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Ivabradine Ameliorates Cardiac
Diastolic Dysfunction in Diabetic Mice
Independent of Heart Rate Reduction

Hao Xie?, Xing-Yi Shen®, Na Zhao, Peng Ye, Zhen Ge * and Zuo-Ying Hu*

Department of Cardiology, Nanjing First Hospital, Nanjing Medical University, Nanjing, China

Cardiac fibroblast (CF) proliferation and activation play important roles in cardiac
fibrosis and diastolic dysfunction (DD), which are involved in fibrosis-associated
cardiovascular diseases. A previous study showed that ivabradine, a specific heart
rate (HR)-lowering agent, significantly ameliorated DD in diabetic db/db mice by
reducing HR. Herein, we attempted to determine whether ivabradine has antifibrotic
and cardioprotective effects in diabetic mice by directly suppressing CF proliferation
and activation, independent of a reduction in HR. We found that knockdown of c-Jun
N-terminal kinase (JNK) or p38 mitogen-activated protein kinase (MAPK), or treatment
with ivabradine, reduced JNK and p38 MAPK phosphorylation and the protein
expression of proliferating cell nuclear antigen, collagen |, collagen |lll, tissue
inhibitor of matrix metalloproteinase 2, and a-smooth muscle actin, accompanied
with upregulation of matrix metalloproteinase 2 both in high glucose-treated neonatal
rat CFs and left ventricular CFs isolated from db/db mice. However, zatebradine (a HR-
lowering agent) did not have these effects in vitro or in vivo. In addition, cardiac fibrosis
and DD were ameliorated in db/db mice that were intravenously administered
lentiviruses carrying short hairpin  RNAs targeting JNK and p38 MAPK or
administered ivabradine. Taken together, these findings demonstrate that the
ivabradine-induced amelioration of cardiac fibrosis, and DD in db/db mice may be
at least in part attributable to the suppression of CF proliferation and activation, through
the inhibition of JNK and p38 MAPK.

Keywords: ivabradine, c-Jun N-terminal kinase, p38 mitogen-activated protein kinase, cardiac fibrosis, cardiac
diastolic dysfunction

INTRODUCTION

Diastolic dysfunction (DD) has been identified in many cardiovascular diseases and is associated
with poor outcomes, including mortality and hospitalization, owing to heart failure (HF) (Nagueh,
2020). The pathophysiology of DD is multifactorial (Czuriga et al., 2012). A great deal of evidence
suggests that cardiac fibrosis, which is characterized by the accumulation of extracellular matrix
(ECM) proteins in the cardiac interstitium, is a critical factor in the pathogenesis of DD (Czuriga
etal., 2012; Kong et al., 2014; Alex et al., 2018; Ha et al., 2020). Previous studies have suggested that
cardiac fibroblast (CF) proliferation and activation drive ECM remodeling, leading to ventricular
stiffness and delaying left ventricular (LV) relaxation, which causes DD and ultimately exacerbates
the symptoms of HF (Kong et al., 2014; Piccoli et al., 2017). Thus, the inhibition of CF proliferation
and activation may ameliorate DD and HF.

Frontiers in Pharmacology | www.frontiersin.org 1

June 2021 | Volume 12 | Article 696635


http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2021.696635&domain=pdf&date_stamp=2021-06-22
https://www.frontiersin.org/articles/10.3389/fphar.2021.696635/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.696635/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.696635/full
http://creativecommons.org/licenses/by/4.0/
mailto:gezhen666@163.com
mailto:Zuoying_Hu@126.com
https://doi.org/10.3389/fphar.2021.696635
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2021.696635

Xie et al.

It has been demonstrated that the c-Jun N-terminal kinase
(JNK) and p38 mitogen-activated protein kinase (p38 MAPK)
signaling pathways play important roles in CF proliferation and
activation, and that the inhibition of JNK or p38 MAPK signaling
ameliorates fibrosis (Meyer-Ter-Vehn et al.,, 2006; Bansal et al.,
2017; Du et al., 2020; Yue et al,, 2020). Intriguingly, Schulz et al.
have reported that JNK and p38 MAPK phosphorylation is higher
in rabbits with pacing-induced HF (Schulz et al., 2003). Therefore,
heart rate (HR) reduction may reduce the activation of JNK and
p38 MAPK, thereby ameliorating cardiac fibrosis and DD, and
ultimately improving HF. However, despite numerous studies and
the accumulation of evidence during the past few decades, effective
treatments for DD-induced HF remain elusive.

Ivabradine selectively inhibits the cardiac pacemaker I;current,
which is principally created through hyperpolarization-activated
cyclic nucleotide-gated (HCN) channels, and has a specific HR-
lowering effect (Zuo et al., 2019). A previous study showed that
ivabradine significantly ameliorates DD and HF and preserves the
ejection fraction (HFpEF) in diabetic db/db mice by reducing HR
(Reil et al., 2013). It has been shown that CFs do not express HCN
channel proteins (Biel et al., 2009) and play a pivotal role in the
pathogenesis of DD (Kong et al,, 2014; Piccoli et al,, 2017). In
addition, ivabradine has been reported to reduce the activation of
JNK and p38 MAPK in various animal models; for example, a
murine model of chronic viral myocarditis (Li et al., 2016) and a
model of diabetic cardiomyopathy (Zuo et al., 2019). Therefore, we
hypothesized that ivabradine has a direct antifibrotic effect by
reducing JNK and p38 MAPK activity, which ameliorates cardiac
fibrosis and DD, independent of a reduction in HR.

MATERIALS AND METHODS

Reagents

Ivabradine hydrochloride (#HY-B0162A) and zatebradine
hydrochloride (#HY-13422) were purchased from MedChem
Express (Monmouth Junction, NJ, United States). D-Glucose
(#G7528) was obtained from Sigma-Aldrich (St. Louis, MO,
United States). Antibodies against JNK, p38 MAPK, p-JNK,
p-p38 MAPK, proliferating cell nuclear antigen (PCNA),
vimentin, tissue inhibitor of matrix metalloproteinase 2 (TIMP2),
a-smooth muscle actin (a-SMA), matrix metalloproteinase 2
(MMP2), and B-actin; and horseradish peroxidase-conjugated
secondary antibodies were purchased from Cell Signaling
Technology (Beverly, MA, United States). Antibodies against
collagen I and collagen III were obtained from the Biorbyt
Corporation (Orwell Furlong, Cambridge, United Kingdom). A
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) Cell Proliferation and Cytotoxicity Assay Kit was
purchased from Beyotime (Jiangsu, China).

Cell Culture

Primary cultures of neonatal rat ventricular cardiac fibroblasts
(NRCFs) were created and cultured as previously described (Zuo
et al,, 2019). Briefly, Sprague-Dawley rat pups (1-3 days of age)
were decapitated and their hearts were quickly excised and rinsed
with cold Hank’s balanced salt solution (HBSS). The left
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ventricles were then minced and digested in Dulbecco’s-
modified Eagle’s medium (DMEM, Gibco-BRL, Rockville, MD,
United States) containing 0.1% trypsin (Gibco-BRL) and 0.5 g/L
collagenase II (Worthington Biochemical Corporation,
Lakewood, NJ, United States) 7 times X 6 min. After each
digestion, the supernatant was collected and 10% fetal bovine
serum (FBS; Gibco-BRL) was added to stop the digestion. Cells
were collected by centrifugation at 1,000 x g for 10 min,
resuspended in DMEM containing 5.5 mmol/L D-glucose, 10%
FBS, 100 U/mL penicillin, and 100 pug/mL streptomycin; and
incubated in a humidified atmosphere comprising 5% CO,
and 95% air at 37°C. After 1h of incubation, the NRCFs had
attached to the dishes. The medium was replaced every 24 h. After
3 days of culture, when the cells had reached 80% confluence, the
cultures were switched to serum-free essential medium overnight,
before treatment with the indicated agents. The NRCFs used in
the experiments were obtained during passages 2-3.

Small Interfering (si)RNA Transfection

The NRCFs were transfected with JNK siRNA (ON-
TARGETplus SMARTpool, L-088154-02-0005, Dharmacon
Inc., Lafayette, CO, United States), p38 MAPK siRNA (ON-
TARGETplus SMARTpool, L-080059-02-0005, Dharmacon), or
Control siRNA (sc-37007, Santa Cruz, CA, United States) using
Lipofectamine RNAIMAX reagent (Invitrogen, Carlsbad, CA,
United States), according to the manufacturer’s protocol. The
final siRNA concentration was 100 nM.

Cell Proliferation Assay

NRCEF proliferation was assessed using an MTT Cell Proliferation
and Cytotoxicity Assay Kit (Beyotime) as previously described
(Wu et al., 2016).

Animals

All animal experimental procedures were approved by the
Institutional Animal Care and Use Committee of Nanjing
Medical University (Nanjing, China). Seven-week-old male
C57BL/6] (20-22 g) and C57BL/Ks]-Lepr®™® (db/db; 36-40 g)
mice were obtained from the Model Animal Research Center of
Nanjing University. Animals were housed under standard
conditions under a 12-h light/dark cycle and were provided
with distilled water and chow ad libitum. Mice (n = 30) were
randomly allocated to three groups: C57BL/6] mice (Control),
db/db mice (DM) and db/db mice administered ivabradine
(Servier, Tianjing, China) at 20 mg/kg body mass/day (DM +
Iva). The latter group was administered ivabradine in their
drinking water for 4 weeks, as previously described (Reil et al.,
2013). To determine whether a reduction in HR has an
antifibrotic effect in diabetic mice, db/db mice (n = 30) were
randomly allocated to three zatebradine (MedChem Express,
Monmouth Junction, NJ, United States) treatment groups: a 5
(5 mg Zate), a 10 (10 mg Zate), and a 20 mg/kg body mass/day
(20 mg Zate) group. The C57BL/6] mice (n = 30) were also
randomly allocated to three groups: a C57BL/6] mouse group
(Control), a C57BL/6] mouse group administered ivabradine at
20 mg/kg body mass/day (Control + Iva), and a C57BL/6] mouse
group administered zatebradine at 10 mg/kg body mass/day
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(Control + Zate). Zatebradine was administered via the drinking
water and the experimental protocol was the same as that for the
ivabradine experiment.

Lentivirus Injection

In these experiments, the JNK and p38 MAPK genes were
knocked down using small hairpin RNA (shRNA) delivered by
lentiviruses (LVs). LV-JNK shRNA (titer: 2.78x10° TU/mL), LV-
P38MAPK shRNA (titer: 3.36x10° TU/mL), and LV-Scrambled
shRNA (titer: 5.11x10° TU/mL) were generated by Genechem
(Shanghai, China). The sequences for the JNK, p38 MAPK and
Scrambled shRNAs were AAGAGATTTGTTATCCAAA, CCA
ACAATTCTGCTCTGGTTA, and TTCTCCGAACGTGTC
ACGT, respectively. Seven-week-old male db/db mice (n = 40)
were randomly allocated to four groups: db/db + normal saline,
db/db + LV-Scrambled shRNA, db/db + LV-JNK shRNA, and db/
db + LV-p38 MAPK shRNA. In addition, to verify the efficiency
of the JNK and p38 MAPK LV-mediated knockdown, age-
matched male C57BL/6] mice (n = 24) were allocated to four
groups: control, control + LV-Scrambled shRNA, control + LV-
JNK shRNA, and control + LV-p38 MAPK shRNA. In all the
experiments, the tails of the mice were wiped with alcohol and
then slowly injected with 20 pL of LVs packaged with JNK, p38
MAPK or Scrambled shRNA using a 0.5-mL insulin syringe.
After 4 weeks, the cardiac function of the mice was assessed using
echocardiography, and then the mice were killed and their cardiac
fibroblasts were isolated for use in subsequent experiments.

Body Mass, Blood Glucose, and

Electrocardiographic Measurements

For all the experimental mice, HR, body mass, and fasting blood
glucose concentration were measured weekly.
Electrocardiographic = measurements performed as
previously described (Karnabi et al., 2011; Zuo et al.,, 2019).

were

Echocardiographic and Hemodynamic

Measurements

Echocardiographic indices were evaluated according to
previously described methods (Cappetta et al., 2020). Briefly,
left ventricular filling pressure was assessed using transmitral
pulsed-wave Doppler echocardiography and a four-chamber
view. The mitral valve early wave peak (E wave), atrial wave
peak (A wave), E/A ratio, isovolumetric relaxation time (IVRT),
and E wave deceleration time (E Dec t) were measured. Invasive
pressure-volume analysis was performed as previously reported
(Cai et al., 2020). The relaxation time constant (Tau) and —dP/dt
were measured as indices of diastolic function using LabChart 8
software (ADInstruments, Colorado Springs, CO, United States).

Adult Mouse Ventricular Cardiac Fibroblast
Preparation

Adult male mice were anesthetized with 1% pentobarbital sodium
(30 mg/kg intraperitoneal injection) and their hearts were excised
and rinsed in HBSS. The ventricles were minced and digested, as

Ivabradine Attenuates Cardiac Diastolic Dysfunction

previously described (Tian et al., 2015; Alex et al., 2018); then the
cells were collected by centrifugation at 1,000 x g for 10 min,
resuspended in DMEM containing 5.5 mmol/L D-glucose, 10%
FBS, 100 U/mL penicillin, and 100 ug/mL streptomycin; and
incubated in a humidified atmosphere comprising 5% CO,
and 95% air at 37°C. After 1.5h of incubation, the cells had
attached to the dishes, were washed with HBSS, and were then
collected by centrifugation at 1,000 x g for 10 min. These cells
were used for identification, lysate preparation, and western
blotting.

Western Blotting

Lysates were prepared from cells and cardiac tissue for western
blotting analysis according to previously described methods (Zuo
et al., 2019).

Histological Assessment of Fibrosis

The hearts of mice were isolated, fixed in 4% paraformaldehyde
solution, and embedded in paraffin. The left ventricles were cut
into 5-um-thick sections, which were stained with Masson’s
trichrome for the evaluation of fibrosis. The stained sections
were viewed using a microscope (original magnification x 400;
Nikon, Tokyo, Japan).

Immunofluorescence and

Immunohistochemistry

Cells were immunostained for vimentin to confirm that they were
NRCFs and isolated adult male left ventricular fibroblasts.
Greater synthesis of ECM proteins, such as collagens, is an
indicator of fibroblast activation (Alex et al, 2018). To
evaluate cardiac fibroblast activation in vivo, the levels of
collagen I and collagen III, which constitute 90% of all
collagen, determined immunohistochemically, as
previously described (Alex et al, 2018). Immunostained
sections were examined using a confocal laser scanning
microscope coupled to an image analysis system (original
magnification x 400; Leica, Wetzlar, Germany).

were

Statistical Analysis

Data are expressed as the mean + standard error of the mean
(SEM). Differences between groups were compared using Student’s
t-test or one-way or two-way ANOVA in GraphPad Prism
software 5.0 (GraphPad Inc., San Diego, CA, United States).
When statistical significance was identified using ANOVA, a
Tukey multiple comparison test was performed. p < 0.05 was
considered to represent statistical significance.

RESULTS

JNK and p38 MAPK mediate high glucose-induced NRCF
proliferation and activation and the upregulation of ECM
protein expression.

As shown in Figure 1A, the identity of NRCFs was confirmed
by vimentin staining. Next, we confirmed the efficiency of
knockdown using siRNAs. Compared with the control, JNK
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FIGURE 1 | JNK and p38 MAPK mediate high glucose (HG)-induced
fibrogenic protein upregulation in vitro (A) NRCFs were confirmed by vimentin
and DAPI staining (original magnification x 400). Scale bars, 50 ym. Data were
obtained from three independent experiments (B and C) NRCFs
transfected with or without JNK or p38 MAPK siRNA were evaluated for the
protein expression of JNK and p38 MAPK by western blotting (D) NRCFs
were exposed to HG for 0-48 h and JNK/p38 MAPK phosphorylation and
total JINK/p38 MAPK expression were determined by western blotting (E)
NRCFs were transfected with or without JNK/p38 MAPK siRNA and then
exposed to HG for the indicated periods of time. The protein expression of
PCNA, a-SMA, TIMP2, collagen |, collagen Ill, and MMP2 was determined by
western blotting. Data in (B-E) are presented as mean + SEM (n = 3). p-values
in (B-D) were calculated using paired Student’s t-test. p-value in (E) was
calculated using one-way ANOVA with Tukey multiple comparison test. *p <
0.05, compared to the normal group; o < 0.05, compared to the HG group.

siRNA reduced JNK protein expression by approximately 65.2%
and p38 MAPK siRNA reduced p38 MAPK protein expression by
approximately 68% (Figures 1B,C). The negative control siRNA
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had no effect on JNK or p38 MAPK expression (data not shown).
JNK and p38 MAPK phosphorylation, but not total JNK and p38
MAPK expression, increased in a time-dependent manner and
peaked at 48h in high glucose (HG)-cultured NRCFs
(Figure 1D). Furthermore, after the transfection of JNK or
p38 MAPK siRNA, the protein expression of PCNA, a-SMA,
TIMP2, collagen I, and collagen III was significantly lower,
whereas that of MMP2 was higher in HG-treated NRCFs
(Figure 1E). These effects were not observed in NRCF
cultures in medium with a normal glucose concentration
(Supplementary Figure S1). These data indicate that JNK and
P38 MAPK play critical roles in the increase in fibrogenic protein
expression that is induced by a high glucose concentration.

JNK or p38 MAPK knockdown attenuates diabetes-induced
CF proliferation and activation and reduces ECM protein
expression.

To determine whether JNK and p38 MAPK have profibrotic
effects in experimental diabetic cardiomyopathy, LV-mediated
knockdown of JNK or p38 MAPK was performed in mice by tail
vein injection. The identity of left ventricular fibroblasts isolated
from mouse hearts was confirmed by vimentin staining
(Figure 2A). As shown in Figures 2B,C, LV-JNK shRNA
reduced JNK protein expression by ~59% and LV-p38 MAPK
shRNA reduced p38 MAPK protein expression by ~63%
compared to the control. In contrast, the negative control
virus had no inhibitory effect on JNK or p38 MAPK
expression (data not shown). Next, we found that while total
JNK and p38 MAPK expression was not affected, JNK and p38
MAPK phosphorylation was much higher in left ventricular
fibroblasts isolated from db/db mice than in fibroblasts
isolated from wild-type mice (Figure 2D). The protein
expression of PCNA, a-SMA, TIMP2, collagen I, and collagen
III was lower, whereas that of MMP2 was higher in db/db mice
administered LV-JNK shRNA or LV-p38 MAPK shRNA than in
untreated db/db mice (Figure 2E). However, there were no
differences in these parameters in wild-type mice in which
JNK or p38MAPK had or had not been knocked down
(Supplementary Figure S2A). Finally, compared with
untreated db/db mice, knockdown of JNK or p38 MAPK in
db/db or wild-type mice did not alter their blood glucose
concentration or body mass (Figure 2F; Supplementary
Figure S2B). These results imply that J]NK and p38 MAPK
mediate the diabetes-induced increase in fibrogenic protein
expression.

JNK or p38 MAPK knockdown ameliorates diabetes-induced
cardiac fibrosis and cardiac dysfunction in diabetic mice.

As shown in Figure 3A, the area of cardiac fibrosis was smaller
in db/db mice administered LV-JNK shRNA or LV-p38 MAPK
shRNA than in untreated db/db mice. Furthermore, compared to
the untreated db/db mice, JNK/p38 MAPK knockdown in db/db
mice significantly ameliorated cardiac DD, as indicated by a high
E/A ratio and low E Dec t and IVRT (Figures 3B,C). The
beneficial effects of JNK or p38 MAPK knockdown on
diastolic performance were also evident in the hemodynamic
analysis, with a significant longer Tau (Figure 3D). However,
there were no differences in these parameters in wild-type mice in
which JNK or p38MAPK had been knocked down or not
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FIGURE 2 | JNK and p38 MAPK mediate the diabetes-induced increase in fibrogenic protein expression in vivo (A) Left ventricular fibroblasts isolated from mice
were confirmed by vimentin staining. Data was obtained from three independent experiments (B and C) Isolated left ventricular fibroblasts from wild-type mice that were
or were not injected with lentivirus via a tail vein were evaluated for JNK and p38 MAPK protein expression after 4 weeks (D) Left ventricular fibroblasts were isolated from
mice and JNK and p38 MAPK phosphorylation and total JNK and p38 MAPK expression were determined by western blotting (E) Isolated left ventricular fibroblasts

from diabetic mice that had or had not been injected with lentivirus via a tail vein were evaluated for PCNA, a-SMA, TIMP2, collagen |, collagen Ill, and MMP2 expression
after 4 weeks (F) Between 7 and 11 weeks following the tail vein injection of lentivirus, the blood glucose concentration and body mass of the mice were measured. Data
in (B-F) are presented as mean + SEM (n = 6). p-values in (B-D) were calculated using paired Student’s t-test. p-values in (E-F) were calculated using one-way ANOVA
with Tukey multiple comparison test. *p < 0.05, compared to the Control group; #o < 0.05, compared to the db/db mice group.

Frontiers in Pharmacology | www.frontiersin.org 5 June 2021 | Volume 12 | Article 696635


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Xie et al.

Ivabradine Attenuates Cardiac Diastolic Dysfunction

s/ww AporaA

LV-JNKshRNA - + -
LV-P38MAPK shRNA - - 4+

db/db+LV-JNK db/db+LV-P38MAPK
shRNA shRNA

LV-JNK shRNA
LV-P38MAPK shRNA

s/ww APoIPA

Relative collagen expression

o

db/db  + + +
LV-JNKshRNA - + -
LV-P38MAPK shRNA - - +

s/ww APolPA

C E/IA E Dect IVRT
2.59 504 404
2.0 401 X -
1.54 304
g 2 204 . &
1.04 20
0.5- 104 10
0.0~ 0- 0-
dbidb + + + dbidb doidb + + +

LV-JNKshRNA - + - LV-JNK shRNA LV-JNKshRNA - + -
LV-P38MAPK shRNA - - 4+ LV-P38MAPK shRNA - LV-P38MAPK shRNA - - &+
D -dp/dt min Tau

6000+ 50+
404
4000+
% 301
£ [’}
E . 20
£ 20004 )
10-
0- 0-
db/db + + + db/db

FIGURE 3 | Myocardial fibrosis and cardiac diastolic dysfunction (DD) are ameliorated by the knockdown of JNK or p38 MAPK (A) Masson’s trichrome staining of
heart tissue (original magnification x400). The columns show the differences in collagen accumulation. Scale bars, 50 pm (B) Echo-Doppler traces for transmitral flow (C)
Transmitral pulsed-wave Doppler measurements of E/A, E Dec t, and IVRT (D) Hemodynamic parameters: —dP/dt min and the time constant, Tau. The columns show
the differences in left ventricular DD and hemodynamic parameters. Data are presented as mean + SEM (n = 6). p-values were calculated using one-way ANOVA

with Tukey multiple comparison test. *o < 0.05, compared to the db/db mice groups.

Ivabradine, but not zatebradine, reduces JNK/p38 MAPK
phosphorylation, HG-induced NRCF proliferation and
activation, and ECM protein expression.

(Supplementary Figures S3A-D). These results imply that JNK
and p38 MAPK play important roles in diabetes-induced cardiac
fibrosis and DD.
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FIGURE 4 | lvabradine, but not zatebradine, reduces JNK/p38 MAPK activation and the high glucose (HG)-induced increase in fibrogenic protein expression in vitro

(A) NRCFs were pretreated with or without ivabradine at the indicated concentrations for 30 min, and then exposed to HG for 48 h. JNK and p38 MAPK phosphorylation
and total JNK and p38 MAPK expression were determined by western blotting (B) NRCFs were treated as described in (A) and the protein expression of PCNA, a-SMA,
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FIGURE 5 | Effects of ivabradine and zatebradine on heart rate (HR) and biometric parameters (A) During treatment with or without ivabradine for 7-11 weeks, the
mean HR of mice was recorded by electrocardiography (ECG) (B and C) Mice were treated as described in (A) and their blood glucose concentration and body mass
were measured (D) During treatment with ivabradine or zatebradine at the indicated doses for 7-11 weeks, the mean HR of mice was recorded by ECG (E and F) During
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mean + SEM (n = 8-10). p-values were calculated using one-way ANOVA with Tukey multiple comparison test. *o < 0.05, compared to the Control group; *o < 0.05,
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As shown in Figure 4A, in NRCFs pretreated with ivabradine
for 30 min and then exposed to HG for 48 h, JNK/p38 MAPK
phosphorylation was markedly inhibited, whereas the total
JNK/p38 MAPK expression was not affected. Furthermore,
the expression of ECM proteins, such as TIMP2, collagen I,
and collagen III, as well as PCNA and a-SMA, was significantly
lower in ivabradine-pretreated NRCFs exposed to HG, whereas

the protein expression of MMP2 was higher (Figure 4B).
Interestingly, zatebradine, an established selective HCN
channel inhibitor, did not have similar effects in HG-exposed
NRCFs (Figures 4C,D). In addition, ivabradine, but not
zatebradine, markedly reduced the proliferation rate of HG-
treated NRCFs (Figures 4E,F). These findings demonstrate that
ivabradine inactivates JNK and p38 MAPK, and inhibits NRCF
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proliferation and activation, independent of an inhibitory effect
on HCN channels.

Treatment with HR-lowering agents reduces HR, but does not
affect the blood glucose concentration or body mass of db/
db mice.

The db/db mice exhibited high HR, blood glucose
concentration, and body mass during the experiment.

Ivabradine (20 mg/kg/d) administration significantly reduced
the HR, but did not have hypoglycemic or weight loss effects
(Figures 5A-C). On the basis of previous publications (Stieber
et al., 2006; Yamabe et al., 2007), we administered 5, 10, or
20 mg/kg/day zatebradine and determined the effects on the HR
of the mice. We found that 10 mg/kg/day zatebradine had the
same HR-reducing effect as 20mg/kg/day ivabradine
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(Figure 5D). Zatebradine treatment also had no effect on the
blood glucose concentration or body mass of db/db mice (Figures
5E,F). Furthermore, although the administration of ivabradine
(20 mg/kg/d) or zatebradine (10 mg/kg/d) markedly reduced HR,
these drugs did not affect glycemia or body mass (Supplementary
Figure S4). These results imply that both ivabradine and
zatebradine do not have anti-hyperglycemic or weight loss
effects in db/db mice.

Ivabradine reduces the phosphorylation of JNK and p38
MAPK and the proliferation and activation of CFs in db/
db mice.

As shown in Figure 6A, JNK and p38 MAPK phosphorylation
was significantly lower in CFs isolated from the hearts of db/db
mice administered ivabradine than in CFs isolated from db/db
mice, whereas there was no difference in the total protein
expression of JNK or p38 MAPK. In addition, ivabradine
administration significantly reduced the expression of PCNA
and a-SMA in CFs (Figure 6B). However, zatebradine did not
have a similar inhibitory effect on JNK or p38 MAPK
phosphorylation or the expression of PCNA or a-SMA in CFs
(Figures 6C,D). There were no differences in the expression or
phosphorylation of these proteins in wild-type mice administered
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ivabradine or zatebradine (Supplementary Figure S5). This
implies that ivabradine reduces JNK and p38 MAPK
phosphorylation and cardiac fibroblast proliferation and
activation, independent of a reduction in HR.

Ivabradine reduces ECM protein expression, cardiac fibrosis,
and cardiac DD in db/db mice.

As shown in Figure 7A, in left ventricular fibroblasts isolated
from db/db mice administered ivabradine, the protein expression
of collagen I, collagen III, and TIMP2 was significantly lower,
while that of MMP2 was higher than in fibroblasts isolated from
untreated db/db mice. However, these effects were not observed
in fibroblasts isolated from db/db mice administered zatebradine
(Figure 7B). Furthermore, ivabradine significantly ameliorated
cardiac fibrosis in db/db mice, whereas zatebradine did not
(Figures 7C,D). However, there were no differences in
fibrogenic protein expression or fibrosis in wild-type mice
administered  ivabradine or zatebradine or controls
(Supplementary Figure S6). Compared to untreated db/db
mice, the administration of ivabradine or zatebradine to db/db
mice significantly improved cardiac DD, as indicated by a higher
E/A ratio and shorter E Dec t and IVRT (Figures 8A,B). The
beneficial effects of treatment with ivabradine or zatebradine on
diastolic performance were also evident with respect to
hemodynamics (Figure 8C). These findings imply that
ivabradine has antifibrotic effects in diabetic
independent of a reduction in HR.

mice,

DISCUSSION

A body of evidence shows that DD plays a major role in HF and
determines prognosis (Burlew and Weber, 2002; Ha et al., 2020;
Nagueh, 2020). Histological studies of heart tissue from patients with
DD abnormalities have demonstrated greater collagen deposition
(Beltrami et al., 1994), which is indicative of cardiac fibrosis. Fibrosis
aggravates diastolic suction and passive stiffness, leading to increases
in the atrial and ventricular filling pressures, and is considered to be
an important cause of DD (Burlew and Weber, 2002). Therefore,
investigations of the underlying mechanism of cardiac fibrosis and of
potential antifibrotic agents have significant clinical value. Previous
studies have suggested that CF proliferation and activation worsen
cardiac fibrosis, which leads to ventricular stiffness and delayed left
ventricular relaxation, causing DD and ultimately exacerbating the
symptoms of HF (Kong et al., 2014; Piccoli et al., 2017). Therefore,
the inhibition of CF proliferation and activation may ameliorate DD
and HF.

It has been widely reported that JNK and p38 MAPK participate
in the proliferation and activation of CFs (Meyer-Ter-Vehn et al,
2006; Bansal et al., 2017; Du et al., 2020; Yue et al., 2020). In the
present study, we found high levels of JNK and p38 MAPK
phosphorylation in HG-treated CFs and CFs from diabetic mice.
In addition, an amelioration of cardiac fibrosis and lower PCNA and
a-SMA protein expression were identified following the knockdown
of INK or p38 MAPK, both in vitro and in vivo, and these findings
are consistent with those of previous studies (Meyer-Ter-Vehn et al,,
2006; Bansal et al., 2017; Du et al., 2020; Yue et al., 2020). Schulz et al.
found that JNK and p38 MAPK phosphorylation is higher in rabbits

Ivabradine Attenuates Cardiac Diastolic Dysfunction

with pacing-induced HF (Schulz et al, 2003). Furthermore,
intriguingly, Zuo et al. showed that type I diabetic mice have a
high HR (Zuo et al., 2019), and Hillis et al. reported that patients with
type 2 diabetes mellitus, who have a higher resting HR, are at higher
risk of death and cardiovascular complications (Hillis et al., 2012).
Therefore, methods that reduce HR may be able to reduce the HG
and diabetes-induced phosphorylation of JNK and p38 MAPK and
the subsequent CF proliferation and activation. In the present study,
in HG-cultured NRCFs, pretreatment with ivabradine, but not
zatebradine, inhibited JNK and p38 MAPK phosphorylation and
CF proliferation and activation. Furthermore, in diabetic mice, the
administration of ivabradine or zatebradine significantly reduced
HR, but had no effect on blood glucose concentration or body mass.
However, after 11 weeks of administration of ivabradine, lower JNK
and p38 MAPK activation and antifibrotic effects were identified in
left ventricular fibroblasts isolated from db/db mice, whereas
zatebradine did not have these effects. The discrepancy in the
effects of these two HR-lowering agents on CFs subjected to a
HG environment requires further investigation, but the underlying
mechanism of the antifibrotic effect of ivabradine may be of
significant clinical value.

The pacemaker current (Iy) of sinoatrial cells, which is derived
from HCN channels, determines the rapidity of diastolic
depolarization, thereby controlling HR (Herrmann et al., 2007;
Dilaveris et al, 2006). Ivabradine and zatebradine have been
shown in many previous studies to be HCN channel inhibitors
(Li et al., 2016; Dunlop et al., 2009). In addition, Kleinbongard et al.
found that ivabradine has pleiotropic cardioprotective effects that are
independent of a reduction in HR, and also has direct anti-ischemic
effects in vitro (Kleinbongard et al,, 2015). In the present study, both
ivabradine and zatebradine markedly ameliorated diabetes-induced
cardiac DD. However, only ivabradine had an inhibitory effect on
the phosphorylation of JNK and p38 MAPK and the proliferation
and activation of HG-treated NRCFs and CFs isolated from the
hearts of diabetic mice. Because HCN channels are not expressed in
CFs (Li et al,, 2016), we propose that ivabradine has its antifibrotic
effects in a manner that is independent of HCN channel inhibition,
and therefore a reduction in HR. However, whether ivabradine
reduces the phosphorylation of JNK and p38 MAPK directly or via
other molecules should be determined in further research.

Taken together, the present findings demonstrate that the
ivabradine-induced amelioration of cardiac DD in db/db mice
may be at least in part attributable to reductions in the
proliferation and activation of CFs, through the inhibition of
JNK and p38 MAPK signaling. These findings suggest that
ivabradine may represent a promising antifibrotic drug for the
treatment of fibrosis-associated cardiovascular diseases, such as
obesity-related fibrotic cardiomyopathy and HF with preserved
ejection fraction (Alex et al., 2018).

Study Limitations

Transforming growth factor beta (TGF-B) binds to a heterodimer of
the TGF-B type I (TPRI) and TPRII receptors, which causes the
phosphorylation of TGF-B-activated kinase 1 (TAKI) and the
activation of downstream JNK and p38 MAPK signaling,
independent of the “suppressor of mothers against
decapentaplegic” (SMAD) pathway. This initiates the activation of
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CFs and the progression of fibrogenesis (Bansal et al., 2017; Khalil
et al, 2017). In diabetes, hyperglycemia activates TGF-{, which leads
to cardiac fibrosis, DD, and diabetic cardiomyopathy, which involves
JNK and p38 MAPK signaling (Yue et al, 2017). In addition,
ivabradine treatment significantly reduces TGF-p protein
expression in myocardial infarction (Dedkov et al, 2007). We
speculate that ivabradine inhibits TGF-p protein expression and
that of downstream molecules, such as TPRI, TBRII, and TAKI,
leading to lower activation of JNK and p38 MAPK in diabetic hearts.
Although we did not determine whether ivabradine reduces TGF-
expression and downstream signaling in the present study, these
questions will be addressed in a future study.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The animal study was reviewed and approved by the Institutional
Animal Care and Use Committee of Nanjing Medical University,
Nanjing, China.

REFERENCES

Alex, L., Russo, I, Holoborodko, V., and Frangogiannis, N. G. (2018).

Model of Obesity-Related  Fibrotic
Cardiomyopathy that Recapitulates Features of Human Heart Failure with
Preserved Ejection Fraction. Am. J. Physiology-Heart Circulatory Physiol. 315
(4), H934-H949. doi:10.1152/ajpheart.00238.2018

Bansal, T., Chatterjee, E., Singh, J., Ray, A., Kundu, B., Thankamani, V., et al.
(2017). Arjunolic Acid, a Peroxisome Proliferator-Activated Receptor a
Agonist, Regresses Cardiac Fibrosis by Inhibiting Non-canonical TGF-p
Signaling. J. Biol. Chem. 292 (40), 16440-16462. doi:10.1074/jbc.M117.788299

Beltrami, C. A., Finato, N., Rocco, M., Feruglio, G. A., Puricelli, C., Cigola, E., et al.
(1994). Structural Basis of End-Stage Failure in Ischemic Cardiomyopathy in
Humans. Circulation 89 (1), 151-163. doi:10.1161/01.cir.89.1.151

Biel, M., Wahl-Schott, C., Michalakis, S., and Zong, X. (2009). Hyperpolarization-
activated Cation Channels: from Genes to Function. Physiol. Rev. 89 (3),
847-885. doi:10.1152/physrev.00029.2008

Burlew, B. S., and Weber, K. T. (2002). Cardiac Fibrosis as a Cause of Diastolic
Dysfunction. Herz 27 (2), 92-98. doi:10.1007/s00059-002-2354-y

Cai, Y., Ying, F, Liu, H,, Ge, L., Song, E., Wang, L., et al. (2020). Deletion of Rapl
Protects against Myocardial Ischemia/reperfusion Injury through Suppressing
Cell Apoptosis via Activation of STAT3 Signaling. FASEB j. 34 (3), 4482-4496.
doi:10.1096/1j.201901592RR

Cappetta, D., De Angelis, A., Ciuffreda, L. P., Coppini, R., Cozzolino, A., Micciche,
A, et al. (2020). Amelioration of Diastolic Dysfunction by Dapagliflozin in a
Non-diabetic Model Involves Coronary Endothelium. Pharmacol. Res. 157,
104781. doi:10.1016/j.phrs.2020.104781

Czuriga, D., J. Paulus, W., Czuriga, L, Edes, L, Papp, Z., and Borbély, A. (2012).
Cellular Mechanisms for Diastolic Dysfunction in the Human Heart. Curr.
Pharm. Biotechnol. 13 (13), 2532-2538. d0i:10.2174/138920112804583005

Dedkov, E. I, Zheng, W., Christensen, L. P., Weiss, R. M., Mahlberg-Gaudin, F.,
and Tomanek, R. J. (2007). Preservation of Coronary reserve by Ivabradine-
Induced Reduction in Heart Rate in Infarcted Rats Is Associated with Decrease

Characterization of a Mouse

Ivabradine Attenuates Cardiac Diastolic Dysfunction

AUTHOR CONTRIBUTIONS

ZH and ZG participated in the design of the study and wrote the
manuscript. HX and XS performed the experiments and analyzed
the data. NZ and PY performed the experiments. All the authors
read and approved the final version of the manuscript.

FUNDING

This work was supported by the National Natural Science
Foundation of China (grant number 81700251).

ACKNOWLEDGMENTS

We thank Michal Bell, PhD and Mark Cleasby, PhD from Liwen
Bianji, Edanz Editing China (www.liwenbianji.cn/ac), for editing
drafts of this manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.696635/
full#supplementary-material

in Perivascular Collagen. Am. J. Physiology-Heart Circulatory Physiol. 293 (1),
H590-H598. doi:10.1152/ajpheart.00047.2007

Dilaveris, P., Giannopoulos, G., Synetos, A., Gatzoulis, K., and Stefanadis, C.
(2006). Heart Rate Lowering by Inhibition of the Pacemaker Current: a New
Therapeutic Perspective in Cardiovascular Disease. Chamc 4 (4), 313-318.
doi:10.2174/187152506778520709

Du, Y., Xiao, H., Wan, J., Wang, X,, Li, T., Zheng, S., et al. (2020). Atorvastatin
Attenuates TGF-P1-induced F-ibrogenesis by I-nhibiting Smad3 and MAPK
S-ignaling in H-uman V-entricular F-ibroblasts. Int. . Mol. Med. 46 (2),
633-640. doi:10.3892/ijmm.2020.4607

Dunlop, J., Vasilyev, D., Lu, P, Cummons, T., and Bowlby, M. (2009).
Hyperpolarization-Activated Cyclic Nucleotide-Gated (HCN) Channels and
Pain. Cpd 15 (15), 1767-1772. doi:10.2174/138161209788186281

Ha,]. W., Andersen, O. S., and Smiseth, O. A. (2020). Diastolic Stress Test: Invasive
and Noninvasive Testing. JACC Cardiovasc. Imaging 13, 272-282. d0i:10.1016/
j.jcmg.2019.01.037

Herrmann, S., Stieber, J., Stockl, G., Hofmann, F., and Ludwig, A. (2007). HCN4
Provides a ’depolarization reserve’ and Is Not Required for Heart Rate
Acceleration in Mice. EMBO ]. 26 (21), 4423-4432. doi:10.1038/
sj.emboj.7601868

Hillis, G. S., Woodward, M., Rodgers, A., Chow, C. K,, Li, Q., Zoungas, S., et al.
(2012). Resting Heart Rate and the Risk of Death and Cardiovascular
Complications in Patients with Type 2 Diabetes Mellitus. Diabetologia 55
(5), 1283-1290. doi:10.1007/s00125-012-2471-y

Karnabi, E., Qu, Y., Mancarella, S., and Boutjdir, M. (2011). Rescue and Worsening
of Congenital Heart Block-Associated Electrocardiographic Abnormalities in
Two Transgenic Mice. J. Cardiovasc. Electrophysiol. 22 (8), 922-930.
doi:10.1111/§.1540-8167.2011.02032.x

Khalil, H., Kanisicak, O., Prasad, V., Correll, R. N., Fu, X., Schips, T., et al. (2017).
Fibroblast-specific TGF-p-Smad2/3 Signaling Underlies Cardiac Fibrosis.
J. Clin. Invest. 127 (10), 3770-3783. doi:10.1172/JCI94753

Kleinbongard, P., Gedik, N., Witting, P., Freedman, B., Klocker, N., and Heusch, G.
(2015). Pleiotropic, Heart Rate-independent Cardioprotection by Ivabradine.
Br. J. Pharmacol. 172 (17), 4380-4390. doi:10.1111/bph.13220

Frontiers in Pharmacology | www.frontiersin.org

June 2021 | Volume 12 | Article 696635


http://www.liwenbianji.cn/ac
https://www.frontiersin.org/articles/10.3389/fphar.2021.696635/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.696635/full#supplementary-material
https://doi.org/10.1152/ajpheart.00238.2018
https://doi.org/10.1074/jbc.M117.788299
https://doi.org/10.1161/01.cir.89.1.151
https://doi.org/10.1152/physrev.00029.2008
https://doi.org/10.1007/s00059-002-2354-y
https://doi.org/10.1096/fj.201901592RR
https://doi.org/10.1016/j.phrs.2020.104781
https://doi.org/10.2174/138920112804583005
https://doi.org/10.1152/ajpheart.00047.2007
https://doi.org/10.2174/187152506778520709
https://doi.org/10.3892/ijmm.2020.4607
https://doi.org/10.2174/138161209788186281
https://doi.org/10.1016/j.jcmg.2019.01.037
https://doi.org/10.1016/j.jcmg.2019.01.037
https://doi.org/10.1038/sj.emboj.7601868
https://doi.org/10.1038/sj.emboj.7601868
https://doi.org/10.1007/s00125-012-2471-y
https://doi.org/10.1111/j.1540-8167.2011.02032.x
https://doi.org/10.1172/JCI94753
https://doi.org/10.1111/bph.13220
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Xie et al.

Kong, P., Christia, P., and Frangogiannis, N. G. (2014). The Pathogenesis of
Cardiac Fibrosis. Cell. Mol. Life Sci. 71 (4), 549-574. d0i:10.1007/s00018-013-
1349-6

Li, Y. C, Chen, G. Y, Ge, L. S, Xing, C, Tian, X. Q,, Lin, C,, et al. (2016). The
Protective Effects of Ivabradine in Preventing Progression from Viral
Myocarditis to Dilated Cardiomyopathy. Front. Pharmacol. 7, 408.
doi:10.3389/fphar.2016.00408

Meyer-Ter-Vehn, T., Gebhardt, S., Sebald, W., Buttmann, M., Grehn, F., Schlunck,
G. n, et al. (2006). p38 Inhibitors Prevent TGF-B-Induced Myofibroblast
Transdifferentiation in Human Tenon Fibroblasts. Invest. Ophthalmol. Vis.
Sci. 47 (4), 1500-1509. doi:10.1167/i0vs.05-0361

Nagueh, S. F. (2020). Left Ventricular Diastolic Function. JACC: Cardiovasc.
Imaging 13, 228-244. doi:10.1016/}.jcmg.2018.10.038

Piccoli, M.-T., Gupta, S. K., Viereck, J., Foinquinos, A., Samolovac, S., Kramer, F. L.,
et al. (2017). Inhibition of the Cardiac Fibroblast-Enriched IncRNA Meg3
Prevents Cardiac Fibrosis and Diastolic Dysfunction. Circ. Res. 121 (5),
575-583. doi:10.1161/CIRCRESAHA.117.310624

Reil, J.-C., Hohl, M., Reil, G.-H., Granzier, H. L., Kratz, M. T., Kazakov, A., et al.
(2013). Heart Rate Reduction by If-Inhibition Improves Vascular Stiffness and
Left Ventricular Systolic and Diastolic Function in a Mouse Model of Heart
Failure with Preserved Ejection Fraction. Eur. Heart J. 34 (36), 2839-2849.
doi:10.1093/eurheartj/ehs218

Schulz, R., Aker, S., Belosjorow, S., Konietzka, I., Rauen, U., and Heusch, G. (2003).
Stress Kinase Phosphorylation Is Increased in Pacing-Induced Heart Failure in
Rabbits. Am. J. Physiology-Heart Circulatory Physiol. 285 (5), H2084-H2090.
doi:10.1152/ajpheart.01038.2002

Stieber, J., Wieland, K., Stockl, G., Ludwig, A., and Hofmann, F. (2006).
Bradycardic and Proarrhythmic Properties of Sinus Node Inhibitors. Mol.
Pharmacol. 69 (4), 1328-1337. d0i:10.1124/mol.105.020701

Tian, K., Liu, Z., Wang, J., Xu, S., You, T., and Liu, P. (2015). Sirtuin-6 Inhibits
Cardiac Fibroblasts Differentiation into Myofibroblasts via Inactivation of
Nuclear Factor kB Signaling. Translational Res. 165 (3), 374-386.
doi:10.1016/j.trs1.2014.08.008

Wu, W,, Zhang, D., Pan, D., Zuo, G., Ren, X., and Chen, S. (2016). Downregulation
of Vascular Endothelial Growth Factor Receptor-2 under Oxidative Stress

Ivabradine Attenuates Cardiac Diastolic Dysfunction

Conditions Is Mediated by p-transduction Repeat-Containing Protein via
Glycogen Synthase Kinase-3( Signaling. Int. J. Mol. Med. 37 (4), 911-920.
doi:10.3892/ijmm.2016.2493

Yamabe, M., Sanyal, S. N., Miyamoto, S., Hadama, T., Isomoto, S., and Ono, K.
(2007). Three Different Bradycardic Agents, Zatebradine, Diltiazem and
Propranolol, Distinctly Modify Heart Rate Variability and QT-Interval
Variability. Pharmacology 80 (4), 293-303. doi:10.1159/000107103

Yue, Y., Huang, S., Wang, L, Wu, Z, Liang, M., Li, H, et al. (2020). M2b
Macrophages Regulate Cardiac Fibroblast Activation and Alleviate Cardiac
Fibrosis after Reperfusion Injury. Circ. J. 84 (4), 626-635. doi:10.1253/circj.C]J-
19-0959

Yue, Y., Meng, K., Pu, Y., and Zhang, X. (2017). Transforming Growth Factor
Beta (TGF-p) Mediates Cardiac Fibrosis and Induces Diabetic
Cardiomyopathy. Diabetes Res. Clin. Pract. 133, 124-130. doi:10.1016/
j.diabres.2017.08.018

Zuo, G.-F., Ren, X.-M.,, Ge, Q., Luo, J., Ye, P., Wang, F,, et al. (2019). Activation of
the PP2A Catalytic Subunit by Ivabradine Attenuates the Development of
Diabetic Cardiomyopathy. J. Mol. Cell Cardiol. 130, 170-183. doi:10.1016/
j.yjmce.2019.04.011

Zuo, G., Ren, X,, Qian, X,, Ye, P., Luo, J., Gao, X,, et al. (2019). Inhibition of JNK
and P38 MAPK-Mediated Inflammation and Apoptosis by Ivabradine
Improves  Cardiac  Function in  Streptozotocin-Induced  Diabetic
Cardiomyopathy. J. Cel Physiol. 234 (2), 1925-1936. doi:10.1002/jcp.27070

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Xie, Shen, Zhao, Ye, Ge and Hu. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Pharmacology | www.frontiersin.org

14

June 2021 | Volume 12 | Article 696635


https://doi.org/10.1007/s00018-013-1349-6
https://doi.org/10.1007/s00018-013-1349-6
https://doi.org/10.3389/fphar.2016.00408
https://doi.org/10.1167/iovs.05-0361
https://doi.org/10.1016/j.jcmg.2018.10.038
https://doi.org/10.1161/CIRCRESAHA.117.310624
https://doi.org/10.1093/eurheartj/ehs218
https://doi.org/10.1152/ajpheart.01038.2002
https://doi.org/10.1124/mol.105.020701
https://doi.org/10.1016/j.trsl.2014.08.008
https://doi.org/10.3892/ijmm.2016.2493
https://doi.org/10.1159/000107103
https://doi.org/10.1253/circj.CJ-19-0959
https://doi.org/10.1253/circj.CJ-19-0959
https://doi.org/10.1016/j.diabres.2017.08.018
https://doi.org/10.1016/j.diabres.2017.08.018
https://doi.org/10.1016/j.yjmcc.2019.04.011
https://doi.org/10.1016/j.yjmcc.2019.04.011
https://doi.org/10.1002/jcp.27070
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Ivabradine Ameliorates Cardiac Diastolic Dysfunction in Diabetic Mice Independent of Heart Rate Reduction
	Introduction
	Materials and Methods
	Reagents
	Cell Culture
	Small Interfering (si)RNA Transfection
	Cell Proliferation Assay
	Animals
	Lentivirus Injection
	Body Mass, Blood Glucose, and Electrocardiographic Measurements
	Echocardiographic and Hemodynamic Measurements
	Adult Mouse Ventricular Cardiac Fibroblast Preparation
	Western Blotting
	Histological Assessment of Fibrosis
	Immunofluorescence and Immunohistochemistry
	Statistical Analysis

	Results
	Discussion
	Study Limitations

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


