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remodeling by regulating TGF1/Smad
signaling

Yuze Zhang'", Xiaoyan Lin?', Yong Chu', Xiaoming Chen?, Heng Du', Hailin Zhang', Changsheng Xu',
Hong Xie', Qinyun Ruan?, Jinxiu Lin', Jie Liu*, Jinzhang Zeng® Ke Ma>" and Dajun Chai"

Abstract

Background: Cardiac remodeling is one of the major risk factors for heart failure. In patients with type 2 diabetes,
sodium-glucose cotransporter 2 (SGLT2) inhibitors reduce the risk of the first hospitalization for heart failure, possibly
through glucose-independent mechanisms in part, but the underlying mechanisms remain largely unknown. This
study aimed to shed light on the efficacy of dapagliflozin in reducing cardiac remodeling and potential mechanisms.

Methods: Sprague-Dawley (SD) rats, induced by chronic infusion of Angiotensin Il (Ang Il) at a dose of 520 ng/kg per
minute for 4 weeks with ALZET® mini-osmotic pumps, were treated with either SGLT2 inhibitor dapagliflozin (DAPA)
or vehicle alone. Echocardiography was performed to determine cardiac structure and function. Cardiac fibroblasts
(CFs) were treated with Ang Il (1 uM) with or without the indicated concentration (0.5, 1, 10 uM) of DAPA. The pro-
tein levels of collagen and TGF-31/Smad signaling were measured along with body weight, and blood biochemical
indexes.

Results: DAPA pretreatment resulted in the amelioration of left ventricular dysfunction in Ang ll-infused SD rats with-
out affecting blood glucose and blood pressure. Myocardial hypertrophy, fibrosis and increased collagen synthesis
caused by Ang Il infusion were significantly inhibited by DAPA pretreatment. In vitro, DAPA inhibit the Ang ll-induced
collagen production of CFs. Immunoblot with heart tissue homogenates from chronic Ang Il-infused rats revealed
that DAPA inhibited the activation of TGF-31/Smads signaling.

Conclusion: DAPA ameliorates Ang ll-induced cardiac remodeling by regulating the TGF-31/Smad signaling in a
non-glucose-lowering dependent manner.
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Introduction

Accentuated deposition of extracellular matrix (ECM)
proteins contributed from cardiac fibroblasts (CFs)
activation is a key feature of pathological myocardial
remodeling involved in nearly all etiologies of heart
diseases, which increases myocardial stiffness and ulti-
mately leads to the progression of heart failure [1]. In
the myocardium’s fibrotic remodeling, activated CFs
typically undergo myofibroblast transdifferentiation,
expressing contractile proteins, such as a-smooth mus-
cle actin (a-SMA), and synthesizing large amounts of
structural ECM proteins mainly including types I and
type III fibrillar collagen [2, 3]. Several mediators pro-
mote the development of cardiac fibrosis regardless of
the underlying pathology and initiate factors. Angio-
tensin II (Ang II), the major effector in the renin—angi-
otensin—aldosterone system (RAAS), serves as a potent
activating stimulus for cardiac fibrosis and cardiomyo-
cyte hypertrophy [4]. The model of chronic subjection
to Ang II in murine is widely used to mimic chronic
hypertension upon neurohumoral activation, where
reactive interstitial and perivascular fibrosis were
observed [5]. Among a wide range of fibrogenic sign-
aling pathways, transforming growth factor-f1 (TGE-
B1)/Smad is crucial for the induction and maintenance
of CFs activation and collagen synthesis, which par-
tially mediates Ang II-induced structural remodeling
[6]. Although extensive studies and interventions have
been carried out to inhibite cardiac fibrosis and reverse
myocardial remodeling, there is still a clinical desire for
novel pharmacological approaches [7]. In recent years,
studies have revealed that sodium-glucose cotrans-
porter 2 inhibitors (SGLT2i), a new class of anti-dia-
betic drugs, could play a cardioprotective role beyond
the glucose-lowering effect [8]. In Dapagliflozin in
Patients with Heart Failure and Reduced Ejection Frac-
tion (DAPA-HF) trial, among patients with heart failure
and a reduced ejection fraction, dapagliflozin (DAPA)
reduced the risk of worsening heart failure or cardio-
vascular death, regardless of the presence or absence of
diabetes [9]. In rats with cardiac ischemia/reperfusion
injury, DAPA pretreatment could provide cardioprotec-
tive effects by reducing the infarct size [10]. Empagli-
flozin (EMPA; another SGLT2i) has been reported to
improve LV ejection fraction and cardiac remodeling
associated with improvements in cardiac metabolism
and cardiac ATP production in myocardial infarction
rats models [11].

Furthermore, experiment with human cardiac myofi-
broblast and found that EMPA can attenuate TGFp1-
induced fibroblast activation and cell-mediated
collagen remodeling [12]. In general, there are relatively
fewer studies concerning the cardioprotective potential
of SGLT2i on patients with non-diabetic cardiovascu-
lar disease. And more histopathological evidence from
animal models is needed to prove the effect of SGLT2i
in alleviating cardiac fibrotic remodeling. However,
the possible mechanisms by which SGLT2i achieve
cardiovascular benefits remain to be elucidated since
some studies believe that SGLT2 is not expressed in the
human heart [13].

Therefore, we performed the present study to con-
firm the glycemic-control-independent effect of DAPA
towards cardiac remodeling using rats with chronic Ang
II perfusion and explore the regulatory signaling with a
focus on the TGF-B pathway. Our data suggested that
DAPA may help prevent patients from cardiac dysfunc-
tion without diabetes and revealed possible mechanisms
of the cardioprotective effects of SGLT2i.

Materials and methods

Modeling and grouping

Eight-week-old male Sprague-Dawley (SD) rats
(18020 g) purchased from Shanghai Laboratory Ani-
mal Center. All animals were housed in a room under
temperature control at 23 °C and kept on a 12 h light/
dark cycle. Commercial chow and water were supplied
ad libitum. The animal experiment was completed in
the Central Laboratory of the First Affiliated Hospi-
tal of Fujian Medical University. Twenty-four rats were
randomly allocated into four groups (n=6 for each
group): Control saline infusion group (CTL); Control
treated with dapagliflozin group (5 mg/kg/day) [14]
(CTL+ DAPA); Ang II infusion with vehicle (0.9% ster-
ile saline) gavage group (Ang II); Ang II infusion with
DAPA gavage group (Ang II4+DAPA). Ang II (520 ng/
kg/min, A9525, Sigma-Aldrich, St Louis, MO) or saline
was continuously infused into rats through the osmotic
pump (ALZET® Osmotic Pumps 2006, DURECT) for
4 weeks [15]. We administered the DAPA (gift of Astra
Zeneca) or 0.9% sterile saline by gastric gavage continued
up to 4 weeks. At the end of the treatment, blood pres-
sure (BP) and body weight were measured, and then rats
were anesthetized, echocardiography was performed to
determine cardiac structure and function, blood samples
and the heart were collected.
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BP measurement

After completing 4-week drug administrations, BP was
measured using a non-invasive tail-cuff system (Softron
BP-2010A, Beijing Biotechnology Co., Ltd., Beijing,
China). Conscious rats were acclimated to the apparatus
for 5 min before starting measurement, and then placed
on the warmed platform of the machine (37 °C). The BP
data were collected three times under a resting state, and
the average value was calculated.

Echocardiography

Four weeks after drug administrations, rats were anes-
thetized with 2% isoflurane via face mask. Transthoracic
echocardiography (Vivid E95, GE Health-care, Horten,
Norway) was performed using a 12S probe at frequen-
cies of 4—12 MHz. M-mode images were obtained from
parasternal short axis view of the left ventricular- papil-
lary muscle levels to analyze the cardiac structure and
function. Pulsed wave Doppler blood flow images of the
apical four-chamber view at the mitral level and tissue
Doppler images of the lateral and septal mitral annulus
were recorded. Heart rate (HR) were recorded by syn-
chronized electrocardiography. Images were quantified
and analyzed by the Echopack 113.1.3 image analysis
system (GE Healthcare). End-diastolic interventricular
septum thickness (IVSd), end-diastolic left ventricular
posterior wall thickness (LVPWd), and end-diastolic and
end-systolic left ventricular internal diameters (LVIDd
and LVIDs) were measured, and the left ventricular frac-
tional shortening (LVES) and the left ventricular ejection
fraction (LVEF) were calculated as described previously
[16].

The software module for quantitative tissue velocity
imaging (QTVI) (GE Healthcare) was utilized to meas-
ure the systolic peak velocities (s, s'), early diastolic peak
velocities (e, ') and end-diastolic peak velocities (a, a’) of
the lateral and septal mitral annulus on the apical four-
chamber view. The systolic average peak velocity (S
early diastolic average peak velocity (e,.), late diastolic
average peak velocity (a,,.) and the ratio of E/e,,, of the
lateral and septal mitral annulus were calculated.

The 2D-strain tool of the Q-analysis software (GE
Healthcare) was utilized to analyze seven tracking points
located at the apex, the lateral and septal basal segments,
the medium segment, and apical segment boundaries
were selected sequentially on the left ventricular endo-
cardial surface on the apical four-chamber view section
image. Sampling frames were automatically generated,
and the sizes of the frames were adjusted for consistency
with ventricular wall thickness. The global longitudinal
strain (GLS) was calculated. All measurements were per-
formed by an echocardiologist unaware of the identities

ave) ’
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of the experimental groups, and the values of the above
parameters were calculated from the average of five con-
tinuous cardiac cycles.

Measurements of laboratory chemistry and circulating
bioactive peptides
After echocardiography was performed, blood samples
were collected from the abdominal aorta and centri-
fuged to isolate serum and stored at —80 °C until assay.
Glucose, lipid (Glu), blood urea nitrogen (BUN), serum
creatinine (SCr), serum alanine aminotransferase (ALT),
aspartate aminotransferase (AST), lactate dehydrogenase
(LDH), creatine kinase (CK), and CK-MB were deter-
mined by the colorimetric method utilizing an automatic
biochemical analyzer (Roche, Shanghai, China).
Circulating vasoactive peptide concentrations were
determined using Enzyme-linked Immunosorbent Assay
(ELISA) kits according to the manufacturer’s proto-
col. The serum levels of atrial natriuretic peptide (ANP,
Uscnk, Wuhan, China, Cat no: CEA225Ra), brain natriu-
retic peptide (BNP, Uscnk, Wuhan, China, Cat no: CSB-
E07972r), Ang II (Cusabio Biotech, Wuhan, China, Cat
no: CEAO05Ra), and insulin (INS, Uscnk, Wuhan, China,
Cat no: CEA448Ra) were measured. All assays were per-
formed in duplicate.

Histopathology and immunohistochemistry

After blood samples were collected, the heart was har-
vested, and the LV were separated, and weighed. The
heart weight to tibial length ratio (HW/TL, g/cm) and
the LV weight to tibia length (LVW/TL, g/cm) ratio were
calculated.

The heart tissue was fixed in 10% formalin for 24 h,
dehydrated, embedded in paraffin, and sectioned at 5 pm
thickness, and these sections were mounted on glass
slides. Hematoxylin—Eosin (H&E, Sigma-Aldrich, MO,
USA) staining and Picric Acid-Sirius Red staining were
used for histological and fibrosis analysis respectively.

For immunohistochemical staining, primary antibod-
ies against Collagen I (Abcam, Cat no: ab34710), Colla-
gen III (Abcam, Cat no: ab32854), a-smooth muscle actin
(a-SMA) (Cell Signaling Technology, Cat no: #19245),
TGEF-B1 (ABclonal, Cat no: A2124) were used. Immu-
nohistochemistry of cardiac sections was performed
using a horseradish peroxidase-3’-3’-diaminobenzidine
kit (Zhongshan Jinqiao Biotechnology, Beijing, China,
Cat no: PV-9000) following manufacturers’ instructions.
To quantify cardiomyocyte area and fibrotic percentage,
the heart sections’ images were obtained using an optical
microscope and then analyzed using Image J version 1.8.0
(National Institutes of Health, USA). Three visual fields
were randomly selected for each heart tissue section, and
their average values were taken as data for each rat.
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Table 1 Serum and biochemical indicators of Ang Il rats treated with vehicle or DAPA for 4 weeks

CTL CTL+ DAPA Angll Ang Il +DAPA
Glu (mM) 8.29+129 8.33+128 8.09+1.12 805£1.17
INS (pg/ml) 223+£3894 224.53+66.16 2059544933 2155944351
TC (mM) 18+£02 16+037 1.98+£048 1.85£0.27
TG (mM) 1.14£049 1.08+0.46 1.31£046 1.22+0.56
LDL-C (mM) 035£0.1 0.36£0.09 0.35£0.12 0.38+0.07
HDL-C (mM) 0.53+0.16 0.574+0.05 0514019 0.59+0.1
ALT (U/1) 53.67£859 61£143 59.5+761 5233%6.62
AST (U/1) 24409410.05 246.164+38.39 229171741 236+12.18
CK U/ 331.144+11.81 327.08+15.24 317.88+18.12 321811585
CK-MB (U/1) 338.284+13.79 337414£15.76 3183842062 3266941681
LDH (U/) 360.224+13.26 359.744+13.15 340.614£24.75 35496414.97
BUN (mM) 6.61+143 6.88£1.76 784+£2.13 8.64+2.05
SCr (umol/1) 18.12+£332 19.724+2.89 20.05+4.59 1848+259
UA (umol/I) 11.3£7.12 13.38£5.86 8.22£35 7.57+£3.95

Values are presented as mean 4 SD (n =6 rats per group)

Every parameter showed no significant difference among the four groups. Data are not significant for each group

Glu glucose, INS insulin, TC total serum cholesterol, TG triglyceride, LDL low-density lipoprotein, HDL high-density lipoprotein, SCr serum creatinine, ALT serum alanine
aminotransferase, AST aspartate aminotransferase, LDH lactate dehydrogenase, CK creatine kinase

Cell culture and treatment

Primary cardiac fibroblasts (CFs) isolated from adult rat
ventricular tissues as previously described [16]. Briefly,
cells were grown in M199 medium (HyClone, Cat no:
SH30253.01) (10% fetal bovine serum and 1% penicillin/
streptomycin) at 5% CO,, 37 °C incubator. The purity of
CFs in the culture was higher than 95% and only passages
from 1 to 3 were used in the study to avoid age-depend-
ent culture modifications. After incubation in a 0.5% fetal
bovine serum M199 medium for 12 h, CFs were treated
24 h with of Ang II (1 pM) with or without DAPA at a
concentration of 0.5, 1, 10 uM. (MedChemExpress, Cat
no: HY-10450).

Immunoblot analyses

Samples were homogenized in lysis buffer (50 mM Tris—
HC], pH 7.4, 1 mM EDTA, 100 mM NaCl, 20 mM NaF,
3 mM NazVO, 1 mM PMSE, and protease inhibitor
cocktail). Heart tissues and cell lysates were separated
by 8-10% SDS-PAGE and transferred to nitrocellulose
membranes. Antibodies used were rabbit polyclonal
antibody against Collagen I (Abcam, Cat no: ab34710),
rabbit polyclonal antibody against Collagen III (Abcam,
Cat no: ab32854), rabbit monoclonal antibodies against
B-actin (Santa Cruz Biotechnology, Cat no: sc-47778),
a-smooth muscle actin (a-SMA) (Cell Signaling Technol-
ogy, Cat no: # 19245), Smad2 (Cell Signaling Technology,
Cat no: #5339), Phospho-Smad2 (Cell Signaling Technol-
ogy, Cat no: #18338), Smad3 (Sigma, Cat no: AV100621),
Phospho-Smad3 (Sigma, Cat no: SAB4504210), Smad?

(Abcam, Cat no: ab216428) and rabbit polyclonal anti-
body against TGF-f1 (ABclonal, Cat no: A2124) at 4 °C
overnight. The integrated density value of the target pro-
tein bands was measured by Image ] software. B-actin
was used to normalize the target protein level on the
same blot.

Statistical analysis

All results are expressed as the means+ SD, and all com-
parisons were analyzed using one-way ANOVA followed
by the Student—-Newman—Keuls test for multiple com-
parisons using IBM SPSS statistics 22 software. Results
were considered significant when a value of P<0.05 and
values P<0.01 were considered highly significant.

Results

Effects of DAPA on biochemical indicators and BP in rats

As shown in Table 1, there was no significant difference
in the plasma glucose levels and insulin concentrations
among the four groups throughout the study, indicat-
ing that Ang Il-infused rat model was free of diabetes.
Compared to the CTL group, chronic perfusion of Ang II
significantly increased SBP and DBP. DAPA intervention
showed a certain BP-lowering effect, but there was no
significant difference between Ang Il-infusion and Ang
114+ DAPA group (Table 2 and Additional file 1: Table S1).
Chronic Ang II perfusion significantly decreased the
body weight of rats after 4 weeks. At the end of the the
experiment, there were no difference in total serum
cholesterol (TC), triglyceride (TG), and low-density
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Table 2 Physical and conventional echocardiographic parameters in normal and Ang ll-infused rats treated with vehicle or DAPA

Parameters CTL CTL -+ DAPA Angll Ang 11+ DAPA
BW (g) 362.17 41267 3584993 32033+£1531% 318.5412.29*
SBP (mmHg) 1319541349 134441643 22828 +14.62* 22267 +£19.34*
DBP (mmHag) 102641662 106.77+£1122 190.02 4 1849* 173.1417.58%
HW (g) 1.0£0.08 1.0340.07 13340.05% 1.1440.1%
LYW (g) 0.714£007 0714008 1.04£0.03* 0.8540.07*
IVSd (mm) 1.83+£008 1824006 2.540.14* 1854000
LVEDd (mm) 7454065 7494019 6.28 £0.42% 7060711
LVEDs (mm) 4494026 4374023 3374023* 40405+
LVPWd (mm) 168+0.1 1744013 2324£0.13% 1.7340.12°
LVEDV (ml) 0944022 0924005 0.584+0.1* 0.81+£0.24"
LVESV (ml) 0.22+£0.04 0.240.02 0.140.02* 0.17 £0.07%
LVEF (%) 7547 £321 78024257 82.8840.79* 79.94199%
LVFS (%) 39514283 4061+£141 46.3240.85* 43464179*
HR 389.48 42159 3775341721 409.014£26.04 409.32421.06

Values are presented as mean 4 SD (n =6 rats per group)
Data are expressed as the mean £+ SD

BW body weight, SBP systolic blood pressure, DBP diastolic blood pressure, HW heart weight, LVWV left ventricle weight, TL tibia length, IVSd end-diastole
interventricular septum thickness, LVEDd left ventricular end-diastolic dimension, LVEDs left ventricular end-systolic dimension, LVEDV left ventricular end-diastolic
volume, LVESV left ventricular end-systolic volume, LVPWd diastolic left ventricular posterior wall thickness, LVFS left ventricular fractional shortening, LVEF the left

ventricular ejection fraction, HR heart rate
*P <0.05 relative to CTL group
* P<0.05 relative to Ang Il group

lipoprotein (LDL), and we did not find any liver, skeletal
muscle, or kidney toxicity related to DAPA treatment
(Table 1).

DAPA attenuated cardiac remodeling and improved
cardiac dysfunction induced by Ang Il in rats
Chronic Angll infusion induced significant myocardial
hypertrophy in rats. As shown in Fig. 1C, Ang II infused
rats showed increases in HW, HW/TL, LVW, and LVW/
TL ratios (P<0.01), and these increases were significantly
attenuated by DAPA (P<0.05). In addition, we assessed
the serum levels of ANP, BNP and Ang II using ELISA.
The results showed that ANP, BNP, and Ang II were
increased in Ang II group. DAPA treatment markedly
attenuated these parameters to some extent (Fig. 1A, B).
To assess the effects of DAPA on the cardiac struc-
ture and function in Ang-II-infused rats, echocardiog-
raphy was performed. As shown in Table 2 and Fig. 1D,
after Ang II infusion, LVEF and LVFS were significantly
increased compared to control group (82.88+0.79% vs.
78.02 £2.57% and 46.321+0.85% vs. 40.61 4= 1.41% respec-
tively, P<0.01). In Ang II+DAPA group, LVEF and LVFS
were significantly decreased compared to the Ang II
group (79.94+1.99% vs. 82.881+0.79% and 43.46£1.79%
vs. 46.32 +0.85% respectively, P<0.05). IVSd and LVPWd
in Ang II-infused group were significantly increased than

those in CTL group, and the LVEDd, LVEDs, end-dias-
tolic volume (EDV), end-systolic volume (ESV) of Ang II-
infused rats were significantly lower than those in CTL
group. These are consistent with previous reports [17,
18]. After DAPA treatment, these indicators of Ang-II-
infused rats were sigfinicantly ameliorated (Table 2).

QTVI and 2D-speckle tracking echocardiography have
higher sensitivities in detecting cardiac function com-
pared to conventional echocardiography. Therefore, we
assessed early cardiac function changes in rats and the
protective effects of DAPA using this technique. Interest-
ingly, we found that compared with the control group, s,
s, Saver € €', €40 8, @' and a,,, in Ang II group were all sig-
nificantly decreased (P<0.05). Interestingly, DAPA pre-
treatment significantly increased s, s/, 5,0, €, €/, €, @, @’
and a,,, of Ang II-infused rats (P<0.05), e and e, in Ang
II+DAPA group were significantly higher than those in
Ang II group. Furthermore, E/e,,, ratios in Ang II group
were higher than those in control group (Table 3). These
suggest that DAPA can attenuate cardiac remodeling and
left ventricular dysfunction induced by Ang II infusion
in rats. As shown in Fig. 1E and Table 3, analysis of the
2D-speckle tracking echocardiographic images showed
that compared with the control group, GLS of the left
ventricle were all significantly lower in Ang II groups
(P<0.05). DAPA treatment increased these parameters in
Ang II treated rats (P<0.05).
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Fig. 1 Administration of DAPA attenuates cardiac remodeling and improves cardiac dysfunction induced by Ang Il in rats. A, B Analysis of ELISA of
plasma ANP, BNP and Ang Il levels; C HW, LVW, HW/TL ratios and HW/TL ratios; D representative examples of M-mode echocardiography images;

E representative examples of left ventricular four-chamber 2Dspeckle tracking echocardiography imaging. Data are expressed as the mean £ SD
(n =6 rats per group). *P< 0.05 relative to CTL group. 'P < 0.05 relative to Ang Il group
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Table 3 The effects of DAPA treatment on quantitative tissue velocity imaging parameters parameters

Parameters CTL CTL -+ DAPA Angll Ang Il +DAPA
s (mm/s) 2.68+0.34 262+0.28 1.66 +0.14* 196+0.15"
a (mm/s) 1.87+£0.26 1.84+£0.22 1.38+0.20% 16640.17"
e (mm/s) 2.89+0.36 2924044 1.84+£032% 2664025
a/e ratio 0.64£0.12 063£0.14 1.094+0.13% 089+0.11"
s’ (mm/s) 2.64+0.31 2.60+0.22 1.584+0.28* 2094029
a’(mm/s) 242+0.23 246+0.28 1.86+0.23* 22740217
e’ (mm/s) 374+£033 3.80+£042 2.21+£0.28% 286+037"
a’/e’ ratio 082+0.12 0.80+0.14 0.96£0.10* 0.8840.08"
Save (MM/9) 292+0.24 2.89+0.28 1.67 +£0.23* 2.19+0.18"
3z (MMV/S) 2574060 2474052 187+£0.36* 2194034"
€,ve (MM/9) 3.67+£0.32 3.68+0.28 1.924+0.32*% 2644024
3e/Care 06940.14 068021 09640.21% 0744027
E/e e 28.68 £0.46 29.64+£048 46.24+0.58% 36.4940.54"
GLS (%) —12184+2.17 —11954+242 —757£129% —1264413"

Values are presented as mean 4 SD (n =6 rats per group)

s: peak systolic mitral annular velocity at lateral side; s”: peak systolic mitral annular velocity at septal side; s,.: average value of the peak systolic mitral annular
velocity; a: late diastolic mitral annular velocity at lateral side; a”: late diastolic mitral annular velocity at septal side; a,,.: average value of the late diastolic mitral

ave*

annular velocity; e: early diastolic mitral annular velocity at the lateral side; e”: early diastolic mitral annular velocity at the septal side; e,,: average value of the early
diastolic mitral annular velocity; E: Peak velocities of diastolic early transmitral Doppler flow; GLS: global longitudinal strain

*P <0.05 relative to CTL group
* P<0.05 relative to Ang Il group

DAPA attenuates Ang ll-induced cardiac hypertrophy

As shown in Fig. 2, H&E staining of the cross-section of
the heart showed that the thickness of the ventricular
wall (Fig. 2A) and cardiomyocyte cross-sectional areas
(CSA) (Fig. 2B) were significantly increased in the Ang
IT group (P<0.01), and these increases were significantly
alleviated by DAPA (P<0.05) (Fig. 2C). These results also
confirmed the protective role of DAPA in Ang II-induced
cardiomyocyte hypertrophy.

DAPA alleviated Ang ll-induced myocardial fibrosis
Picrosirius Red (PSR) staining showed that chronic Ang
II infusion for 4 weeks significantly increased red-stained
fibers in the shapes of bundles and sheets in the myocar-
dial tissues of rats, DAPA treatment significantly lessened
Ang Il-induced cardiac fibrosis. The collagen content
in Ang II group was higher than in CTL group. How-
ever, DAPA treatment obviously attenuated the Ang II-
induce increase of collagen (10.4441.19 vs. 17.27+1.51,
P<0.01; Fig. 3A, B).

ECM synthesis, including collagen and fibronectin,
plays an crucial role in myocardial fibrosis. To evaluate
the effect of DAPA on collagen synthesis, immunohisto-
chemistry and Western blotting were performed. Immu-
nohistochemistry analysis demonstrated that a-SMA,
type I and type III collagen were significantly increased
in the myocardial tissue of the Ang II-infused rats. DAPA

treatment markedly decreased the positive percentages
of a-SMA, type I and type III collagen (Fig. 3A—E). Sub-
sequently, Western blotting was performed to further
confirm the above findings. As shown in Fig. 3F, Ang II
also increased the expression of a-SMA, type I and type
III collagen in the cardiac tissues, and these increases
were significantly attenuated by DAPA. These results
suggest that DAPA could effectively alliveated Ang II-
induced myocardial fibrosis in rats.

In the adult heart, activated CFs also participate in the
healing response after acute myocardial infarction and
during chronic disease states characterized by augmented
interstitial fibrosis and ventricular remodelling. A cen-
tral cytokine involved in fibroblast activation, at least as
defined in cultured fibroblasts, is transforming growth
factor-p (TGE-B) [19, 20]. TGF-p and its downstream
effectors constitute one of the most potent regulatory
cascades for a-SMA gene expression and myofibroblast
differentiation [21]. To further verify the protective effect
of DAPA in vitro, CFs were pretreated with different con-
centrations of DAPA for 1 h, followed by incubation in
1 uM Ang II for 24 h. As shown in Fig. 3G, Ang II signifi-
cantly increased the expression of a-SMA, TGFf1, type
I and type III collagen in CFs, which was significantly
compromised by DAPA treatment in a dose-dependent
manner.
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DAPA suppressed the activation of pro-fibrotic TGF-B1/
Smad signaling in Ang ll-infused rats

The members of the TGF- superfamily are critical regu-
lators of remodeling and fibrosis. TGF-fs are released and
activated in injured tissues, bind to their receptors and
transduce signals in part through activation of cascades
involving a family of intracellular effectors the receptor-
activated Smads (R-Smads) [22]. We therefore investi-
gated the effects of DAPA treatment on TGF-/Smads
signaling. As shown in Fig. 4A, immunohistochemical
staining showed increased TGF-P1 expression in the
Ang II-infused group. Compared with the Ang II group,
DAPA markedly suppressed the expression of TGF-p1.
Meanwhile, immunoblotting results demonstrated that
TGE-B1 expression and the ratios of p-Smad2/Smad2 and
p-Smad3/Smad3 experienced a significant up-regulation
in response to Ang II. Whereas DAPA treatment signifi-
cantly decreased Ang II-induced up-regulation of TGFf1
levels and p-Smad2/Smad2 and p-Smad3/Smad3 ratios.
Smad?7, a negative inhibitor of TGF-f1/Smad signaling,
was decreased in the Ang II group and greatly increased
by DAPA treatment. These suggest that inhibiting TGF-
B1/Smad pathway is one of the potential mechanisms for
DAPA to prevent myocardial remodeling.

Discussion

In the present study, we evaluated the effect of SGLT2i
DAPA on Ang II-induced cardiac remodeling. In vivo,
we found that DAPA treatment metigated Ang II-
induced myocardial hypertrophy, fibrosis, and cardiac
dysfunction without affecting serum glucose. In vitro,
we confirmed that DAPA inhibited Ang II-induced col-
lagen synthesis in CFs. Furthermore, we demonstrated an
inhibitory role of DAPA on cardiac fibrosis by interfering
with TGF-B1/Smads signaling cascades in myocardium.
These results implied that DAPA can ameliorate cardiac
remodeling in rats without diabetes, which provides evi-
dence for the underway clinical trials and a basis for fol-
low-up experiments.

DAPA is a newly oral antidiabetic drug of SGLT2i
that enhances renal glucose excretion or glycosuria and
reduces hyperglycemia [23, 24]. It is reported that lower
risk of heart failure and death in patients initiated on
SGLT2i versus other glucose-lowering drugs [25]. In
Dapagliflozin and Prevention of Adverse Outcomes in
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Heart Failure (DAPA-HF) trial, patients who received
DAPA had a significant 26% reduction in the risk of car-
diovascular death or worsening HF compared to those
who received placebo, with an 18% reduction in the risk
of cardiovascular death and allcause mortality [24]. These
data indicating DAPA can exert cardiovascular protec-
tion beyond hypoglycemic effect. However, the precise
impacts and mechanisms still need further exploration.

Chronic infusion of Ang II is a widely used method
for establishing a model of cardiovascular disease [5]. To
clarify the benefits of DAPA on myocardial remodeling,
we used chronic Ang II-infused non-diabetic rat model
in the study. As expected, DAPA significantly ameliorate
cardiac function without lowering blood glucose. Previ-
ous results have indicated that continuous Ang II infusion
at a high dose (1000 ng/kg/min) for 2 weeks increases
LVEF% and LVES%, while Ang II infusion for 4 weeks
decreases LVEF% and LVFS% [17, 18]. Unlike these stud-
ies, a lower dose of Ang II perfusion for 4 weeks was used
in our study. But, it still can be seen that Ang II-infusion
increased LVEF% and LVFS% in rats. There may be two
possible explanation for this, one is that Ang II induce
myocardial hypertrophy leads to compensatory enhance-
ment of myocardial contractility, the other is that con-
ventional echocardiography can not detect the early early
cardiac dysfunction.

QTVI takes high-frequency real-time images and
is not affected by left ventricular preload and left atrial
pressure, allowing detection of the early abnormalities
of LV function [26]. While analyzing the QT VI results,
we unexpectedly found that the decline of s, s’ and s,
is earlier than LVEF in Ang II-infused rats (Table 3), fur-
ther confirming that reduced systolic mitral annular peak
velocity is a sensitive indicator of early subclinical sys-
tolic impairment. Early diastolic mitral annular motion
velocities (e, e and e,,,) are key indicators of active left
ventricular myocardial relaxation, while changes in end-
diastolic mitral annular motion velocities (a, a’ and a,,)
are associated with left atrial contractility and left ven-
tricular end-diastolic compliance [27, 28]. The ratio of
early diastolic peak blood flow velocity (E) and e, (E/
e,..) is positively associated with left ventricular filling
pressure and indirectly reflects left ventricular diastolic
function [29]. In our study, the decrease in e, €/, e
a/, a,,, and the increase in E/e

ave’ a,

ratio in Ang II-infused

ave ave

(See figure on next page.)

Fig. 4 DAPA treatment inhibits the activation of the TGF-B1/Smad pathway in rats with continuous Ang Il infusion. A Immunohistochemical
analysis for the effect of DAPA on Ang Il-induced expression of TGF-31in myocardial tissue. Values are presented as means £ SD (n =6 rats per
group). *P<0.05 relative to CTL group. 'P<0.05 relative to Ang Il group.Scale bars =100 pum; B inhibition of Ang Il infusion -induced activation of
TGF-B1/Smad pathway. The relative ratio of TGF-B1 and Smad7 over (-actin was determined by densitometric analysis respectively. Also, the ratio
of phosphor-Smad2/Smad2 and phosphor-Smad3/Smad3 was calculated based on densitometric analysis. Values are means +SD (n=6). *P <0.05

relative to CTL group. tP < 0.05 relative to Ang Il group
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group indicated a reduction in left ventricular diastolic
function at the early stage of Ang II-induced rats. Inter-
estingly, treatment of the rats with DAPA significantly
improved the above parameters reflecting the LV systolic
and diastolic function (Table 3).

Recent studies have suggested that speckle tracking
echocardiography might be more sensitive than conven-
tional echocardiography in detecting early cardiac func-
tion [30, 31]. To further evaluate the protective effect
of DAPA in Ang II induced cardiac diyfunction, GLS of
the left ventricle was detected. DAPA also significantly
increased the GLS in Ang II rats (Fig. 1E and Table 3).

LV hypertrophy (LVH) and increased LV mass (LVM)
are associated with an increased risk for heart failure and
sudden cardiac death [32]. In DAPA-LVH trial (A rand-
omized controlled trial of dapagliflozin on left ventricu-
lar hypertrophy in people with type two diabetes), DAPA
treatment significantly reduced LVM in people with T2D
and LVH. This reduction in LVM was accompanied by
reductions in systolic BP, body weight, visceral and sub-
cutaneous adipose tissue, insulin resistance, and hsCRP
[33]. In our study, DAPA treatment markedly ameliorate
HW, HW/TL and LVW/TL ratio, IVSd, LVPWd and car-
diomyocyte cross-sectional area in Ang II-induced rats
(Table 2 and Fig. 2). The amelioration of LVH suggests
DAPA can initiate prevent remodelling and changes in
left ventricular structure that may partly contribute to
the cardio-protective effects of DAPA. Unlike previous
studies, we failed to find a significant BP-lowering effect
of DAPA. This may be related to the limitations of using
tail-cuff method to measured BP in our study. Without
animal familiarization tail-cuff measurements of blood
pressure are most likely affected by acute responses to
restraint stress. Some studies have found the antihyper-
tensive effect of DAPA, which is believed to be related to
weight reduction, modest diuretic effect, and potentially
sodium depletion [34, 35]. Unfortunately, our research
failed to give an explanation from these aspects.

Myocardial fibrosis, characterized by excess deposition
of ECM and myofibroblast accumulation, is an integral
feature of the remodelling of the failing heart [1, 36]. CFs
play a paramount role in the repair and remodelling of
the heart that occurs following myocardial infarction and
pathological stress because of their exceptional plasticity
to undergo conversions into myofibroblasts [37]. In this
study, DAPA treatment for 4 weeks successfully alleviated
the cardiac fibrosis, the deposition of type I and type III
collagen, and a-SMA induced by Ang II infusion. In vitro,
DAPA also inhibitedAng II-induced collagen synthesis in
CFs (Fig. 3D). These are consistent with previous reports
[11, 38—40]. Thus, inhibition of ECM synthesis and fibro-
blast-to-myofibroblast conversion may be the important
mechanisms for DAPA to prevent myocardial fibrosis.
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Secreted TGF-P1 and activation of Smad-dependent
pathway upon injury is the main inducer of ECM pro-
duction and fibroblast-to-myofibroblast conversion [41,
42]. In our research, DAPA suppressed the expression of
TGE-PB1 and the ratios of p-Smad2/Smad2 and p-Smad3/
Smad3 in Ang Il-infused rats. In addition, Smad7, the
negative regulator of the TGF-f1/Smad pathway, was sig-
nificantly increased by DAPA treatment (Fig. 4). These
results demonstrate an inhibitory role of DAPA of car-
diac hypertrophy and fibrosis by interfering with TGF1/
Smads signalling in the myocardium. Nevertheless, a
detailed mechanism by which DAPA regulates TGF-1/
Smad signaling needs further elucidation.

Currently, SGLT2i has received considerable atten-
tion for its potential cardioprotective effects and related
research is increasing. Most studies focused on patholog-
ical conditions such as diabetes [43]. Here, we explored
the cardioprotective effect of SGLT2i in the Ang-II-
induced hypertension, which has demonstrated the non-
hypoglycemic anti-fibrotic effect.

Conclusions

In conclusion, in this study, we showed that SGLT2 inhib-
itor DAPA pretreatment attenuates myocardial hypertro-
phy, fibrosis and LV dysfunction in Ang II-infused rat
model via negative regulation of TGF-B1/Smad signaling.
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