 h in a humidified cell culture incubator (21 % 02, 5 %
CO2, 37 °C). The cells adherent to the culture plate,
mainly composed of cardiac fibroblast cells (CFs), were
cultured in DMEM supplemented with 10 % FBS, peni-
cillin (100 U/ml) and streptomycin (100 U/ml) (Sigma) at
37 °C in a humidified atmosphere of 5 % CO?2. After 48 h,
Notch3 cDNA lentivirus was transfected into CFs. After
72-h transfection, the CFs were treated with TGF-B1 (5 ng/
ml, 24 h), a well-known pro-fibrotic factor. Cells were
randomly divided into the following groups: (1) Control
(CON); (2) TGF-B1; (3) TGF-B1 +Control vector; (4)
TGF-B1 + Notch3.

Determination of Cardiac Function

Echocardiography was conducted at 4 weeks after MI.
Sedated mice (2 % isoflurane) were studied by using an
echocardiography system (Sequoia Acuson, Siemens,
15-MHz linear transducer, Erlangen, Germany). Cardiac
dimensions and function were assessed by M-mode
echocardiography. Left ventricular end-diastolic diameter
(LVEDD) and left ventricular end-systolic diameter
(LVESD) were measured on the parasternal left ventricular
long-axis view. All measurements represented the mean of
five consecutive cardiac cycles. Left ventricular end-sys-
tolic volume (LVESYV), left ventricular end-diastolic vol-
ume (LVEDV) and left ventricular ejection fraction
(LVEF) were calculated by the use of computer algorithms.
All of these measurements were conducted under the same
conditions in a blinded manner. A Millar Mikro-tip catheter
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transducer that was inserted into the left ventricular cavity
through the left carotid artery was used to measure the left
ventricular pressure (LVP). The left ventricular systolic
pressure (LVSP), left ventricular end-diastolic pressure
(LVEDP), first derivative of the left ventricular pressure
(£LV dp/dt max) and heart rate were obtained by computer
algorithms and an interactive videographics program (Po-
Ne-Mah Physiology Platform P3 Plus, Gould Instrument
Systems, Valley View, Ohio).

Notch3 siRNA or Lentivirus Carrying Notch3 cDNA
Construction

Notch3 siRNA oligonucleotides were purchased from
GenePharma Company (Shanghai, China). The RNAi
sequence targeting Notch3 against murine is 50-GGCCA
GUUUACUUGCAUCUTT-30 (sense) and 50-AGAUG
CAAGUAAACGGCCTT-30 (antisense). Lentivirus carry-
ing Notch3 ¢cDNA was purchased from GeneChem Com-
pany (Shanghai, China)

Immunofluorescence Staining

Immunofluorescence staining was conducted with standard
protocols. Cells slides were fixed with 4 % paraformalde-
hyde for 15 min and then incubated with 10 % normal goat
serum containing 0.1 % Triton X-100 (Sigma) for 1 h. The
a-SMA was detected by incubating with rabbit anti-a-SMA
(diluted 1:150; Abcam, Cambridge, MA, UK) overnight at
4 °C. The slides were incubated for 2 h with a fluorescein
isothiocyanate (FITC)-conjugated anti-rabbit (Sigma) sec-
ondary antibodies, and 4,6-diamidino-2-phenylindole
(DAPI) (Sigma) stained all cell nuclei.

Masson’s Trichrome Staining

Four weeks after MI operation, mice myocardial tissues
were fixed with 4 % paraformaldehyde, dehydrated
through graded solutions of ethanol and embedded in
paraffin. Heart sections were cut (4-5 pm thickness) and
stained with Masson’s trichrome (Sigma-Aldrich; St.
Louis, MO). The extent of fibrosis was expressed as the
Masson’s trichrome-stained area/total LV area ratio.

Western Blot Evaluation

Cardiac tissues and CFs proteins were harvested with RIPA
lysis buffer. After blocking with 5 % milk for 1 h in
1 x TBS-Tween-20 buffer, membranes were incubated
overnight at 4 °C with primary antibody. The primary
antibodies used were anti-GAPDH antibody (Santa Cruz,
CA, USA), anti-Notch3 (Santa Cruz, CA, USA), anti-Hes],
anti-Smad3, anti-Phospho-Smad3 (Ser423/425) (Cell
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Signaling Technology, Beverly, MA, USA), anti-a-SMA,
anti-Type 1 collagen, anti-MMP-9 and anti-TIMP-2
(Abcam, Cambridge, MA, UK). After three washes with
TBST, the membrane was incubated with the correspond-
ing secondary antibodies (Abcam, Cambridge, MA, UK)
for 1 h at room temperature. Protein concentrations were
quantified using the Bradford assay (Bio-Rad Laboratories,
Hercules, CA, USA). The bands were detected using a
chemiluminescence system (Amersham Bioscience,
Buchinghamshire, UK). Band intensities were quantified
by densitometry and normalized to GAPDH.

Statistical Analysis

Continuous variables that approximated the normal distri-
bution were expressed as mean + standard deviation (SD).
Comparison between groups was subjected to ANOVA
followed by Bonferroni correction for post hoc ¢ test.
A Chi-square test was used to assess the data expressed as
proportions. Two-sided tests have been used throughout,
and p values <0.05 were considered statistically signifi-
cant. SPSS software package version 15.0 (SPSS, Chicago,
IL) was used for data analysis.

Results

Examination of Notch3 Protein Level in Heart Post-
MI Operation

Western blot analysis demonstrated that the expression of
Notch3 and Hesl increased rapidly after 24 h of MI and
declined to baseline level until 2 weeks after MI (Fig. 1a—c).
The expression of o-SMA and Type I collagen increased at
1 week after MI and further increased at 4 weeks after MI
(Fig. 1a, d, e). The survival rate of mice decreased after MI
(100 vs. 50 %, p < 0.05) (Fig. 1f). Notch3 cDNA treatment
significantly enhanced (67 vs 50 %, p < 0.05), while Notch3
siRNA administration decreased (25 vs. 50 %, p < 0.05) the
survival rate of mice as compared with the MI group

(Fig. 1f).

Notch3 Attenuates Cardiac Damage in Mice
with Myocardial Infarction

Echocardiography evaluated at 4 weeks after MI injury
revealed that Notch3 c¢DNA treatment significantly
enhanced, while Notch3 siRNA administration decreased
LVEF as compared to the MI group (Fig. 2a, b). Notch3
cDNA treatment significantly decreased, while Notch3
siRNA administration increased LVESV and LVEDV as
compared to the MI group (Fig. 2a, c, d). Hemodynamic
measurements performed at 4 weeks after MI injury
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Fig. 1 Changes of Notch3 expression in mice heart post-MI injury.
a—e Analysis of Notch3, Hes-1, a-SMA and Type I collagen protein
levels for indicated time periods from injured areas of mouse heart
after MI injury using western blot. f Kaplan—-Meier plots of survival

indicated that the LV dp/dt max was increased in the
MI + Notch3 group as compared to the MI group (Fig. 2e,
f). The £LV dp/dt max was decreased in the MI +
siNotch3 group as compared to the MI group (Fig. 2e, f).
There was no statistical difference in heart rate (HR)
between groups (Fig. 2g).

Notch3 Attenuates Cardiac Fibrosis in Mice
with Myocardial Infarction

To analyze whether Notch3 modifies fibrosis in the
infarcted myocardium, we performed Masson trichrome
staining on day 28 post LAD ligation. Masson trichrome
staining showed that fibrosis was markedly alleviated in
the MI + Notch3 group compared with the MI group
(Fig. 3a, b). Notch3 siRNA administration further
enhanced MI-induced increase in cardiac fibrosis (Fig. 3a,

30

rates. The columns and errors bars represent means and SD.
*p < 0.05 versus Sham, *p < 0.05 versus MI (24 h), %p < 0.05
versus MI (1 week), $p < 0.05 versus MI (2 weeks)

b). The a-SMA and Type I collagen expression in the
heart 4 weeks after MI were significantly higher in the MI
group than the sham group (Fig. 3c, i, g). Notch3 cDNA
treatment significantly reduced a-SMA and Type I col-
lagen expression (Fig. 3c, i, g). Notch3 siRNA adminis-
tration significantly increased a-SMA and Type I collagen
expression (Fig. 3c, i, g).

Notch3 Inhibits the TGF-B1/Smad3 Signaling
Pathway in Mice with Myocardial Infarction

Notch3 c¢DNA treatment significantly reduced p-Smad3
and TIMP-2 expression and increased MMP-9, Notch3 and
Hesl expression (Fig. 3c—h). Notch3 siRNA administration
significantly increased p-Smad3 and TIMP-2 expression
and decreased MMP-9, Notch3 and Hesl expression
(Fig. 3c-h).
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Mi+Notch3

Fig. 2 Notch3 attenuates cardiac damage in the mice with myocar-
dial infarction. a Representative images of echocardiography at
4 weeks after MI injury. b-d LVEF, LVESV, LVEDV measured by
echocardiography. e, f The = LV dp/dr max obtained by hemody-
namic evaluation at 4 weeks after MI injury. g Heart rates. The

Notch3 Inhibits the TGF-f1/Smad3 Signaling
Pathway in CFs

Immunofluorescence staining demonstrated that TGF-f1
increased a-SMA expression in CFs cells (Fig. 4a).
Meanwhile, overexpression of Notch3 inhibited TGF-f$1-
induced fibroblast—-myofibroblast transition, as evidenced
by its ability to down-regulate a-SMA(Fig. 4a). In cultured
CFs, TGF-B1 (5 ng/ml, 24 h) significantly increased
p-Smad3 level (Fig. 4b, e), a typical downstream event of
TGF-B1 receptor activation. TGF-B1-enhanced o-SMA and
Type I collagen expression levels (Fig. 4b, h, i), decreased
Notch3 and Hes-1 expression levels (Fig. 4b—d). Notch3
c¢DNA administration to TGF-1-treated cardiac fibroblasts
caused a marked decrease in p-Smad3, a-SMA and Type I
collagen expression (Fig. 4b, e, h, i) and increased Notch3
and Hes-1 expression (Fig. 4b—d). Notch3 cDNA treatment
inhibited TGF-B1-induced fibroblast-myofibroblast transi-
tion, as evidenced by its ability to down-regulate o-SMA
and Type I collagen expression by western blot analysis.
We also found that Notch3 cDNA administration up-
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columns and errors bars represent means and SD. *p < 0.05 versus
Sham, #p < 0.05 versus MI, §p < 0.05 versus MI + siControl,
51’p < 0.05 versus MI + siNotch3, &p < 0.05 versus MI + Control
vector

regulated MMP-9 expression and down-regulated TIMP-2
expression in TGF-B1-stimulated cells (Fig. 4b, f, g).

Discussion

Myofibroblasts regulate the balance between collagen
synthesis and degradation after tissue injury [3, 15, 18].
When undergoing ischemia, autocrine and paracrine factors
(such as TGF-B1 and pro-inflammatory cytokines), cardiac
fibroblasts increase synthesis of ECM proteins which repair
the necrotic myocardium with a scar [19]. Although
myofibroblasts stabilize the infarcted area and promote scar
tissue contraction, they can lead to abnormal myocardial
stiffness and impairment of cardiac function [20]. Thus, we
could find therapeutic strategies to inhibit excessive left
ventricular stiffness after myocardial infarction by identi-
fying the factors which are capable of preventing myofi-
broblast generation and defining their molecular targets.
In the developing heart, Notch regulates cardiomyocyte
proliferation and valve formation. Mutations in
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Fig. 3 Overexpression of Notch3 reduces significant the extent of
cardiac fibrosis in the mice with myocardial infarction. a Represen-
tative images of Masson’s trichrome staining of each group 4 weeks
after MI to assess the degree of cardiac fibrosis. The positively stained
area (blue) represents fibrosis; b Quantitative analysis of Masson’s
trichrome staining. Fibrosis level was presented as the ratio of fibrotic

components of the Notch pathway lead to cardiac structural
abnormalities and dysfunction [21]. Augmentation of
Notch activation exerts protective effects in alcoholic
cardiomyopathy, myocardial infarction and cardiac hyper-
trophy [16, 22]. In our study, the activation of Notch sig-
naling in response to cardiac injury was assessed in a
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area (blue)/LV; c—j Western blot analysis of Notch3, Hes-1, p-Smad3,
Smad3, TIMP-2, MMP-9, a-SMA and Type I collagen expression.
The columns and errors bars represent means and SD. *p < 0.05
versus Sham, #p < 0.05 versus MI, §p < 0.05 versus MI + siControl,
$p < 0.05 versus MI + siNotch3, &p < 0.05 versus MI + Control
vector

mouse model of MI. The expression levels of Notch3 and
the Notch targets Hesl were increased at several time
points within 2 weeks following MI. The levels of Notch3
and Hesl1 reverted to normal values (sham) at 2 weeks after
MI. Therefore, activation of Notch signaling was transient
following MI. In the present study, augmentation of
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Fig. 4 Overexpression of Notch3 inhibits cardiac fibroblast-myofi-
broblast transition on primary neonatal cardiac fibroblasts by
interfering with TGF-B1/Smad3 signaling pathway. a a-SMA level
in CFs after different treatments evaluated by immunofluorescence.
Representative immunofluorescence images, a-SMA (green). Nuclei

endogenous Notch reactivation in the mice with myocar-
dial infarction, by intramyocardial injections of Notch3
cDNA lentivirus, increases mice survival rate, improves
cardiac function and minimizes MI-induced increase in
cardiac fibrosis. Moreover, Notch3 siRNA administration
decreases survival rate, exacerbates cardiac function and
increases cardiac fibrosis in the mice with myocardial
infarction. This new study confirms and extends the
knowledge on the anti-fibrotic effect of Notch and on its
beneficial actions in the cardiovascular diseases [23, 24].
ECM homeostasis is regulated by a coordination
between proteolytic enzymes and their specific tissue
inhibitors (TIMPs) [25, 26]. MMPs can degrade collagen
and other ECM proteins. High TIMP-2 level has a potent
inhibitory effect on MMPs activation [27]. Our results have
shown that Notch3 ¢cDNA administration down-regulated
multiple processes involved in adverse cardiac remodeling,
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are marked in blue with DAPI. b—i Western blot analysis of Notch3,
Hes-1, p-Smad3, Smad3, TIMP-2, MMP-9, a-SMA and Type I
collagen expression levels. The columns and errors bars represent
means and SD. *p < 0.05 versus CON, #p < 0.05 versus TGF-B1,
§p < 0.05 versus TGF-B1 + Control vector (Color figure online)

reduced TIMP-2 and increased MMP-9 expression levels in
the mice with myocardial infarction. In cultured CFs, our
data showed that Notch3 cDNA treatment inhibited TGF-
B1-induced fibroblast—-myofibroblast transition by up-reg-
ulating MMP9 expression and reducing the expression of
TIMP-2.

Previous studies have showed that TGF-B1/Smad3 axis
takes part in tissue fibrosis [28, 29]. TGF-Blactivates
Smad3, which then translocates into the nucleus and
induces the expression of pro-fibrotic target genes [30, 31].
The a-SMA and Type I collagen are the typical markers of
myocardium fibrosis. Our results have shown that Notch3
treatment reduced p-Smad3, a-SMA and Type I collagen
expression levels in mice with myocardial infarction.
In vitro studies performed with cultured CFs also demon-
strated that Notch3 treatment reduced p-Smad3, a-SMA
and Type I collagen expression levels. Therefore, Notch3
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overexpression may inhibit cardiac fibroblast—-myofibrob-
last transition in vitro and in vivo by interfering with TGF-
B1/Smad3 signaling.

Previous in vitro observations have shown that down-
regulation of Notch pathway in neonatal rat cardiac
fibroblasts is necessary for their differentiation into
a-SMA-positive myofibroblasts [15]. A recent study also
revealed that Notch regulates the balance between fibrotic
and regenerative repair in the adult heart and represents a
unique therapeutic target for inducing regeneration via
mobilization of cardiac precursor cells in the adult heart
[32]. The results of the present study demonstrated that
Notch3 inhibited the phenotypic switch of cardiac fibrob-
lasts to myofibroblasts in the mice with myocardial
infarction and in cultured CFs with TGF-B1 through TGF-
B1/Smad3 axis. It is conceivable that Notch3 may link with
other important pathways to inhibit cardiac fibrosis in the
mice with myocardial infarction.

Conclusions

The present study offers new evidence that Notch3 antag-
onizes the effects of TGF-B1 on cardiac fibroblast-myofi-
broblast transition. The salient finding of the present study
provides important experimental evidence supporting
Notch3 as a potential therapeutic target for the chronic
ischemic heart disease by inhibiting TGF-B1/Smad3 sig-
naling pathway to reduce cardiac fibrosis.
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