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Abstract

Background: Cardiac contractility modulation (CCM) is non-excitatory electrical stimulation
for improving cardiac function. This study aimed to evaluate the effects of CCM on structural and
electrical remodeling in a rabbit model of chronic heart failure (CHF).

Methods: Thirty rabbits were randomly divided into the sham, CHF, and CCM groups. The CHF
model was induced |12 weeks after trans-aortic constriction by pressure unloading and CCM was
delivered to the myocardium for 4 weeks. Corrected QT intervals, the ventricular effective
refractory period, and inducibility of ventricular tachycardia were measured by an electrophys-
iological examination. Connective tissue growth factor, galectin-3, Kv4.3, KCNQI, KCNH2, and
connexin 43 protein levels were measured by western blotting.

Results: The CHF group had a significantly prolonged corrected QT interval and ventricular
effective refractory period, and increased inducibility of ventricular tachycardia. Prominent myo-
cardial fibrosis and increased hydroxyproline content were observed in the CHF group, but these
were suppressed in the CCM group. Kv4.3, KCNQI, KCNH2, and connexin 43 protein levels
were significantly lower in the CHF group, but treatment with CCM partially restored their
levels.

Conclusions: CCM attenuates myocardial structural and electrical remodeling during CHFE
These findings provide evidence for clinical use of CCM in treating CHF.

'Department of Cardiology, The People’s Hospital of Corresponding author:

Fuyang, Fuyang, Anhui Province, People’s Republic of Feifei Zhang, Department of Cardiology, Hebei General
China Hospital, No. 348 Heping West Road, Shijiazhuang
’Department of Cardiology, Hebei General Hospital, 050051, People’s Republic of China.

Shijiazhuang, Hebei Province, People’s Republic of China Email: zhangfeifei06@ | 63.com

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative

G Commons Attribution-NonCommercial 4.0 License (https://creativecommons.org/licenses/by-nc/4.0/) which permits
non-commercial use, reproduction and distribution of the work without further permission provided the original work is attributed
as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).


https://orcid.org/0000-0003-0750-4263
https://orcid.org/0000-0001-9704-6053
mailto:zhangfeifei06@163.com
http://uk.sagepub.com/en-gb/journals-permissions
http://dx.doi.org/10.1177/0300060520962910
journals.sagepub.com/home/imr

Journal of International Medical Research

Keywords

Cardiac contractility modulation, chronic heart failure, structural remodeling, electrical
remodeling, QT interval, connective tissue growth factor, ventricular tachycardia

Date received: |3 July 2020; accepted: |10 September 2020

Introduction

Chronic heart failure (CHF) is a common
cardiovascular disease with a continuously
increasing prevalence. Despite recent prog-
ress in treating CHF, the morbidity and
mortality rates of patients with CHF are
still high." A poor prognosis of CHF is
thought to be related to increased suscepti-
bility to lethal ventricular arrhythmia.
Development of heart failure (HF) is
accompanied by complex changes in cardi-
ac electrophysiology and functional proper-
ties of cardiomyocytes, which cause
structural and electrical remodeling of the
ventricles.?

Cardiac contractility modulation (CCM)
is a device-based therapy for HF. CCM
involves application of high-voltage, long-
duration, biphasic electric signals to the
myocardium during the absolute myocardi-
al refractory period.> In particular, the
majority of patients with HF have a
narrow QRS complex and are not candi-
dates for cardiac resynchronization thera-
py. For these patients, alternative
electrical therapy, such as CCM, could sig-
nificantly improve contractility, functional
capacity, and symptoms.® Evidence from
animal models and patients with CHF has
also shown that CCM therapy has benefi-
cial effects by regulating calcium handling,
the cytoskeleton, the extracellular matrix,
and potentially the autonomous nervous
system.”®  However, the association
between CCM and arrhythmic complica-
tions, and the effects of CCM on electrical
remodeling and structural remodeling have
rarely been investigated.” '?

Connective tissue growth factor (CTGF)
and galectin-3 (Gal-3) are novel pro-fibrotic
markers involved in myocardial structural
remodeling.'*'* In addition to alterations
in connexin 43 (Cx43) expression, changes
in potassium currents are important contrib-
utors to myocardial electrical remodeling.'>'®
These pathologies are associated with an
increasing propensity for arrhythmia.

In our previous study, we established a
rabbit model of HF and found beneficial
effects of CCM on cardiac contractile func-
tion.!” Therefore, in the current study, we
used the same rabbit HF model to further
investigate the effects of CCM on structural
and electrical remodeling by using histolog-
ical and electrophysiological analysis.
Furthermore, we detected protein levels of
CTGF, Gal-3, Kv4.3 (subunit of the Ito
channel), KCNH2 (subunit of the Ikr chan-
nel), KCNQI (subunit of the Iks channel),
and Cx43 to investigate the underlying
mechanism.

Methods

Rabbits

The study was approved by the Animal
Care and Use Committee of Hebel

Medical University and all experimental
protocols were conducted in accordance
with  the  Guidelines for  Animal
Experiments of Hebei Medical University
(Approval No. H2015307037). Thirty
healthy New Zealand white rabbits
(6 months old, weight: 2.5-3.5kg, both
male and female rabbits) were provided by
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the Experimental Animal Center of Hebei
Medical University. The rabbits were ran-
domly divided into three groups (n=10) as
follows: the sham operation group (sham
group), the HF group (CHF group), and
the CCM group. Rabbits in the sham group
only received thoracotomy. Thoracotomy
and ascending aortic cerclage were performed
in the CHF group. In the CCM group, rab-
bits underwent thoracotomy and ascending
aortic cerclage, and received 4-weck CCM
after formation of CHF.

Induction of HF

The CHF model was established using the
procedure of trans-aortic constriction.
Briefly, all rabbits were anesthetized with
3% sodium pentobarbital (30 mg/kg) via
an ear vein. The thoracic cavity was
opened, and penicillin was injected to pre-
vent infection. After the ascending aorta
was dissected, it was occluded to allow con-
striction to 60% of its original circumfer-
ence. A pediatric temporary pacing
lead (Medtronic 6491; Medtronic Inc.,
Minneapolis, MN, USA) for delivering
CCM was sutured to the left ventricular
anterior wall and the other end of the elec-
trode was fixed to the neck for later use.
The left ventricular ejection fraction was
assessed at 12 weeks. A left ventricular ejec-
tion fraction <40% indicated that the CHF
model was successfully established.

CCM protocols

The EPS320 Cardiac Stimulator (Micro Pace;
Bard Inc., Lowell, MA, USA) was used to
deliver CCM stimulation to the absolute
refractory period of the heart by the sensed
R wave. The signals consisted of biphasic
square wave pulses with a phase duration
of 2ms, stimulus amplitude of 7 V, and a
30-ms delay after R-wave sensing.'®:'’
CCM signals were conducted 6 hours per
day for 4 consecutive weeks (Figure 1a).

Electrocardiography

Needle electrodes were placed subcutane-
ously in all four limbs for surface electro-
cardiographic ~ (ECG) recordings as
described previously.”® Lead II of the
ECG was selected for further analysis.
The QT interval mainly focuses on repolar-
ization of the action potential of the heart.
Currently, beat-to-beat instability of the
QT interval is viewed as an ECG biomarker
that detects cardiac arrhythmia, mainly
focusing on repolarization of the action
potential of the heart. The QT interval
was defined as the duration from the begin-
ning of the Q wave to the end of the T wave.
Additionally, heart rate-corrected QT
(QTc) calculation was obtained by using
Carlson’s formula as follows: QTc=
(QT—0.175) x (RR interval—300).%!

Electrophysiological analysis

Programmed electrical stimulation proto-
cols were performed using the EPS320
Cardiac Stimulator (Bard Inc.) to assess
electrophysiological characteristics. The
effective refractory prior (ERP) was mea-
sured (2 times the diastolic threshold, 2-ms
pulse width) at basic cycle lengths of 250 ms
with a train of eight basic (S1) stimuli fol-
lowed by a premature (S2) stimulus with
2-ms decrements (Figure 1b). The longest
S1-S2 interval that failed to produce a
propagated ventricular response was taken
as the ERP.?*> The inducibility of ventricu-
lar tachycardia (VT) was assessed with eight
beat drive trains (S1) at 200 ms, followed by
one to three ventricular extra-stimuli. Single
(S2) or double (S2-S3) premature stimuli
were applied with a coupling interval of
160ms, and were progressively shortened
in 2-ms steps until induction of VT or
until the ventricular ERP was reached
(Figure 1c). VT was defined as eight consec-
utive ventricular beats at a cycle length of
<150 ms.?
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Figure |. Effect of cardiac contractility modulation on myocardial electrophysiological characteristics.
(a) Representative electrocardiographic recordings of cardiac contractility modulation signals.
(b) Representative measurement of the ventricular effective refractory period. (c) Representative

inducibility of ventricular tachycardia.

Histological analysis

At the end of the study, the rabbits were
sacrificed by exsanguination under anesthe-
sia. The hearts from anesthetized rabbits
were rapidly excised and fixed in 4% para-
formaldehyde solution. The heart was
sectioned transversely across myocardial
papillary muscle and then embedded with
paraffin. Myocardial tissue sections (5 um)
were cut and stained with picrosirius red
liquid dye for 60 minutes, and then counter-
stained with hematoxylin. The stained sec-
tions were observed in a blinded manner
under polarized light, which could distin-
guish type I from type III collagen by

different colors. Yellow and red indicated
type I collagen, and green indicated colla-
gen I1I. Digital photographs were taken at
x400 magnification for 10 random fields
from each section. The percentage of the
collagen volume fraction(collagen area/
total area x100%) was detected by Image-
ProPlus 5.1 (Media Cybernetics Inc.,
Bethesda, MD, USA).

Hydroxyproline assay

Myocardial hydroxyproline content was
analyzed using a commercial kit (Jiancheng
Bioengineering Institute, Nanjing, China)
according to the manufacturer’s
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instructions. Briefly, myocardial tissue (30—
100 mg) was digested at 95°C for 20 minutes
in acidic buffer, and then centrifuged at 1370
x g for 10 minutes. Absorbance of the final
solution was determined using a microplate
spectrophotometer at 550 nm, and hydroxy-
proline content was calculated as ug per mg
of tissue.

Western blot analysis

Total protein was extracted from myocardi-
al tissue and quantified using a bicincho-
ninic acid kit (Beyotime, Shanghai,
China). Samples were separated with 10%
sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred to polyviny-
lidene difluoride membranes. After being
blocked with 5% fat-free milk for 2 hours,
the membrane was incubated overnight at
4°C with the following primary antibodies:
Gal-3 (1:1000 dilution; Abcam, Cambridge,
MA, USA), CTGF (1:1000 dilution; Santa
Crugz, Dallas, TX, USA), Kv4.3 (1:400 dilu-
tion; Santa Cruz), KCNH2 (1:500 dilution;
Santa Cruz), KCNQI (1:500 dilution; Santa
Cruz), and Cx43 (1:500 dilution; Abcam).
An antibody against B-actin (1:1000 dilu-
tion; Santa Cruz) was used as an internal
control. After washing with phosphate-
buffered saline, membranes were incubated
with horseradish peroxidase-conjugated
secondary antibody (1:1000 dilution; Santa
Cruz). The bands were visualized using an
enhanced chemiluminescence kit (ECL
Millipore Corp., Bedford, MA, USA).
Developed films were scanned and Image-
ProPlus 5.1 was used for quantitative
analysis.

Statistical analysis

Continuous data are reported as mean +
standard deviation. Categorical data are
presented as absolute values and percen-
tages. Differences among multiple groups
were compared with single factor analysis

of variance, while comparison between
two groups was tested with the least signif-
icant difference method. Fisher’s exact test
was used for significance of frequency data.
Statistical analyses were performed using
the Software Package for Statistical
Science (IBM SPSS for Windows, version
22; IBM Corp., Armonk, NY, USA).
P<0.05 was considered statistically
significant.

Results

Establishment of the HF model

There were no deaths in the sham group
during surgery. One rabbit died during sur-
gery owing to pneumothorax in the CHF
group and one rabbit died as a result
of artery rupture in the CCM group.
Echocardiography confirmed that the HF
model was successfully established (Figure 2).

Effect of CCM on electrophysiological
characteristics

Rabbits in the HF and CCM groups
with 12 weeks of trans-aortic constriction
showed a significant decrease in the ejection
fraction and met the criteria of HF. All
rabbits survived after the CCM protocol.
Rabbits in the HF (152.00 +4.80 ms) and
CCM groups (151.44 +3.97ms) developed
a significantly prolonged QTc compared
with the sham group (140.70+4.42ms,
both P <0.05) before the CCM protocol
(Figure 3a). After 4 weeks of CCM stimu-
lation, the mean QTc interval in the CCM
group (144.67 4+ 3.84 ms) showed significant
shortening compared with that in the
CHF group (152.11+£5.49ms, P <0.05)
(Figure 3b).

Consistent with the change in QTc, the
ERP was significantly longer in CHF group
(140.56 £+ 5.10 ms) compared with the sham
group (121.50£9.54ms, P<0.05). CCM
significantly reduced the ERP in rabbits
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Figure 2. Echocardiography shows that the heart failure model was successfully established in the rabbit.

with  CHF (133.334+6.12ms, P <0.05)
(Figure 3c).
Inducibility of VT was significantly

higher in rabbits in the CHF group (8/9,
89%) compared with those in the sham
group (1/10, 10%, P <0.05), while VT
inducibility was lower in the CCM group
than in the CHF group (4/9, 44%,
P <0.05) (Figure 3d).

Effect of CCM on myocardial fibrosis

Hydroxyproline is unique to collagen and is
a well-recognized marker for fibrosis.
Picrosirius red staining was performed to
differentiate depositions of collagen I and
collagen III (Figure 4a, b, ¢). We observed
that types I and III collagen in the CHF
group were significantly higher compared
with those in the sham group (both

P <0.05), but collagen was suppressed by
CCM treatment (both P<0.05, CHF
group vs CCM group; Figure 4d, e).
Mean hydroxyproline content in the CHF
group was significantly higher than that in
the sham group (P <0.05). After CCM
treatment, hydroxyproline content was
remarkably reduced compared with that in
the CHF group (P < 0.05; Figure 4f).

Effect of CCM on cardiac protein
expression of CTGF and Gal-3

CTGF and Gal-3 increase the production
of extracellular matrix components and
contribute to the pathogenesis of myocardi-
al fibrosis. CTGF and Gal-3 protein levels
were significantly higher in heart tissue in
the CHF group compared with the sham
group (both P<0.05), but they were
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Figure 3. Results of CCM on myocardial electrophysiological characteristics.

(a) Comparison of the QTc interval before CCM among the three groups. (b) Comparison of the QTc
interval after CCM among the three groups. (c) Comparison of ventricular ERP among the three groups.
(d) VT inducibility in the sham group, HF group, and CCM group. *P < 0.05 vs. the sham group (n=15);

#P < 0.05 vs. the HF group (n=5).

CCM, cardiac contractility modulation; QTc, corrected QT interval; HF, heart failure; ERP, effective

refractory period; VT, ventricular tachycardia.

reduced in the CCM group compared with
the CHF group (both P < 0.05; Figure 5).

Effect of CCM on cardiac protein
expression of Kv4.3, KCNQI, KCNH2,
and Cx43

To investigate possible mechanisms by
which CCM changed electrophysiological
characteristics of the heart, we examined
Kv4.3, KCNQI, KCNH2, and Cx43 pro-
tein expression in heart tissue. Kv4.3,
KCNQI, KCNH2, and Cx43 protein

levels were significantly lower in the CHF
group compared with the sham group (all
P <0.05). Treatment with CCM partially
restored protein levels of Kv4.3, KCNQI,
KCNH2, and Cx43 (all P<0.05, CCM
group vs CHF group; Figure 6).

Discussion

CHF is a serious disease that may cause
high mortality and disability in clinics.
The remodeling process of myocardial
structure and electricity deteriorates heart



Journal of International Medical Research

=

"
[

gm g
5 15 E i
z -
&0 . o
= 5
8 s 3

o

@,}Q \°°Q \c’QQ \°°q
o8 <8 o8 o8
& b & 50

(c)

e
o

Hydroxyproline content ( ug/ma)

g

Figure 4. Effect of CCM on myocardial fibrosis. (a—c) Representative picrosirius red staining of the
myocardium in the sham, HF, and CCM groups. Magnification, x400, scale bar: 50 um. (d) Percentage of
areas of collagen | among the three groups. (e) Percentage of areas of collagen Ill among the three groups.
(f) Comparison of hydroxyproline content among the three groups. Each bar represents the mean =+ stan-
dard deviation. *P < 0.05 vs. the sham group (n=5); #P < 0.05 vs. the HF group (n=35).

CVF, collagen volume fraction; HF, heart failure; CCM, cardiac contractility modulation.

function and increases the susceptibility for
arrhythmia. CCM is a novel alternative
therapeutic approach for CHF in the
clinicc. The  European  Society of
Cardiology guidelines suggest that patients
with symptomatic HF should consider
CCM therapy.! We chose a rabbit CHF
model induced by trans-aortic constriction
to investigate the effects of CCM on struc-
tural and electrical remodeling of the heart
because the rabbit heart shares some phys-
iological similarity to the human heart.”*
To the best of our knowledge, this is the
first study to report that CCM affected pro-
tein expression of subunits of ion channels.
The main findings of this study were as fol-
lows: (1) CCM therapy attenuated deposi-
tion of collagen, shortened the QTc interval
and ERP, and decreased the inducibility of
VT in rabbits with CHF; and (2) CTGF
and Gal-3 protein expression  was

downregulated, and Cx43, KCNH2, and
KCNQI1 protein expression was upregu-
lated by CCM, which might contribute to
the therapeutic effects of CCM on CHF.
Myocardial fibrosis is a hallmark of HF
and plays a vital role in myocardial struc-
tural remodeling. Myocardial structural
remodeling is characterized by increased
collagen synthesis and decreased collagen
degradation in the myocardium, resulting
in disproportionate deposition of types col-
lagen I and IIL* Type I collagen has a
strong anti-tensile strength and small exten-
sion resilience, while type III collagen
belongs to embryo-type collagen and has
largely extended resilience. The ratio of
type I and type III collagen is increased
during the process of remodeling, and myo-
cardial stiffness is increased, eventually
leading to failure of function.* In our
study, picrosirius red staining and the
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Figure 5. CTGF and Gal-3 protein levels in the myocardium. (a) Representative blots showing CTGF and
Gal-3 protein levels. (b) Comparison of Gal-3 protein levels among the three groups. (c) Comparison of
CTGF protein levels among the three groups. Each bar represents the mean = standard deviation. *P < 0.05
vs. the sham group (n=15); #P < 0.05 vs. the HF group (n=15).

Gal-3, galectin-3; HF, heart failure; CCM, cardiac contractility modulation; CTGF, connective tissue growth

factor.

hydroxyproline assay showed that CCM
reduced deposition of collagen. This finding
is consistent with our previous study that
CCM therapy downregulated types colla-
gen I and III expression by inhibiting the
transforming growth factor-f1/Smad3 sig-
naling pathway.'” Further studies are
required to investigate the change in other
collagen types during CCM therapy
of CHF.

As mediators of myocardial fibrosis,
CTGF and Gal-3 are involved in decreasing

collagen deposition in myocardial intersti-
tium and adverse structural remodeling of
CHF. Overexpression of CTGF induces
cardiac hypertrophy and collagen produc-
tion as a downstream mediator of the trans-
forming growth factor-f1/Smad3 signaling
pathway during fibrotic response.?>*
Additionally, a Gal-3 inhibitor alleviated
collagen deposition and significantly
decreased fibrosis.'* In our study, CTGF
and Gla-3 protein levels were suppressed
by CCM in rabbits with CHF, which may
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be a potential mechanism by which CCM
attenuated structural remodeling.
Electrophysiological remodeling includes
changes in a variety of ion channels, the
sarcoplasm reticulum calcium cycle, and
gap junctions between cells. These changes
lead to reduced cardiac electrical stability,
slow conduction, and a prolonged action
potential duration, making the heart
prone to arrhythmia.?’ Cx43 is the main
component of gap junction channels and
is the main conductor of current conduction
between ventricular myocytes. Studies have
shown that Cx43 is downregulated with
HF.">*® Decreased Cx43 expression con-
tributes to slow conduction and increases
the inducibility of reentrant arrhythmia.*
In the current study, we found that rabbits
with CHF had prolongation of the QTc
interval and ERP, and increased inducibili-
ty of VT. The underlying mechanism of

these findings may be downregulation of
the Ito subunit Kv4.3, the Ikr subunit
KCNH2, the Iks subunit KCNQI, and
Cx43.3%32 CCM can shorten the duration
of ADP in isolated rabbit hearts and is par-
tially dependent on activation of Iks.*?
A previous study on the isolated heart of
healthy rabbits showed that CCM may
increase the risk for arrhythmia.*> An
increase in Cx43 expression is associated
with  protection from  arrhythmias.*
Recently, a study reported that a reduction
in fibrosis and upregulation of Cx43 ren-
dered the heart less susceptible to malignant
arrhythmias in the isoproterenol model of
heart failure.®® In the present study, we
found that CCM partially restored the pro-
longed QTc interval and ERP, and reduced
the susceptibility to ventricular arrhythmia.
At the molecular level, CCM reversed
downregulation of Kv4.3, KCNQI,
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KCNH2 and Cx43 protein expression,
which may contribute to attenuation of
electrical remodeling in HF.

Some limitations of this study should be
noted. First, the sample size was relatively
small. Second, HF is a complex process,
and it remains unclear whether HF from
other models, such as volume overload or
tachycardia, leads to similar results.

In conclusion, this study shows that
CCM treatment attenuates myocardial
structural and electrical remodeling in a
rabbit model of trans-aortic constriction-
induced CHF. The beneficial effects of
CCM may be related to downregulation
of CTGF and Gal-3, and upregulation of
Kv4.3, KCNQI, KCNH2, and Cx43 in
the heart. These findings provide experi-
mental evidence for the clinical use of
CCM in treating CHF, but further studies
are required to confirm this conclusion.
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