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Basic Science and Experimental Studies

Severe Mechanical Dyssynchrony Causes Regional Hibernation-
Like Changes in Pigs With Nonischemic Heart Failure
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ABSTRACT

Background: Sustained left ventricular (LV) dyssynchrony can lead to heart failure (HF) in the absence
of coronary artery stenosis. We tested whether myocardial hibernation underlies the LV functional impair-
ment caused by high-frequency pacing, an established model of nonischemic dilated cardiomyopathy.
Methods and Results: Regional LV contractile and perfusion reserve were assessed by magnetic reso-
nance imaging, respectively, as end-systolic wall thickening (LVESWT) and myocardial perfusion reserve
index (MPRI) at rest and during low-dose dobutamine stress (LDDS, 10 pg-kg-min intravenously for
10 minutes) in failing minipigs (n = 8). LV tissue was analyzed for glycogen deposits and other molecular
hallmarks of hibernation. LDDS caused a marked increase in LVESWT (27 =298 vs. 7.15£3 %, P <
.05) and MPRI (2.1 £ 0.5 vs. 1.3 = 0.3 P < .05) in the region that was activated first (pacing site) com-
pared with the opposite region. Myocardial glycogen content was markedly increased in the pacing site
(P < .05 vs. opposite region). In addition, gene expression of glycogen phosphorylase was reduced in
pacing site compared with opposite regions (0.71 = 0.1 vs. 1.03 = 0.3, P < .05), whereas that of hexo-
kinase type II was globally reduced by 83%.

Conclusions: The combination of high heart rate and sustained dyssynchronous LV contraction causes
asymmetrical myocardial hibernation, in absence of coronary artery stenosis. (J Cardiac Fail

2009;15:920—928)
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Nonischemic dilated cardiomyopathy (DCM) is defined as
severe ventricular dysfunction in the absence of angiograph-
ically detectable coronary alterations.' Despite this classical
definition, patients with idiopathic DCM display marked
myocardial blood flow abnormalities characterized by higher
glucose uptake and impaired vasodilatory response to meta-
bolic and pharmacological stimuli.>* One of the potential
consequences of this functional impairment is an inadequate
oxygen supply to stressed cardiac regions. Consistently, we
have recently shown that cardiac lactate output markedly in-
creases in DCM patients subjected to moderate pacing stress,
indicating a more active anaerobic glycolysis.” Therefore, it
is conceivable that repetitive, albeit silent, episodes of
regional ischemia triggered by stress and oxygen demand/
supply mismatch in DCM lead to myocardial damage, which
in turn affects cardiac performance and triggers a vicious
cycle. This “microvascular ischemic hypothesis’ is further
supported by the negative prognostic significance of
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depressed myocardial blood flow in idiopathic left ventricu-
lar (LV) dysfunction,® yet in the absence of more direct evi-
dences, it remains debated.

Pacing-induced heart failure (HF) mimics many of the
pathophysiological and molecular features of clinical
DCM’ and is well suited to perform combined in vivo and
ex vivo measurements and assays.® Our model of LV tachy-
pacing is characterized by dyssynchronous contraction and
asymmetric functional abnormalities,” similar to those com-
monly found in a large number of HF patients.'®'? Notably,
as shown by other authors and by us,”'" after a few weeks of
incessant high-frequency pacing basal and stimulated
myocardial perfusion is markedly impaired, especially in
regions with more pronounced contractile derangement,
such as in patients with DCM.*>'? Therefore chronic
tachypacing may amplify the combination of high-energy
demand and inadequate blood delivery proposed by some
authors as a major pathogenic mechanism for human
DCM. Based on these premises, the present study tested
the hypothesis that sustained high-frequency pacing causes
areas of ventricular hibernation (ie, contractile downgrading
of viable myocardium aimed at minimizing energy require-
ments and preventing irreversible tissue damage)."

In vivo studies were performed using cardiac magnetic
resonance imaging (MRI) combined with low-dose dobut-
amine stress (LDDS), a method that recently proved very
efficacious to detect regional myocardial viability in ische-
mic and idiopathic DCM patients.'*'> In vivo regional
measurements were followed by myocardial tissue analysis
of corresponding segments to determine histological and
biochemical hallmarks of hibernation.

Materials and Methods
Animal Preparation

Eight male, sexually mature minipigs (35 to 40 kg) were se-
dated with a cocktail of tiletamine hydrochloride and zolazepam
hydrochloride (8 mg/kg™' intramuscularly) and premedicated
with atropine sulfate (0.1 mg/kg™ ' intramuscularly). General an-
aesthesia was subsequently induced with propofol (2-4 mg/kg ™"
intravenously) and maintained with 1% to 2% isoflurane in 60%
air and 40% oxygen. The pigs were chronically instrumented as
previously described.’ Briefly, a catheter was surgically inserted
in the descending thoracic aorta, a solid-state pressure gauge
(Konigsberg Instruments) into the left ventricle through the
apex, and a screw-type unipolar, epicardial-pacing lead (5071
IS-1 UNI; Medtronic, Inc) was attached to the left ventricular
(LV) free wall, approximately 3 cm distal to the atrioventricular
margin. A programmable pacemaker (PREVAIL, Medtronic,
Inc) was implanted in a subcutaneous pocket. Antibiotics were
given after surgery, and the pigs were allowed to fully recover.
This investigation was approved by the Animal Care Committee
of the Italian Ministry of Health and was in accordance with the
Italian law (DL-116, Jan. 27, 1992), which is conformed to the
Guide for the Care and Use of Laboratory Animals published by
the US National Institutes of Health (NIH Publication No. 85-
23, revised 1996).

Experimental Protocol

HF was induced by pacing the left ventricle at 180 beats/min for
3 weeks as previously described.” After this pacing time, LV
end-diastolic pressure was ~20 mm Hg, which corresponded to
severe HF. We chose not to wait for decompensate HF, because
at that terminal stage, the animals would have not tolerated long
MRI procedures. Diagnostic imaging was performed, after over-
night fasting, in minipigs sedated with continuous infusion of mid-
azolam (0.1 mgkg™'-h™" intravenously) at spontaneous
breathing, as previously described.” Hemodynamics and MRI
measurements were performed before pacing the left ventricle
(control) and in the failing heart. The experiments were performed
at spontaneous heart rate, with the pacemaker turned off, and dur-
ing LDDS at a single dose induced by infusing 10 pg min ™' -kg ™
of dobutamine,'®'” a well-established method to study contractile
and perfusion reserve in humans'® and in experimental animals."®
Eight additional, healthy adult male sham-operated minipigs were
sacrificed to collect normal cardiac tissue samples for histological
and molecular analysis (normal hearts).

Hemodynamic Recordings

The aortic catheter was attached to a strain-gauge transducer to
measure pressure and LV pressure was measured using the solid-
state pressure gauge. All analogic signals were recorded and
stored in computer memory through an analog-digital interface
(National Instruments), at a sampling rate of 250 Hz for later anal-
ysis.

Cardiac MRI

Regional LV myocardial function at rest and during LDDS was
quantified by conventional MRI, as previously described.® LV re-
gions close to the site of pacing (ie, the anterior and anterolateral)
were named ‘‘pacing site’” and those remote to the pacing site (ie,
the inferior and septal-inferior) were named ‘“‘opposite site.”

Global LV Function

Cine-MRI images were acquired with a 1.5 Tesla MRI scanner
(Signa Excite HD, GE Medical Systems, Waukesha, WI), maximal
gradient intensity 50 mT/m, slew rate 150 T-m-s, using a non—
breath-hold electrocardiogram-gated, steady-state free precession
pulse sequence, as previously described.’

Regional LV Contractile Function

Regional LV contractile function was assessed as previously de-
scribed.” Briefly, we determined the end-systolic LV wall thicken-
ing at rest and during LDDS in 3 short-axis segments. The slices
located between atrioventricular plane and papillary muscles were
defined as ‘‘basal,” those at papillary level were defined as
“middle” and those below papillary insertion were defined as
“apical.” The assessment of regional LV thickening at rest and
during LDDS allows quantifying the ventricular contractile
reserve.'*?° Clinical and experimental studies have clearly shown
that the presence of contractile reserve during inotropic stimula-
tion, assessed as end-systolic wall thickening, is highly specific
for myocardial viability?' and hibernation.*

Myocardial Perfusion

Myocardial perfusion at rest and during LDDS was assessed
with the first-pass technique, as previously described.”*>** The
relative upslope of signal intensity (myocardial upslope divided
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Table 1. Hemodynamic and Global Contractile Function

Control Control + LDDS HF HF + LDDS
HR, beats/min (n = 8) 85.4+243 124.85 = 2.2F ) 115.28 £2.3* 136 + 2
MAP, mmHg (n = 8) 105.28 + 8.8 93.4 +3.92' 82.02 = 7.53* 78.57 = 4.62*
DP, mmHg x beats/min (n = 8) 9070.66 = 685 11,576.63 = 650.39 8560.43 = 690 10,620 = 1041
LVEDV, mL (n = 8) 62.3+3.2 5457 = 4.7 83.72 = 10.4* 66.92 = 7.89°
LVESV,mL (n = 8) 15+ 1.78 11.28 = 1.85 49.05 = 9* 28.9 = 5.37%f
EF, % (n = 8) 77+ 1.78 76.85 = 2.12 38.14 = 3.5% 50.3 + 6.4%"
SVR, (dynes*sec)/cm’5 n=298) 1923 =93 1348 = 159.4 1743.36 = 359.33 1247.14 = 159.73

HF, heart failure; LDDS, low-dose dobutamine stress; HR, heart rate; MAP, mean arterial pressure; DP, double product; LVEDV, left ventricle end diastolic
volume; LVESYV, left ventricle end-systolic volume; EF, ejection fraction; SVR, systemic vascular resistance.

*P < .05 vs. control.
TP < .05 vs. rest at the same time point.

LV cavity upslope) for each myocardial segment was obtained at
rest and during dobutamine infusion. The myocardial perfusion re-
serve index (MPRI) was calculated as the ratio between indexed
upslope at rest and during LDDS in each myocardial segment.
The MPRI by first-pass contrast MRI is an established method
to evaluate the regional distribution of the perfusion reserve,*
and its accuracy in assessing myocardial stress perfusion by
LDDS has been validated previously.?

Regional Wall Stress

Regional end-systolic LV wall stress was assessed in the basal
and middle regions of pacing and opposite sites related to the
LV displacement during the cardiac cycle. We employed the
method established by Balzer et al and in part modified by us.’

Myocardial Fibrosis

To assess for the presence of tissue fibrosis, gadolinium delayed
contrast-enhanced images were acquired in 2-dimensional segmented
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inversion-recovery—prepared gradient-echo sequence 10 minutes
after administration of contrast agent Gd-DTPA (0.2 mmol/kg ™",
intravenously) in short axis views, as previously described.’

Histological Analysis

Transmural tissue samples were taken from LV pacing and
opposite sites. The samples were immediately fixed for at least
48 hours in 10% formalin. Five-micron thick paraffin embedded
sections were stained using hematoxylin and eosin. Myocyte
glycogen content, a hallmark of hibernation®®?’ was assessed
from the periodic acid—Schiff (PAS) stained sections by 2 inde-
pendent observers blinded to the origin of the specimen. The
myocyte glycogen contents and interstitial fibrous tissues was
quantitatively evaluated capturing 10 random fields images at 10
magnification (3.0 megapixel resolution), and analyzed by using
an automatic image analyzer (Metamorph vers. 6.2).>® PAS dia-
stase was performed on an adjacent section followed by PAS stain-
ing to confirm that the PAS positive material was glycogen.
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Fig. 1. Cardiac magnetic resonance imaging (MRI) regional measurements at rest and during low-dose dobutamine stress (LDDS). (A)
Regional changes in left ventricular (LV) end-systolic wall thickening. (B) Regional changes in LV end-systolic wall stress. (C) Mean values
for regional LV relative upslope. (D) Changes in regional myocardial perfusion reserve index. n = 8. *P < .05 vs. the corresponding ex-
perimental condition before pacing (control). {P < .05 vs. rest at the same time point. #P < .05 pacing site vs. opposite site.
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Histochemical analysis, Masson’s trichromic, and Sirius red were
used to assess the interstitial fibrous tissue. Morphological analy-
sis was used for interstitial inflammatory cells and blood vessels
using an 11 x 11 graticule.”’

Mitochondrial Protein Isolation

Mitochondrial proteins were extracted from frozen cardiac
muscle tissue by means of a mitochondrial isolation kit (MITO-
ISO1, Sigma), as previously described.”’

Enzymatic Activities

The activity of the cytochrome ¢ oxidase and citrate synthase in
extracted mitochondria were respectively measured by means of
a colorimetric cytochrome C oxidase assay kit (CYTOCOX1,
Sigma) and citrate synthase assay kit (CS0720, Sigma) according
to the manufacturer’s instruction, as previously described.*®

Western Blot Assay

Protein was extracted from frozen tissue as previously de-
scribed.”! Fifty microgram of total protein was resolved by sodium
dodecyl sulfate polyacrylamide gel electrophoresis on 15.0% gel
and blotted electrophoretically. Thereafter, the membrane was
probed with specific antibody against heat shock protein-70 (HSP-
70, dilution 1:100, Santa Cruz Biotechnology) and hypoxia-induc-
ible factor-1a (HIF-1a., dilution 1:1000, Santa Cruz Biotechnology).
After probing with the secondary peroxidase-conjugated antibody,
the protein bands were developed in a chemiluminescence substrate
solution (Pierce SuperSignal Chemiluminescents Substrate) and
then reprobed for beta-actin (dilution 1:1000, Santa Cruz Biotech-
nology) to verify the uniformity of protein loading.

Pacing Site-Control

Gene Expression Analysis

RNA was extracted from cardiac tissue sample (50 to 100 mg),
immediately placed in ice-cold RNAlater (Ambion, Milan, Italy)
and stored at —80°C using standard methods and analyzed using
reverse transcription followed by real-time quantitative polymer-
ase chain reaction for the transcripts of interest, as described pre-
viously.>'**? Analysis was focused on the traditional housekeeping
genes glyceraldehyde-3-phosphate dehydrogenase and ribosomal
18S (18S) on the glycogen-related key genes, glycogen phosphor-
ylase (PYGM), glycogen synthase 1 (GYSI), and hexokinase 2
(HK-2). Specific quantitative assays were designed from swine se-
quences available in GenBank.

Statistics

Data are presented as mean = standard error of the mean. Sta-
tistical analysis was performed by employing commercially avail-
able software (SPSS for Windows, version 11.1; SPSS Inc,
Chicago, IL). Myocardial perfusion, contractility, and wall stress
changes at different time points in the pacing group were com-
pared by 1- and, for differences between cardiac regions, 2-way
analysis of variance followed by the Bonferroni post-hoc test. His-
tological and molecular differences between failing hearts and
normal hearts were assessed by #-test or with 2-way analysis of
variance when different regions were compared. Correlations be-
tween groups of values were evaluated calculating the best fit,
based on least-squares regression analysis. For all the statistical
analyses, significance was accepted at P < .05.

Results

Hemodynamic and LV Global Function

LV end-diastolic pressure was 5.7 = 1.0 mmHg at control
and increased up to 20.1 = 4.1 mmHg after 21 days of
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ening induced by low-dose dobutamine stress (LDDS). Changes in wall thickening occurring during LDDS are normalized to baseline

values.
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Fig. 3. Myocardial fibrosis. (A) Representative images of gadolinium delayed contrast enhancement magnetic resonance imaging (MRI)
from a heart studied before starting the pacing protocol (control) and in failure (heart failure [HF]). (B) Regional interstitial fibrous tissue
measured quantitatively from the Sirius red stained sections in normal and failing left ventricle. n = 8 per group.

continuous pacing (P < .05), but pigs were not in end-stage
failure. Table 1 shows changes in hemodynamic and cardiac
volumes in response to LDDS at control and HF. LDDS
caused a significant increase in heart rate both at control
and HF, whereas it is significantly reduced mean arterial
pressure only at control. Ejection fraction increased signif-
icantly, whereas systemic vascular resistance, which did not
change significantly in HF compared with control as found
by other authors in the pacing model,®® was not signifi-
cantly affected by LDDS. On the other hand, dobutamine
infusion reduced significantly the end-diastolic volume
both at control and HF. Interestingly, the double product,
an indirect measure of oxygen consumption,'” did not
change significantly during dobutamine stimulation.

Regional LV Wall Thickening

The regional contractile response to LDDS is shown in
(Fig. 1A). Dobutamine induced a significant improvement
in LV wall thickening, an index of regional contractile func-
tion, in the pacing site. Conversely, there was no significant
increase of contractility in the opposite site.

Regional LV End-systolic Wall Stress

The end-systolic wall stress was significantly increased
in both LV regions after 21 days of pacing, compared
with control, by 50 = 8.54%. During LDDS, the end-sys-
tolic wall stress was significantly reduced in both LV sites
of failing heart by approximately 37 % (Fig. 1B).

Regional LV Myocardial Perfusion and Viability

After 21 days of pacing, the upslope was lower in the pac-
ing site, indicating a significant relative hypoperfusion and
significantly enhanced in both LV sites by LDDS (Fig. 1C).
However, as shown in Fig. 1D, MPRI was significantly in-
creased in the pacing site compared with the opposite site, in-
dicating a marked and asymmetric improvement of
myocardial perfusion. As shown in Fig. 2, only in HF there
was a direct and significant correlation between changes in
MPRI and in end-systolic LV wall thickening in response
to LDDS; this was limited to the pacing site. On the other
hand, no significant correlation was found between LDDS-
induced changes in MPRI and wall stress (data not shown).
To test whether regional differences in function and flow
could be due to asymmetric tissue damage and fibrosis, we
examined gadolinium-delayed enhancement and found no
changes in HF compared with control and no differences
between LV pacing and opposite sites (Fig. 3).

Histological Analysis

No changes in fibrous tissue content (Fig. 3) or in inflam-
matory cells infiltration (data not shown) were found in HF
compared with normal. On the other hand, PAS staining re-
vealed the presence of nonhomogeneous glycogen accumu-
lation in a large fraction of myocytes from the pacing site
(Fig. 4), whereas this alteration was seen to a much lesser
extent in opposite site.
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Regional Regulation of Survival Proteins

HIF1-a, switch mediator in the metabolic and functional
adaptation to chronic anaerobic conditions,34 and HSP70,
cytoprotective HSP in response to ATP depletion,® were
measured by Western blot analysis. As shown in Fig. 5A,
the expression of HIF1-a was significantly increased in
the pacing site of the failing myocardium compared with
the opposite regions and to normal myocardium, whereas
HSP70 levels were increased in pacing site compared
with normal heart, but higher in the opposite regions
(Fig. 5B).

Enzymatic Activities and Gene Expression

The activity of citrate synthase was significantly reduced
in mitochondria isolated from the myocardium of the oppo-
site region compared with pacing site and to normal heart
(Fig. 6A). However, the cytochrome oxidase activity, cor-
rected by the citrate synthase activity, was not significantly
changed in both failing regions (Fig. 6B). Compared with
normal, the PYGM was significantly downregulated in the
pacing site of failing heart, in presence of a global downre-
gulation of myocardial HK-2 and GYSI (Fig. 7). Gene
expression alterations were observed whether mRNA values
were expressed relative to the housekeeping glyceralde-
hyde-3-phosphate dehydrogenase or to ribosomal 18S
content.

Myocyte Glycogen Content

925
Discussion

After 21 days of sustained, high-frequency mechanical
dyssynchrony induced by pacing the LV free wall, MRI
at spontaneous heart rate revealed a regional hibernating-
like response during LDDS: both perfusion and contractile
reserve were higher in the LV pacing site, despite a uniform
decrease of the systolic ventricular wall stress and main-
tained regional dyssynchronous contraction. Conversely,
the opposite site, with a better myocardial function at
rest, displayed no significant changes in contractility and
a reduced myocardial perfusion reserve during LDDS.
Moreover, flow and contractile reserves during LDDS
were directly correlated in the pacing site: this finding is
relevant if we consider that a prerequisite for myocardial hi-
bernation is the maintenance of flow/function relationship
in the presence of reduced myocardial blood flow.*®

Our functional findings are strongly supported by histo-
logical evidence of patchy glycogen deposits in cardiomyo-
cytes from the LV region with hibernation-like response to
LDDS (e, the pacing site). As previously described by
other authors, this alteration is characteristic of hibernated
myocardium.?” Nikolaidis et al*® have shown an increase
in glycogen content in the failing myocardium of chroni-
cally paced dogs. We show now that glycogen accumula-
tion is not uniform, but displays a patchy distribution in
LV myocardium of the regions activated early (pacing
site) in the absence of fibrosis. The regional correspondence

HF-Pacing Site  HF-Opposite Site

Fig. 4. Histological sections of the left ventricular (LV) myocardium stained with periodic acid—Schiff reagent (PAS). (A) Myocardium
from normal left ventricle; (B) myocardium from opposite site of failing left ventricle; (C) myocardium obtained from the pacing site
of failing left ventricle; (D) regional myocardial glycogen contents (black arrows) measured quantitatively from the PAS-stained sections.

n = 8 per group. *P < .05 vs. opposite regions at 21 days.
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between increased glycogen content and higher myocardial
functional reserve is consistent with the development of hi-
bernation in areas with worse perfusion-contraction cou-
pling. Although our results are limited to an experimental
model of disease, they nevertheless support the concept
that severe mechanical dyssynchrony, in the absence of cor-
onary stenosis, leads to hibernation in the region that is ac-
tivated first.

The molecular mechanisms leading to myocardial hiber-
nation are very complex and in our in vivo model we se-
lected only some molecular candidates. First, we
measured protein expression of HIF1-a, whose important
role in myocardial hibernation has been well documented.**
Consistent with both of functional and histological alter-
ations, HIF1-a protein expression was markedly increased
in the pacing site, but not in the opposite region. Second,
we measured protein levels of HSP70, a recognized cyto-
protective factor that increases in response to cellular
ATP-depletion®” and mechanical stretch.*® HSP70 level
was significantly increased in the pacing site compared
with normal myocardium, consistent with energy sparing
in hibernated myocardium. Surprisingly, myocardial
expression of HSP70 was more increased in the opposite
site, which is still contracting in presence of a significant
reduction of the citrate synthase activity. This novel finding
is suggestive for a higher ATP consumption and mechanical
activity in the opposite region of failing heart. Thus, in
presence of a global increased LV glucose uptake and
end-systolic wall stress,” it is conceivable that high-rate
dyssynchrony induces hibernation by modulating regional
energy turnover and metabolic activity after reduction of
myocardial perfusion. The increased glycogen storage in
myocytes hibernated plays a key role in protection.?*>° In
our animal model, we measured the cardiac gene expres-
sion of HK-2, which is responsible for glucose phosphory-
lation,** PYGM and GYSI, the 2 enzymes controlling
glycogen synthetic rates. We found that PYGM is markedly
downregulated only in the pacing site despite a global de-
crease in LV HK-2 and GYSL

Although we could not determine activity of these en-
zymes, our novel data strongly suggest that severe and pro-
longed mechanical dyssynchrony involves downregulation
of the glycogen degradation pathway in the less perfused
cardiac region and therefore explains glycogen accumula-
tion in the pacing site. Our results even support the conclu-
sions of a recent report on the cytoprotective role of
glycogen breakdown suppression in ischemic heart.*' We
cannot exclude that a dyssynchronous mechanical stimula-
tion of cardiomyocytes may serve, at transcriptional level,
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as important determinant of regional myocyte expression of
enzymes that control glycogen turnover*? and priming
some long-term adaptive effects from a sustained metabolic
demand/supply mismatch.

A better understanding of this concept could be of clini-
cal importance to expand conditions of functional salvage
of the dyssynchronous failing myocardium. Our findings
may prompt future investigations to better decipher the
adaptive mechanisms triggered by dyssynchronous contrac-
tion in the progression of non ischemic HF.

In conclusion, we showed that, even in the absence of
coronary stenosis, the combination of prolonged hypoperfu-
sion and severe dyssynchronous LV contraction is sufficient
to cause regional hibernating-like adaptive mechanisms by
modulating the expression of glycogen phosphorylase in
the region that is activated first. Our results also suggest
the possibility that the pacing model recapitulates a long-
term adaptive phenomenon possibly occurring in human
DCM.
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