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Reverse electrical remodeling following pressure
unloading in a rat model of hypertension-induced
left ventricular myocardial hypertrophy

Mihály Ruppert1,2, Sevil Korkmaz-Icöz1, Shiliang Li1, Béla Merkely2, Matthias Karck1, Tamás Radovits2,3

and Gábor Szabó1,3

Pressure overload-induced left ventricular myocardial hypertrophy (LVH) is characterized by increased proarrhythmic vulnerability.

In contrast, pressure unloading leads to reverse remodeling and decreases LVH-associated arrhythmogenicity. However, cellular

changes that occur during reverse electrical remodeling have been studied less. Therefore, we aimed to provide an

electrocardiographic characterization of a rat model of LVH that underwent pressure unloading and to simultaneously identify the

underlying cellular and functional alterations. LVH was induced in rats by abdominal aortic banding for 6 or 12 weeks.

Sham-operated animals served as controls. Pressure unloading was evoked by removing the aortic constriction after week 6

(debanded). Serial echocardiography and electrocardiography were performed to investigate the development and the regression

of LVH. Protein expression levels were detected by western blot. Myocardial fibrosis was assessed by Picrosirius red staining.

Pressure unloading resulted in the regression of LVH in correlation with the reversion of the prolonged corrected QT interval

(cQT: 68.7±1.6 vs. 91.0±1.9 ms debanded week 12 vs. AB week 12, Po0.05). Furthermore, pressure unloading prevented

the functional decompensation of LVH and simultaneously preserved adequate atrioventricular conduction (PQ: 47.5±1.2 vs.
53.8±1.9 ms debanded week 12 vs. AB week 12, Po0.05). Finally, pressure unloading effectively preceded the broadening of

the QRS complex (QRS: 21.8±0.5 vs. 24.9±0.7 ms debanded week 12 vs. AB week 12, Po0.05) in parallel with the

attenuation of interstitial collagen accumulation. The regression of LVH with maintained cardiac function and decreased

myocardial fibrosis contributes to pressure unloading-induced reverse electrical remodeling.
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INTRODUCTION

Left ventricular (LV) myocardial hypertrophy (LVH) is the patho-
logical response reaction of the heart to sustained pressure overload
(hypertension and aortic stenosis) and it represents a major risk factor
for the manifestation of ventricular tachyarrhythmias and sudden
cardiac death.1 As an explanation, the stimulus of chronic pressure
overload not only induces increased expression of sarcomeric proteins
with subsequent cardiomyocyte growth but also leads to distinct
electrophysiological changes. These alterations are collectively termed
electrical remodeling and involve altered expressions of Ca2+ handling
proteins,2 disrupted myocardial cell-to-cell coupling via decreased gap
junction density3 and enhanced interstitial fibrosis.4 These adverse
cellular changes occur at functionally different stages of LVH and
provoke ventricular tachyarrhythmias by distinct pathomechanisms.
One of the most consistent electrophysiological findings in LVH is

the prolongation of the action potential duration (APD)4 that appears

on the ECG as a prolonged QT interval. In LVH, repolarization
abnormalities that result from decreased trans-membrane outward
potassium current5 and increased inward Ca2+ current2 were suggested
as the cause for prolonged APD while creating the opportunity for
early and late after depolarizations.6,7 Indeed, it has been previously
reported that triggered arrhythmias are the general pathomechanisms
to induce sudden cardiac death in compensated LVH.4

Furthermore, functionally decompensated LVH and heart failure
are commonly associated with a wide QRS complex,8 which indicates
a slowing of conduction. Among other things, the explanation for the
disturbed conduction may originate from anatomical conduction
blocks that are the result of increased myocardial fibrosis9

and impaired cardiomyocyte-to-cardiomyocyte coupling as a
function of adverse alterations of gap junctions.3 In addition to
the slowed conduction and delayed recovery from excitability, LVH is
also characterized by dispersed refractoriness,10 which collectively
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predisposes the patient to re-entrant mechanisms of ventricular
tachyarrhythmias.
In addition, the electrophysiological abnormalities in LVH and

heart failure are not restricted to the ventricles. Prolongation of the
PR interval was recently reported in a rabbit model of congestive heart
failure, which showed an anatomical enlargement of the atrioventri-
cular junction and specific changes in ion-channel expressions.11

On the other hand, termination of the pathological stimulus of
sustained hemodynamic overload at an early stage can lead to reverse
myocardial remodeling,12,13 which may include beneficial electro-
physiological consequences as well. Indeed, clear evidence of reverse
electrical remodeling has been provided by Rials et al.,14 who found
that the regression of LVH by pressure unloading was associated with
a significantly lowered incidence of inducible polymorphic ventricular
arrhythmia, a higher fibrillation threshold and normalized mono-
phasic APD in an aortic-banded feline model. However, despite an
extensive literature search, no existing data is currently available
concerning the mechanisms of reverse electrical remodeling.
Therefore, the aims of this study were (1) to provide an electro-

cardiographic characterization of the development and the regression
of LVH by pressure unloading in an aortic-banded rat model and (2)
to identify the underlying cellular and functional alterations in reverse
electrical remodeling.

METHODS

Animals
Male Sprague-Dawley rats (n= 51) (160–180 g; Charles River, Sulzfeld,
Germany) were housed in a room with constant temperature of 22± 2 °C
with 12-h light/dark cycles. During the 12-week-long observation period, the
animals were allowed access to a standard laboratory rat diet and water ad
libitum. All animals received humane care in compliance with the ‘Principles of
Laboratory Animal Care’ formulated by the National Society for Medical
Research and the ‘Guide for the Care and Use of Laboratory Animals’ prepared
by the Institute of Laboratory Animal Resources and published by the National
Institutes of Health (NIH Publication No. 86–23, revised 1996). This
investigation was approved by the appropriate ethics review committee.

Abdominal aortic banding and debanding procedures
Pressure overload was induced by abdominal aortic banding (n= 33), as
previously described.15,16 Briefly and under isoflurane anesthesia, a midline
laparotomy was performed and the abdominal aorta was constricted to the
external diameter of a 22-gauge needle at the suprarenal level by a 2-0 silk
suture.17 Following surgery, analgesia was provided by subcutaneously
administered buprenorphine at a dose of 0.05 mg kg− 1. Sham-operated animals
(n= 18) were subjected to the same surgical procedure without the completion
of the aortic constriction.
In the group of aortic-banded animals (n= 11), the narrowing suture was cut

and removed from the abdominal aorta after experimental week 6. A prompt
drop of blood pressure was confirmed by simultaneous invasive blood pressure
measurement via the carotid artery during the debanding procedure as was also
observed in previous pilot studies.

Experimental groups and design
Six weeks after the aortic banding or sham operation, the animals were divided
into five experimental groups:

(1) Aortic-banded week 6 group (n= 8): after undergoing aortic banding, these
animals received followed-up for a 6-week-long experimental period;

(2) Sham-operated week 6 group (n= 8): after undergoing a sham operation,
these animals received followed-up for a 6-week-long experimental period;

(3) Aortic-banded week 12 group (n= 14): after undergoing aortic banding,
these animals received followed-up for a 12-week-long experimental
period;

(4) Sham-operated week 12 group (n= 10): after undergoing a sham opera-
tion, these animals received followed-up for a 12-week-long experimental
period;

(5) Debanded week 12 group (n= 11): these animals underwent the aortic
banding procedure, and after week 6, the banding suture was removed, and
these animals were followed up until week 12.

To investigate the time course of the electrical, morphological and
hemodynamic alterations of the hearts, serial electrocardiography and echo-
cardiography were performed after weeks 3, 6, 9 and 12. At the end of the
experimental period (week 6 or 12), invasive blood pressure measurement was
conducted. Afterwards, the rats were killed, the hearts and the lungs were
removed and the heart weights (HW) and lung weights (LW) were immediately
measured and normalized to the tibial length (HW/TL, LW/TL).

Echocardiography
Echocardiography was performed as previously described.18 In brief, anesthesia
was induced with 5% isoflurane in a chamber. Once sedated and while in a
supine position, the animals were placed on an automatic heating pad to
maintain their body temperatures at 37 °C and were also connected to a funnel
to maintain the inhalational anesthesia of 1.5–2% isoflurane gas in O2. To gain
an appropriate acoustic window, the thorax of the animals was shaved and a
pre-warmed ultrasound gel was applied. Then, transthoracic echocardiography
was performed by using an HDI 5000 CV echocardiography machine (ATL
Ultrasound, Philips, Bothell, WA, USA) equipped with a 10 MHz linear probe.
Two-dimensional parasternal long-axis and short-axis images as well as
M-mode recordings at the mid-papillary muscle level were assessed. The study
was completed by analyzing the digital images in a blinded fashion using image
analyzing software (HDI Lab, Philips, Bothell, WA, USA).
From these images, the following parameters were measured: LV anterior

wall thickness (AWT), LV posterior wall thickness (PWT) in diastole (index: d)
and systole (index: s); LV end-diastolic (LVEDD) and end-systolic (LVESD)
diameters. End-diastolic and end-systolic time points were defined, as were the
largest and the smallest dimension of the LV. All values were calculated as the
average of three consecutive cardiac cycles.
LV mass was calculated to estimate myocardial weight using the Devereux

formula: LV mass (g)= {[(LVEDD+AWTd+PWTd)
3–LVEDD3]× 1.04} × 0.8

+0.14.19 In addition, LV volumes were estimated according to the
prolate method: LVEDV= [(3.14/6) × LVEDD2]×L.20 Cardiac function
was assessed using the following parameters: fractional shortening (FS)
as [(LVEDD–LVESD)/LVEDD]×100 and ejection fraction (EF) as
(LVEDV–LVESV/LVEDV)×100.

Electrocardiography
After echocardiography, standard 12-lead ECGs were recorded using needle
electrodes placed subcutaneously.18 All leads were connected to a standard
direct-writing recorder (Mortara Instrument, Milwaukee, WI, USA). The paper
speed was set at 50 mm s− 1, and the sensitivity was set at 10 mmmV− 1. The
ECG analysis was evaluated in lead II, which included the following measure-
ments: heart rates, PQ intervals and the duration of both the QRS complex and
QT intervals. The QT interval was measured from the first deflection of the
QRS complex to the end of the T wave and was corrected using the normalized
Bazett’s formula adjusted for rats to achieve the QTc (nQTc=QT/(RR/f)1/2).21

An investigator blinded to the experimental groups analyzed the
electrocardiography.

Invasive hemodynamic measurement
After the experimental period (week 6 or 12), invasive hemodynamic
measurement was performed.15 The rats were anaesthetized with sodium
pentobarbital (60 mg kg− 1 i.p.), tracheotomized and intubated to facilitate
breathing. The animals were then placed on an automatic heating pad in a
supine position, and the body temperature was maintained (measured via a
rectal probe) at 37 °C during the entire procedure. A polyethylene catheter was
inserted into the left external jugular vein for fluid administration. A 2F
microtip pressure microcatheter (SPR-838, Millar Instruments, Houston, Tx,
USA) was inserted into the right carotid artery and advanced into the ascending
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aorta. After 5 min of stabilization, the systolic arterial blood pressure, diastolic
arterial blood pressure and mean arterial pressure were recorded. Then, the
catheter was advanced to the LV under pressure control. After another 5 min of
stabilization, LV pressure–volume loops were recorded. From the generated
pressure–volume data, LV end-systolic pressure and LV end-diastolic pressure
were automatically calculated using Millar’s PVAN software. After completion
of the hemodynamic measurements, all animals were killed by exsanguination.

Histology
After the hemodynamic measurements were completed, all rats were killed by
exsanguination, and the hearts were explanted. Pieces of LV myocardial tissue
were fixed in a buffered paraformaldehyde solution (4%) and embedded in
paraffin. Transverse, transmural, 5 μm thick slices of the ventricles were
sectioned and placed on adhesive slides. The sections were stained with
hematoxylin and eosin to detect the diameter of the cardiomyocyte, which
served as a marker for myocardial hypertrophy. In each sample, 100 long-
itudinally oriented cardiomyocytes from the LV were examined, and the
diameters at the transnuclear position were defined. The mean value of 100
measurements represented one sample. An assessment of myocardial fibrosis
was carried out by Picrosirius red staining. The collagen accumulation in the
myocardium was determined by semi-quantitative morphometry scoring of
the sections according to the following: 0: absent, 1: slight, 2: moderate and
3: intense. Twenty randomly selected visual fields of the LV were assessed, and
the mean value is representative of one sample. An investigator blinded to the
experimental design conducted the evaluations.

Western blotting
Western blotting was performed as previously described.22 Heart-tissue samples
were lysed with a RIPA buffer (Melford, Ipswich, UK) to release the proteins of
interest. Bradford measurements were used to determine the protein concen-
trations. In semi-dry conditions, a total of 20 μg/30 μl protein homogenates
were denatured at 70 °C, separated on sodium dodecyl sulfate polyacrylamide
electrophoresis gels and transferred to polyvinylidene fluoride membranes
(Millipore, Darmstadt, Germany). After transfer, the membranes were washed
and blocked for 1 h in a 5% solution of bovine serum albumin in Tris-buffered
saline Tween 20 at room temperature to reduce the non-specific binding of the
antibodies. The membranes were then incubated overnight at 4 °C with the
following primary antibodies: anti-Connexin43 (Cx43) antibody (1:1000
dilution, Abcam, Cambridge, UK), anti-L-type Ca2+ Channel Protein α1C
(LTCC) antibody (1:500 dilution, Santa Cruz Biotechnology, Heidelberg,
Germany) and an anti-sarcoplasmic/endoplasmic reticulum Ca2+-ATPase 2
(SERCA2) antibody (1:1000 dilution, Abcam). The blots were washed to
remove excessive primary antibody binding and incubated with a horseradish
peroxidase-conjugated secondary antibody (1:5000 dilution, Santa Cruz
Biotechnology) for 1 h at room temperature. The glyceraldehyde-3-phosphate
dehydrogenase housekeeping protein was used for loading control and protein
normalization. The immunoreactive protein bands were developed using
the Enhanced Chemiluminescence system (PerkinElmer, Rodgau-Juegesheim,

Germany). The intensity of the immunoblot bands was detected with the
Chemi-smartTM 5100 system (Peqlab, Biotechnologie, GmbH, Erlangen,
Germany).

Statistics
All values are expressed as the mean± s.e.m. The normal distribution of our
data was tested using the Shapiro–Wilk test. In the case of normally distributed
data sets, one-way analysis of variance (ANOVA) followed by Tukey’s post hoc
test was used for detecting differences among groups. Data sets that failed to
show normal distribution were analyzed by the nonparametric Kruskal–Wallis
test followed by Dunn’s post hoc test. Repeated measures one-way ANOVAs
followed by Tukey’s post hoc tests were performed to compare data of the
electrocardiographic and echocardiographic measurements at four time points
within a group. Correlations between LV mass and cQT interval, CD and cQT
interval, HW/TL ratio and cQT interval, fibrosis score and QRS complex
duration, Cx43 expression level and QRS complex duration, EF and PQ
interval, FS and PQ interval, and LW/TL ratio and PQ interval were detected
using Spearman correlation tests. A P-value of o0.05 was used as the criterion
for statistical significance.

RESULTS

Effect of banding and debanding of the aorta on arterial blood
pressure
Banding of the abdominal aorta resulted in significantly increased
systolic blood pressure, diastolic blood pressure and mean arterial
pressure in weeks 6 and 12 aortic banding groups (Table 1). In
contrast, removing the narrowing suture after week 6 in the week 12
debanded group significantly reduced these parameters (Table 1).

Myocardial remodeling and pressure unloading-induced reverse
remodeling
In the aortic-banded group, LVH had already developed after
experimental week 3, as detected by significantly increased LV mass
index values (Table 2). The cardiomyocyte growth showed further
progression in week 6, which was confirmed by significantly increased
LV mass, CD and HW/TL ratio (Table 1 and Figures 1a,b and 3b).
The myocardial collagen content did not differ in the week 6
aortic-banded group when compared with the control as revealed by
Picrosirius red staining (Figures 1a and c). The hypertrophied hearts
after 6 weeks of pressure overload proved to be functionally compen-
sated, as reflected by maintained EF and FS (Table 2 and Figure 3d).
The decompensation of cardiac function in the aortic-banded group

started after week 9 and became even more pronounced at the end of
the 12-week-long experimental period. Near the end of the experi-
mental period, EF and FS were significantly reduced, whereas LVESV
was significantly increased when compared with the week 6 state in the

Table 1 Basic parameters

Sham 6th week Sham 12th week AB 6th week AB 12th week Debanded 12th week

Heart weight, g 1.25±0.02 1.54±0.05 2.08±0.10* 2.49±0.07*# 1.70±0.08#$

HW/TL, g cm−1 0.31±0.01 0.35±0.01 0.50±0.02* 0.57±0.02*# 0.38±0.02#$

Lung weight, g 1.49±0.06 1.83±0.03 1.82±0.06 2.12±0.19 1.90±0.05

LW/TL, g cm−1 0.37±0.02 0.41±0.01 0.44±0.01 0.48±0.04 0.43±0.01

SBP, mmHg 144±3 143±5 224±8* 201±9* 173±5*#$

DBP, mmHg 117±2 118±3 158±4* 153±5* 135±3*#$

MAP, mmHg 126±2 126±3 180±4* 171±6* 148±3*#$

LVESP, mmHg 133.4±5.9 121.0±7.4 195.8±8.5* 184.0±7.7* 166.0±3.8*#

LVEDP, mmHg 4.5±0.6 5.5±0.6 5.8±1.0 8.2±1.4 5.6±0.4

Abbreviations: AB, aortic banded; DBP, diastolic blood pressure; HW/TL, heart weight/tibial length; LVEDP, left ventricular (LV) end-diastolic pressure; LVESP, left ventricular (LV) end-systolic
pressure; LW/TL, lung weight/tibial length; MAP, mean arterial pressure; SBP, systolic blood pressure.
All values are expressed as means± s.e.m. *Po0.05 vs. age-matched sham, #Po0.05 vs. aortic-banded 6th week, $Po0.05 vs. aortic-banded 12th week.
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aortic-banded group (Table 2 and Figure 3d). In addition, LV mass,
CD, HW/TL ratio, as well as myocardial fibrosis significantly increased
in the week 12 aortic-banded group when compared with the control
and to the week 6 aortic-banded group (Table 1 and Figures 1a–c
and 3b). Furthermore, LV end-diastolic pressure and LW/TL ratio also
increased with a strong tendency, however, testing of these variables
did not reach the level of statistical significance (Table 1).
Pressure unloading resulted in significantly decreased LV mass, CD,

HW/TL ratio (Table 1 and Figures 1a,b and 3b) and extracellular
matrix collagen accumulation (Figures 1a and c) in the week 12
debanded group when compared with the week 12 aortic-banded
group. Furthermore, pressure unloading protected the heart from
functional deterioration as reflected by the maintained EF and FS
(Table 2 and Figure 3b).

Electrocardiographic characterization of electrical remodeling and
reverse remodeling
In the aortic-banded group, significant QT prolongation was already
detectable after the third experimental week and showed further
progression for weeks 6, 9 and 12 (Figures 2 and 3a). The QT
prolongation showed a strong correlation with the incremental rise
in LV mass (Figure 4a), CD (Spearman r= 0.6332, Po0.0001) and
HW/TL ratio (Spearman r= 0.8864, Po0.0001).

Furthermore, a significantly elongated PQ interval was also observed
in the aortic-banded group beginning in week 9 (Figures 2 and 3c).
Significant correlations were detected between the PQ interval and EF
(Figure 4b), FS (Spearman r=− 0.2874, P= 0.0006), and LW/TL ratio
(Spearman r= 0.2889, P= 0.0441).
In addition, the QRS complex was significantly widened at the

weeks 6 and 12 time points in the aortic-banded group (Figures 2
and 3e). The width of the QRS complex proved to correlate with the
fibrosis score as detected by Picrosirius red staining (Figure 4c),
whereas no correlation could be observed between the QRS complex
and Cx43 expression levels (Spearman r=− 0.04027, P= 0.8327).
Pressure unloading provided substantial protection against all the

electrical changes seen in the aortic-banded group, including the
prolonged QT and PQ intervals and the widened QRS complex
(Figures 2 and 3).

Electrical remodeling and reverse remodeling was associated with
distinct protein expression profile
Western blot analysis revealed that the protein expression level of
Cx43 decreased with a strong tendency, but statistical significance was
neither achieved in the week 6 nor in the week 12 aortic-banded
groups. In the debanded group, the tendency was restored to the level
of the control (Figure 5a). The expression level of LTCC remained
unchanged in all experimental groups (Figure 5b). In contrast, and

Table 2 Echocardiographic parameters during the development and the regression of LV hypertrophy

Sham (n=10) Aortic banded (n=14) Debanded (n=11)

Third week
Body weight, g 370±8 354±5 350±11

LV mass index, g kg−1 2.60±0.08 4.52±0.18* 4.85±0.22*

LVEDV, μl 441.79±19.75 412.24±16.02 471.63±20.89

LVESV, μl 133.32±9.69 113.53±7.26 138.09±11.22

FS, % 39.40±1.27 43.80±1.28 42.14±1.28

HR, beats min−1 341±13 357±7 358±9

Sixth week time of debanding
Body weight, g 467±7† 450±11† 471±17†

LV mass index, g kg−1 2.76±0.07 4.70±0.14* 4.35±0.19*

LVEDV, μl 605.62±24.45† 628.45±19.75† 625.25±28.38†

LVESV, μl 198.60±7.27† 223.19±21.50† 201.25±13.43†

FS, % 38.66±1.31 37.99±1.77 39.76±1.16

HR, beats min−1 337±10 363±12 355±13

Ninth week
Body weight, g 527±9†‡ 518±14†‡ 482±14†

LV mass index, g kg−1 2.52±0.08‡ 4.59±0.21* 3.33±0.15#†‡

LVEDV, μl 618.67±14.59† 708.34±36.59†‡ 619.75±29.54†

LVESV, μl 197.82±11.37† 350.09±34.13*†‡ 210.55±14.14#†

FS, % 40.34±1.43 28.15±1.56*†‡ 38.60±1.06#†

HR, beats min−1 339±15 353±8 331±9

Twelfth week
Body weight, g 569±10†‡§ 556±13†‡§ 542±17†‡§

LV mass index, g kg−1 2.47±0.08 4.21±0.20*‡§ 2.90±0.12#†‡§

LVEDV, μl 653.00±18.09† 759.58±38.87†‡ 657.12±26.14†‡

LVESV, μl 207.96±12.20† 404.58±40.24*†‡ 208.19±16.11#†

FS, % 39.62±1.28 25.27±1.72*†‡ 39.95±1.33#

HR, beats min−1 328±14 366±9 363±11

Abbreviations: FS, fractional shortening; HR, heart rate; LVEDV, LV end-diastolic volume; LVESV, LV end-systolic volume; LV mass index, left ventricular mass index.
All values are expressed as means± s.e.m. *Po0.05 vs. sham, #Po0.05 vs. aortic-banded, †Po0.05 vs. 3rd week, ‡Po0.05 vs. 6th week, §Po0.05 vs. 9th week.
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due to the sustained pressure overload, the protein level of SERCA2
exhibited a strong decreasing tendency in the week 6 aortic-banded
group, which became even more pronounced in the week 12 aortic-
banded group. The tendency of SERCA2 expression in the week 12
debanded group was restored to the level of the control (Figure 5c).

DISCUSSION

In this study, we aimed to provide an electrocardiographic character-
ization of a rat model of LVH that underwent pressure unloading
therapy and to identify the underlying mechanisms during reverse
electrical remodeling. To the best of our knowledge, this was the first
study that demonstrated a relationship between the restoration of
abnormal ECG findings and the cellular and functional alterations
during the regression of LVH.

Pressure unloading restored the prolonged QT interval in tandem
with the regression of LVH
Prolongation of APD has been reported as one of the most common
electrophysiological finding in LVH.4 Elongated APD appears as a
prolonged QT interval on the ECG, which manifests in tandem with
the development of LVH, according to prior studies.23,24 In our

experiment, LVH had already developed after week 3 of sustained
pressure overload and it showed a strong correlation with the
prolongation of the cQT interval (Figures 2,3 and 4a). Furthermore,
the progression of LVH for experimental weeks 6, 9 and 12 was
confirmed by significantly increased LV mass, HW/TL and CD
(Table 1 and Figures 1a,b and 3b) that entailed further elongation
of the QT interval in the week 12 aortic-banded group (Figures 2
and 3a).
Delayed repolarization due to decreased outward potassium current

and increased inward calcium current has been identified as the
underlying pathomechanism for the QT prolongation in LVH.2,5 The
pathophysiology describes the duration of action potential is mainly
determined by the repolarization period, which is dependent on
two antagonistic ion currents. On one hand, the activation of the
outward potassium currents leads to prompt repolarization in the
sarcolemma.25 However, this is immediately counterbalanced by
the influx of Ca2+ via voltage-gated ion channels.25 Subsequently,
the gradual intensification of activated potassium currents and the
closure of Ca2+ channels tip the balance toward repolarization.
Consequently, precise regulation of these two opposite ion currents
is required to ensure a physiological QT interval.

Figure 1 Myocardial remodeling and pressure unloading-induced reverse remodeling. LVH was detected by significantly increased cardiomyocyte
diameter (CD) in the weeks 6 and 12 aortic-banded groups (a, b). However, pressure unloading led to a significant reduction of increased CD, indicating
regression of LVH (a, b). Furthermore, while myocardial fibrosis proved to be significantly increased in the aortic-banded week 12 group, pressure unloading
effectively inhibited the collagen accumulation in the interstitium (a, c). The representative photomicrographs (a) were stained with hematoxylin and eosin
and Picrosirius red, respectively. Magnification ×20, scale bar, 50 μm. All values are expressed as the means± s.e.m. *Po0.05 vs. age-matched sham,
#Po0.05 vs. aortic-banded week 6, $Po0.05 vs. aortic-banded week 12. A full color version of this figure is available at the Hypertension Research journal
online.
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In contrast, there is less consensus concerning the alterations of
the Ca2+ currents in LVH and heart failure with potassium channel
remodeling. Depending on the severity of LVH, augmentation,26 no
change26 or even reduction27 was reported in the availability and in
the expression level of LTCC. Furthermore, studies that utilized
human heart failure samples concluded that despite the reduced
myocardial LTCC expression, the Ca2+ current appears to be main-
tained because of increased phosphorylation of the channel.27 In
rodents, alterations in Ca2+ cycling proteins were identified as the
main determinants for the increased inward calcium current in LVH.
In a pressure overload-induced LVH guinea pig model, a reduction in
SERCA2 expression was predicted to induce decreased sarcoplasmic
reticulum (SR) Ca2+ load and consequently diminished the SR Ca2+

induced Ca2+ release to the cytoplasm. This led to reduced
Ca2+-dependent inactivation of the LTCC.2 In our study, the
expression level of LTCC remained unchanged in the aortic-banded
groups, despite the chronic pressure overload (Figure 5b). However,
the protein level of SERCA2 showed a strong tendency toward reduced
values in weeks 6 and 12 aortic-banded groups (Figure 5c). Therefore,
the indirect enhancement of the LTCC current via decreased SERCA2
expression might have contributed to the prolongation of the QT
interval in our model.
At the same time, pressure unloading resulted in a significant

regression of LVH, as reflected by the reduced LV mass, HW/TL and
CD (Table 1 and Figures 1a,b and 3b), and simultaneously led to the
normalization of the prolonged QT interval (Figures 2 and 3a).
As the underlying molecular alteration, a strong increasing tendency
in the SERCA2 protein expression level, was identified in the
week 12 debanding group (Figure 5c) compared with the week 12
aortic-banded group.

Pressure unloading protected the heart from functional
decompensation and inhibited PQ interval prolongation
Contrary to the QT interval and in our investigation, the prolongation
of the PQ interval did not follow incremental changes in LV mass, but
showed a correlation with the functional deterioration of LVH
(Figure 4b). In concordance with our findings, a prolonged PR
interval (from the first deflection of the P wave until the
beginning of the R wave) in association with anatomical
enlargement of the atrioventricular junction and expression alterations
in distinct ion channels has been recently reported in a congestive
heart failure rabbit model with poor cardiac function and pulmonary
edema.11

In our investigation, the functional decompensation in the aortic-
banded animals started after week 9 of sustained pressure overload and
was characterized by significantly decreased EF and FS (Table 2 and
Figure 3b). In addition, the strong and increased tendencies of LV
end-diastolic pressure and the LW/TL ratios in the week 12 aortic-
banded group provided evident signs of diastolic dysfunction and
backward heart failure (Table 1) in our pressure-overloaded rat model,
which is analogous to prior observations.28 The impairment of cardiac
function (decreased EF and FS, increased LW/TL ratio) showed a
correlation with the prolongation of the PQ interval (Figure 4b),
which also became significantly prolonged after week 9 in the aortic-
banded animals (Figure 3c). Therefore, we hypothesize that the
secondary increased pressure load on the atria due to decreased LV
performance may have been responsible for the manifestation of the
prolonged PQ interval.
On the other hand, pressure unloading effectively inhibited the

functional deterioration of LVH and prevented the elongation of the
PQ interval (Figures 3c and d and Table 2).

Figure 2 Representative echocardiographic pictures and electrocardiographic recordings during the development and regression of LVH. Representative
M-mode echocardiographic images at the mid-papillary muscle level and ECG recordings in lead II are shown, demonstrating the morphological/functional
and electrical alterations during the temporal development of LVH and its regression by pressure unloading. A full color version of this figure is available at
the Hypertension Research journal online.
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Pressure unloading prevented the widening of the QRS complex
along with reduced myocardial fibrosis and restored Connexin43
expression
Wide QRS complex is a frequently diagnosed ECG abnormality among
patients with severe heart failure,8 which also proved to be a predictor of
mortality in this patient population.29 The wide QRS complex on the
ECG indicated a conduction slowdown in the ventricles. Under
physiological conditions, the co-existence of two main factors ensures
normal propagation of the electrical impulse among the cells.
First, the adequate density of the gap junctions within the

intercalated disks, where the single cardiomyocytes are connected to
each other by low-resistant pores represent one of the heart’s
intercellular channels whereby Cx43 is one of the most important
components.30 Therefore, the pathogenetic role of Cx43 in heart
failure-associated arrhythmogenesis has been under intense investiga-
tion. Numerous studies reported a decreased expression of Cx43 in
failing human heart samples of different etiologies.31,32 However, the
level of Cx43 in compensated LVH proved to be unchanged or even

increased.31 In contrast, and in an aortic-banded rat model, LVH was
associated with the re-localization of Cx43 from the intercalated disks
to the entire cell surface.33 The dispersion of Cx43 resulted in a relative
deficit of Cx43 in the intercalated disks. In our model, Cx43
expression showed a decreasing tendency in the weeks 6 and 12
aortic-banding groups although it did not reach the level of statistical
significance (Figure 5a).
Also required for the adequate connection among the cardiomyo-

cytes is the second main factor, which is the low amount of interstitial
fibrosis.4 Although appropriate collagen architecture in the intersti-
tium is necessary to build the scaffold of the heart, the exaggerated
extracellular matrix accumulation can lead to a disruption of the
cell-to-cell connections, which results in impaired conduction.9 In our
study, week 6 aortic-banded group was associated with a normal
collagen content. However, significantly enhanced myocardial fibrosis
was certified in the week 12 aortic-banded group (Figures 1a and c).
In our investigation, the widening of the QRS complex showed a

significant correlation with the extent of myocardial fibrosis

Figure 3 Time course of the electrical, morphological and functional alterations during the development and regression of LVH. Because of the sustained
pressure overload, the cQT interval and LV mass had already increased after week 3 and showed further progression for weeks 6, 9 and 12 (a, b).
In contrast, the prolongation of the PQ interval, as well as the reduction of the EF, appeared after experimental week 9 (c, d). Finally, widening of the QRS
complex became evident after week 6 of sustained pressure overload (e). LV mass indicates left ventricular (LV) mass. All values are expressed as the
means± s.e.m. *Po0.05 vs. sham, #Po0.05 vs. aortic-banded, †Po0.05 vs. 3rd week, ‡Po0.05 vs. 6th week, §Po0.05 vs. 9th week.
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(Figure 4c). In contrast, the protein expression level of Cx43 failed to
correlate with the duration of the QRS complex. Therefore, in our
study, the enhanced collagen accumulation between cardiomyocytes
might be the main contributor of slowed electrical impulse
propagation.
On the other hand, pressure unloading prevented fibrotic alterations

in the myocardium (Figures 1a and c) and restored the expression
of Cx43 (Figure 5a), which ultimately provided protection against
the manifestation of the broadened QRS complex while normal
conduction was maintained.

CONCLUSION

In our experiment, pressure overload-induced LVH was associated
with prolonged QT and PQ intervals, and widened QRS complexes.
The ECG abnormalities appeared at functionally different stages of
LVH with diverse cellular and functional pathomechanisms. The
prolongation of the QT interval correlated well with the development
of LVH, and therefore, was already present in the compensated form
of LVH. The decreased expression of SERCA2 was identified as the
main molecular mechanism underlying the elongated QT interval.
Furthermore, the prolongation of the PQ interval appeared to
correspond with the functional decompensation of LVH. In addition,
we found that increased myocardial fibrosis—rather than decreased
expression of Cx43—was responsible for the impaired conduction
propagation as reflected by the widened QRS complex.
Conversely, pressure unloading resulted in a significant regression

of LVH, which was accompanied by the restoration of SERCA2
expression and the reduction of the prolonged QT interval. Moreover,
pressure unloading maintained the functionality of the left ventricle
and therefore preserved atrioventricular synchrony as reflected by the
reduced PQ interval. Finally, by attenuating the myocardial collagen
accumulation and by increasing the expression of Cx43, pressure
unloading effectively preceded the broadening of the QRS complex.

Study limitations
The interpretation of results from this study is limited to young
male rats. The possible influence of gender, age or species should be
assessed in future studies.
Although the electrophysiological principles in humans and rodents

are identical, certain differences can be found in heart rate, APD and

Figure 4 Correlation between the ECG findings, and the morphological and
functional alterations during the development and regression of LVH. The
increment of LV mass showed a strong correlation with the prolongation of
the cQT interval (a). In addition, an inverse correlation was detected
between the EF and the PQ interval (b). Finally, the extent of myocardial
fibrosis proved to be correlated with the QRS width (c). LV mass indicates
left ventricular (LV) mass.

Figure 5 Distinct protein expression alterations potentiate reverse electrical remodeling. Western blot analysis of Cx43 (a) showed a tendential reduction in
the 6th and the 12th week aortic-banding group, without reaching a level of significance. The protein level of LTCC (b) remained unchanged in all
experimental groups; however, the protein level of SERCA2 (c) was reduced with a strong tendency in the weeks 6 and 12 aortic-banded groups. Pressure
unloading led to the restoration of these adverse alterations in protein expression levels (a–c). Cx43 indicates Connexin43, LTCC: L-type Ca2+ Channel
Protein α1C, SERCA2: sarcoplasmic/endoplasmic reticulum Ca2+-ATPase 2. All values are expressed as the means± s.e.m. *Po0.05 vs. sham, #Po0.05 vs.
aortic-banded week 6, $Po0.05 vs. aortic-banded week 12.
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ion-channel distribution and function. In small mammals, the average
resting heart rate is much higher while the APD is much shorter than
in humans and ventricular repolarization relies on structurally and
functionally different potassium channels.
Furthermore, the abdominal aortic-banded rat model has been

widely acknowledged as a relevant rat model of pressure overload-
induced pathological LVH. However, the artificial aortic constriction
above the renal arteries might result in the hypoperfusion
of the kidneys and therefore could subsequently potentiate the
renin-angiotensin-aldosterone system,34 which could result in volume
retention. Therefore, it cannot be ruled out that in addition to the
increased pressure overload, a subsequent volume overload may have
contributed to the manifestation of pathological LVH in our
investigation.
Although caution should be taken during the direct translation of

our results into clinical practice, we believe that this study provides
new insights into the mechanisms of reverse electrical remodeling and
raises useful questions which in the future should be verified on
human samples as well.
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