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Heart failure and functional recovery

Heart failure is a leading cause of healthcare expenditures, hospitalization, and mortality in

developed countries, and its burden is growing globally.1 With the aging of the population

and increasing prevalence of chronic diseases, including hypertension, diabetes and obesity,

the current heart failure epidemic is guaranteed to significantly worsen in the near future.

Thus, new disease-modifying treatments for heart failure are urgently needed and represent

an area of intense investigation.2

Multiple studies in humans and animals have shown that the functionality of myocardial

tissue of a failing heart can be restored. First, in ischemic heart failure due to severe

coronary artery stenosis, revascularization therapy is known to improve heart function in a

proportion of patients.3, 4 Second, the mechanical unloading of the heart by left ventricular

assist device (LVAD) is associated with improvements in cardiac function. In a recent report

of 80 patients with heart failure who underwent implantation of a continuous-flow LVAD,

the ejection fraction increased by more than 50% in about one-third of the patients, with

corresponding improvements in LV end-systolic and end-diastolic volumes and decreases in

LV mass at 6-months post LVAD unloading.5 In addition, normalization of

echocardiographic parameters has completely obviated the need for continuing LVAD

support or cardiac transplantation in several patients.6, 7 Importantly, the positive effects of

mechanical unloading were noted in patients with both ischemic and non-ischemic heart

failure,5 suggesting that dysfunctional but potentially salvageable segments of myocardium

exist in the failing heart regardless of etiology. Third, in patients with broken heart

syndrome (also known as Takotsubo cardiomyopathy), characterized by a rapid and severe

loss of cardiac contractility secondary to emotional stress, myocardial function normalized

spontaneously, again arguing for the reversibility of heart failure.8 In summary, while

maladaptive changes observed in failing hearts were initially considered to be terminal, the

accumulating body of evidence argues strongly for the reversibility of cardiac dysfunction

due to multiple and distinct etiologies, raising the exciting possibility of curing the failing

heart.
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Myocardial adaptations to ischemia – a continuum

Initially, it was believed that myocardial ischemia resulted in either irreversible myocardial

necrosis (i.e., myocardial infarction) or complete and rapid recovery of myocyte function

(i.e., typical angina). However, it is now clear that ischemia produces a continuum of

myocardial adaptive responses (Figure 1). Several animal models have shown that resting

contractile dysfunction is dependent on the physiological significance of the coronary

stenosis, which can progress from a state associated with normal resting flow to a state with

regional reductions in resting flow.9–11 The degree of stenosis severity determines many of

the intrinsic molecular adaptations of the myocardium, and this continuum of adaptations

may be partly responsible for the variable time course and extent of reversibility of cardiac

function after revascularization.12

For example, myocardial stunning is a brief, fully reversible depression of cardiac function,

usually of less than 24–48 hours in duration. Myocardial stunning mostly occurs after a

single brief episode of ischemia and is associated with normal resting myocardial blood

flow. Heyndrickx et al.13 demonstrated myocardial stunning by subjecting the hearts of

conscious dogs to no-flow ischemia for 5 or 15 minutes, and showing depression in

mechanical function for 3 to over 24 hours after reperfusion, respectively, but with

subsequent complete recovery. Myocardial stunning can occur in several clinical settings,

such as exercise in the presence of coronary stenosis and variant angina.14

On the contrary, myocardial hibernation develops in response to repetitive ischemia or

worsening chronic coronary stenosis.15 It is characterized by a series of adaptations in the

setting of reduced regional resting flow to preserve myocardial viability at the expense of

ventricular function. Myocardial hibernation may also result from repetitive stunning due to

repeated ischemia,9 and it is now widely believed that myocardial stunning and hibernation

are part of a continuous disease spectrum. Although myocardial stunning and hibernation are

both reversible, myocardial stunning is usually fully reversible within 1–2 days while

hibernating myocardium may require several days to months to recover its function.16

Hibernating myocardium may occur in unstable and chronic stable angina, myocardial

infarction, and heart failure, and has important clinical implications for prognosis as

functional recovery may take from several days to months after the re-establishment of

coronary flow.17, 18 If myocardial hibernation is not reversed by improving blood flow or

reducing myocardial oxygen demand, then it is associated with cellular damage, recurrent

myocardial ischemia and infarction, heart failure, and ultimately, death.19 The term

“hibernating myocardium” has historically been used to describe myocardial dysfunction

secondary to ischemia, and it does not encompass the dysfunctional myocardium in a non-

ischemic failing heart.

While stunned and hibernating myocardium are commonly used to describe hypokinetic

myocardium in humans and animal models, both of these terms have largely been used in

the context of myocardial ischemia, whereas viable dysfunctional (VD) myocardium

remains an important therapeutic target in both non-ischemic as well as ischemic heart

failure patients. VD myocardium in a human failing heart may be hypokinetic or akinetic,

but nevertheless retains intact cellular membranes, glucose uptake and metabolism, and an
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increase in contractility in response to low-dose dobutamine infusion, providing the

rationale for evaluating patients with suspected VD myocardium using dobutamine

echocardiography. Alternatively, the non-viable myocardium, or scar tissue, is non-

contractile, metabolically hypo- or inactive, and non-responsive to dobutamine

stimulation.20 This distinction is important in the clinical setting because VD myocardium

would be expected to improve with revascularization, while truly infarcted tissue would not.

Since the goal of this manuscript is to delineate the molecular features of the potentially

salvageable myocardium in a failing heart, we will use the broad term “VD myocardium”,

which would include both hibernating ischemic and dysfunctional non-ischemic

myocardium.

Development of VD myocardium in the ischemic heart

VD myocardium has been extensively studied in patients with severe coronary stenosis, and

thus its pathophysiology has been linked to myocardial ischemia. Two hypotheses were put

forward to explain myocardial dysfunction. Initially, the “smart heart” hypothesis was

proposed by Rahimtoola et al.,18 who suggested that prolonged subacute or chronic

ischemia due to limited coronary blood flow causes the heart to reduce its energy/oxygen

utilization by suppressing myocardial metabolism and contractile force. Thus, the “smart

heart” establishes a new equilibrium between cardiac energy supply and demand to maintain

its viability in the setting of hypoperfusion. However, the reduction in coronary flow in the

ischemic heart central to this hypothesis remains controversial, with many studies reporting

no change in baseline perfusion of the dysfunctional myocardium.21–23 Subsequently,

another hypothesis argued that in the setting of limited coronary flow reserve, a transient

elevation in myocardial metabolic demand due to exercise or adrenergic stimulation causes

short but frequent episodes of ischemia and myocardial stunning. While each individual

stunning episode is fully reversible within 24 hours, multiple bouts of ischemia will lead to

sustained depression of contractile function.24 This “repetitive stunning” hypothesis has

been validated in large animal models of sublethal ischemia-reperfusion, which recapitulate

the pathology of the human heart, although the suppression of myocardial function may be

deliberate and adaptive in accordance with the “smart heart” hypothesis. Unfortunately, the

mechanism by which the myocardium loses its functionality in non-ischemic heart failure

has not been well-characterized and remains an important, but understudied, area of

research.

Structural changes in VD myocardium

In the setting of decreased myocardial blood flow, the heart undergoes structural

remodeling, involving changes in the morphology and protein content of the myocardium, to

maintain contractility. As a result of this remodeling, the VD myocardium may take months

to fully recover its function once blood flow is restored.25 A large number of structural

changes have been described in VD cardiomyocytes in both humans and animal models of

ischemic cardiomyopathy. Biopsies of dysfunctional myocardium obtained during coronary

bypass surgery in humans revealed replacement of sarcomeres in the perinuclear area by

deposits of glycogen and mitochondria,26–28 There was also a profound reduction in, and

disorganization of, the sarcoplasmic reticulum (SR) and abnormalities in the size and shape
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of mitochondria.26, 29 Based on these morphological changes, VD ischemic cardiomyocytes

were proposed to dedifferentiate to resemble fetal cells, a hypothesis that was supported by

identification of embryonic/fetal gene isoforms in adult VD myocardium, including α-

smooth muscle actin, titin, desmin and cardiotin.30–32

Two mechanisms were proposed to mediate the return of the VD myocyte to an embryonic/

fetal morphology: myocardial ischemia and mechanical stretch. The first mechanism appears

to be less likely, as similar changes in cardiomyocyte morphology and signs of

dedifferentiation were detected in other models of cardiac dysfunction, including chronic

atrial fibrillation,33 infarct border zone,34 and in explanted hearts from patients with heart

failure.35 Moreover, many changes that are prominent in the viable region of the

dysfunctional myocardium were also detected in the remote, non-ischemic zones, arguing

for a heart-wide mechanism.27, 36, 37

The stretch hypothesis was supported by studies in vitro and in a pig animal model of

chronic coronary stenosis. Co-culturing of adult rabbit ventricular myocytes with fibroblasts

was previously shown to induce a pattern of dedifferentiation similar to that of VD

myocardium,38 and thus was used as a model to elucidate the molecular mechanisms for this

phenomenon.39 The authors reported redistribution of adhesion molecules such as β-1

integrin, N-cadherin, desmoplakin and vinculin, from the intercalated disc area at the distal

end of cardiomyocytes to the lateral membranes of these cells, thus increasing the tensile

force experienced by cardiac myocytes. The myocytes were cultured under normoxic

conditions, ruling out the role of ischemia in dedifferentiation.39 While the model of

cardiomyocyte-fibroblast co-culture may not fully recapitulate all of the ultrastructural

changes that occur during chronic dysfunction of the myocardium, its findings are

nevertheless supported by studies in pigs, in which cardiomyocyte dedifferentiation was

noted after two weeks of coronary stenosis.40 Importantly, in addition to re-expression of

fetal α-smooth muscle actin, there was a significant loss of desmoplakin and desmin from

the intercalated disks on immunofluorescent staining, with no change in the total content of

these proteins present in cells. Interestingly, the changes in adhesion molecules were not

restricted to the dysfunctional ischemic myocardium, but were also observed in the well-

perfused remote zones of the heart, similar to previous reports of myofibrillar loss in both

dysfunctional and normal myocardium.40

Whether or not mechanical stretch plays a role in the development of non-ischemic heart

failure is still not known. However, a gene array analysis of recovered and non-recovered

myocardium after LVAD removal or cardiac transplantation revealed striking differences in

the expression of β-integrins, the transmembrane sensors of stretch signals.41–43 Thus, the

mechanical stretch may also play a role in the suppression of cardiac function in non-

ischemic hearts, although the detailed mechanism remains to be elucidated.

Molecular mechanisms of VD myocardium

While significant research has been devoted to understanding the structural and functional

changes that occur in VD myocardium, little progress was made in elucidating the molecular
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mechanisms governing suppression and recovery of myocardial function due to both

ischemic and non-ischemic cardiomyopathy.

The studies of ischemic VD myocardium in human patients were conducted by comparing

the molecular profiles of dysfunctional ischemic myocardium and non-ischemic remote

zones. Additionally, some investigators compared ischemic VD myocardium to control non-

myopathic donor hearts. The majority of animal studies on ischemic VD myocardium were

conducted in swine and canine models, in which myocardial dysfunction was induced either

by various protocols of repetitive stenosis and reperfusion, or by surgically narrowing

coronary arteries for chronic reduction in cardiac perfusion.44 These models display

suppression of myocardial contractile function and molecular changes in cardiomyocytes

reminiscent of the VD ischemic myocardium in human patients.

For evaluation of VD myocardium in non-ischemic heart failure patients, myocardial

samples were taken from patients during the implantation of LVAD and following removal

of the device upon recovery of cardiac function. In addition, a series of studies examined the

myocardium of patients who received LVAD as a bridge to transplantation, although many

of these studies failed to record the extent of functional recovery of the failing heart and

correlate the molecular changes to the restoration of cardiac viability.

The molecular changes that occur in VD myocardium due to ischemic etiology include

alterations in contractile proteins, depression of energy metabolism and mitochondrial

function, disruption of calcium signaling and sensitivity, and induction of a distinct subset of

cardioprotective genes44, 45 (Figure 2). Similar pathways are affected in non-ischemic

failing hearts, and mechanical unloading was shown to normalize their function.46

Unfortunately, it remains unknown which of these pathways are primarily responsible for

the depression of myocardial contractility in heart failure, and which are altered non-

specifically, secondary to neurohormonal axis activation, increased workload of the heart, or

other processes.

Myofibrillar proteins

Myocardial cells contain several myofibrils, long chains of individual sarcomeres composed

of alternating thick and thin myofilaments that coordinate cardiac contraction and

relaxation.47 The reduction in contractility of ischemic VD myocardium may be purely

related to the structural changes associated with long-term coronary perfusion-consumption

mismatch, or may represent an adaptive mechanism which minimizes energetically-

expensive myofibrillar cycling. A number of changes in structural and signaling proteins in

myofilaments of VD myocardium have been described, all consistent with suppressed

contractility.12, 27, 40, 48 In a model of limited coronary flow for 24 hours in a pig heart, a

reduction in myofibrillar volume density was observed, but returned to normal after 7 days

of reperfusion,49 supporting the reversibility of the VD myocardial phenotype. A recent

unbiased proteomic analysis of dysfunctional and healthy remote heart tissue from a pig

model with chronic coronary artery stenosis identified several contractile proteins

differentially expressed in VD myocardium.12 Among those were thin filament proteins

including troponin, tropomyosin, myosin light chains, and myosin heavy chain β.

Additionally, Elsasser et al. found significant loss of myofilaments in 38 patients with
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identified VD myocardium, characterized by reductions in the protein and mRNA content of

actin, α-actin, myosin, desmin, and titin.28 Consistent with depressed contractility, a

reduction in phosphorylation of myosin regulatory light chain 2 (MLC2) and cardiac

troponin I (TnI) was observed in a novel mouse model of myocardial dysfunction in which

chronic ischemia was induced by VEGF sequestration.48 Since phosphorylation of MLC2 is

critical for cardiac muscle contraction,50 dephosphorylation of this protein may be a

potential mechanism that significantly limits contractility in the VD heart. These findings

suggest that structural disassembly and altered regulation of myofilament proteins contribute

to cardiac dysfunction in VD myocardium.

In non-ischemic human failing hearts, profound changes in myofibrillar proteins also took

place in the setting of LVAD support.43 In a study comparing hearts that recovered their

function with LVAD to those that failed to show improvement, sarcomeric proteins β-actin,

α-tropomyosin, α1-filamin A and α1-actinin were increased in the recovered group. On the

other hand, troponin T, α2-actinin and syntrophin levels were lower in the recovered hearts

compared to the non-recovered ones.41, 42 At the protein level, there was a significant

increase in myosin heavy chain, troponins C and T, sarcomeric actin and other cytoskeletal

proteins in hearts whose function was restored with mechanical unloading,51 suggestive of

their suppression in VD myocytes. Finally, LVAD support was associated with changes in

post-translational modifications of contractile proteins, including reduced PKA-dependent

phosphorylation of troponin I.52 In summary, VD myocardium shows a wide range of

changes in myofibrillar proteins, and restoration of cardiac function is associated with

reorganization of the contractile apparatus. However, it is difficult to compare the changes

that occur in myofibrils of ischemic and non-ischemic failing cardiomyocytes, and it

remains to be determined whether interventions targeting myofibrillar dynamics will be

effective in treating myocardial dysfunction.

Calcium-handling proteins

Maintenance of calcium handling is essential for cardiomyocyte contraction. Upon

depolarization of the cardiomyocyte cell membrane by an action potential, L-type calcium

channels are activated and the resulting calcium influx leads to calcium-induced calcium

release from the SR, raising the cytosolic calcium concentration. This cytosolic calcium

binds to and activates cross-bridge attachments in myofilaments, leading to muscle

contraction. Disruption of proteins mediating calcium flux is associated with reduced

contractile force.47 A study of regional myocardial short-term ischemia in pigs showed a

decrease in overall myocardial calcium responsiveness of VD segments, suggestive of an

excitation-contraction coupling defect.53 Follow-up investigations revealed significant

reductions in mRNA and protein levels of sarcoplasmic reticulum Ca2+-ATPase (SERCA),

responsible for calcium uptake into the SR during the relaxation phase.54 SERCA2a activity

was also reduced in heart homogenates from patients with documented VD myocardium,

compared to control non-myopathic hearts.55 This finding may be explained by de-

phosphorylation of SERCA inhibitor phospholamban (PLB), which would block SERCA2

action through physical interaction with this transporter.55 Expression and activity of

calcium-handling proteins was also altered in non-ischemic cardiomyopathy, and reversed
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with LVAD-mediated unloading. Thus, LVAD support increased SERCA2a protein and

mRNA levels in the failing hearts regardless of heart failure etiology.56

The functional characterization of calcium homeostasis in VD myocardium is scarce, but

nevertheless supports the notion of repressed calcium flux (Figure 3). Both Ca2+ influx and

free intracellular Ca2+ concentration were reduced in ischemic VD myocardium, consistent

with an excitation-contraction coupling defect.57 In non-ischemic hearts supported with

LVAD, there was a similar depletion of intracellular Ca2+ stores, which was improved by

mechanical unloading.58 Defects in other parameters of calcium transients were also

reversed in the recovered non-ischemic hearts, including normalization of the force-

frequency relationship, faster time-to-peak and decay of the Ca2+ transient, and shortening

of the action potential.58–61 Consistently, myocyte force generation was significantly

improved following mechanical unloading.62, 63 In summary, while the exact changes in the

expression and activity of calcium-handling proteins remain to be resolved, it appears that

calcium homeostasis is severely disrupted in VD myocardium, and may be partially

responsible for the reduction in contractile force, while the recovery of myocardial function

correlates with normalization of calcium handling in cardiomyocytes.

Energy metabolism

The majority of studies on energy metabolic remodeling in VD myocardium are limited to

the ischemic cardiomyopathy. VD ischemic myocardium displays a profound remodeling of

energy metabolism, which is proposed to be an adaptive response to coronary hypo-

perfusion. The major changes that occur in VD myocardium include suppression of oxygen

consumption and mitochondrial function with a concomitant upregulation of glucose uptake

and utilization (Figure 3).

Several studies reported a reduction in mitochondrial oxygen consumption,64, 65 and reduced

respiratory control index in the VD myocardium in a pig model with chronic coronary

stenosis.12, 65 Similarly, a study of human patient biopsies revealed reduced oxygen

consumption and oxidative phosphorylation capacity in chronically-ischemic myocardium.66

These changes were paralleled by a coordinated downregulation of many mitochondrial

enzymes and subunits of mitochondrial electron transport chain (ETC) proteins.65 VD

myocardium in a swine model with chronic coronary stenosis showed reduced expression

and activity of several subunits of the pyruvate dehydrogenase complex, enzymes of the

tricarboxylic acid (TCA) cycle, fatty acid oxidation, mitochondrial ETC complexes and ATP

synthase, consistent with global and coordinated downregulation of mitochondrial oxidative

capacity.67 The results of a recent metabolomic analysis of ischemic VD pig myocardium

were supportive of these data, showing a reduction in TCA cycle metabolites α-

ketoglutarate, succinate, fumarate and malate.68 Moreover, the intermediates of lipid

metabolism, carnitine, acetylcarnitine and palmitoylcarnitine, were also reduced in VD

myocardium.68 Thus, mitochondrial oxidative phosphorylation is consistently suppressed in

VD myocardium of humans and animals.

Contrary to the suppression of mitochondrial respiration, glucose uptake and utilization were

significantly enhanced. This was demonstrated non-invasively in human patients undergoing

positron emission tomography (PET) scan with fluorine-18 labeled deoxyglucose (18F-FDG)
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tracer.69 Insulin was able to stimulate myocardial glucose uptake in chronic VD

myocardium, demonstrating that insulin control over glucose uptake is preserved. However,

after stimulation by glucose or insulin, 18F-FDG uptake myocardial uptake was similar in

both VD and normal myocardium, suggesting that although fasting glucose uptake is

enhanced in VD myocardium, the maximal stimulated glucose uptake is not

increased.10, 70, 71 Elevations in fasting 18F-FDG uptake may be explained by upregulation

of glucose transporter 1 (GLUT1), found in humans, pigs72 and in a novel mouse model of

VD myocardium through VEGF sequestration.48 This increase in GLUT1 expression in VD

cardiomyocytes may be mediated by the HIF-1α signaling pathway.72 Additionally, a study

in pigs with chronic coronary artery constriction demonstrated increased expression of

mitogen-activated protein kinase (MAPK) p38 which correlated with increased membrane

localization of the GLUT4 transporter,73 although the causal relationship between the two

events, as well as the mechanism by which MAPK is induced in VD myocardium were not

established.

The switch of preferred substrate from fatty acids to glucose in VD myocardium provides

the rationale for using radionuclide myocardial perfusion imaging with glucose analogs,

such as 18F-FDG, to differentiate VD myocardium from non-viable myocardium. 18F-FDG

PET is an established, non-invasive method of simultaneously imaging myocardial perfusion

and metabolism through the use of positron-emitting isotopes.74 Regional reperfusion is

assessed by using an isotope that remains in the vascular space, such as nitrogen-13

ammonia or rubidium-82, to demonstrate blood flow distribution.75 Enhanced FDG uptake

in regions of decreased blood flow (“PET mismatch”) represents VD myocardium, while a

reduction in both FDG uptake and blood flow (“PET match”) represents primarily necrotic

myocardium. Therefore, PET imaging can differentiate among normal, VD, and necrotic

myocardium. Compared to dobumatine echocardiography, 18F-FDG PET has improved

sensitivity and negative predictive value in detecting VD myocardium.76 The detection of

VD myocardium by 18F-FDG PET is important in the management of patients with heart

failure, as regions designated as VD myocardium by PET have an 80–85% chance of

functional improvement following coronary revascularization, while regions designated as

necrotic myocardium have only a 20% chance of improvement following

revascularization.77–79

Several radiolabeled FA compounds are also under clinical investigation for use in

myocardial viability imaging. FAs used in myocardial viability imaging are commonly

labeled with the single-photon emitter, 123I, or more rarely with the position-emitting

radionuclide, 11C, and require structural modification to prolong myocardial clearance of the

tracer. For example, 123I-iodophenylpentadecanoic acid (IPPA) is a radiolabelled straight

chain FA with a phenyl group substituted at the ω-carbon, which stabilizes the iodine on the

molecule to inhibit β-oxidation at its terminal end.80 Under non-ischemic conditions, IPPA

is rapidly metabolized, while under ischemic conditions, myocardial fatty acid metabolism is

suppressed, resulting in longer myocardial retention of IPPA and a “redistribution pattern”

on serial single-photon emission computer tomography (SPECT) imaging.81, 82 In a

prospective, multicenter trial to evaluate the use of 123I-IPPA SPECT for the detection of

VD myocardium, 119 patients underwent 123I-IPPA SPECT imaging and blood-pool

radionuclide angiography before CABG.83 Radionuclide angiography was also repeated 6–8
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weeks after CABG. Although the number of IPPA-viable myocardial segments was the most

significant predictor of improved ejection fraction, the overall sensitivity and specificity of

IPPA was low (48% and 79%, respectively). Methyl-branched analogs of IPPA, such

as 123I-(p-iodopheynl)-3-(R,S)-methylpentadecanoic acid (BMIPP), demonstrate superior

protection from β-oxidation.84, 85 This modification slows down the rapid dynamics of FA

metabolism to allow for more accurate SPECT imaging. BMIPP has been well studied in

patients with ischemic heart disease, and is currently the only radiolabelled FA available for

clinical use in some parts of the world, particularly Japan.

In addition to radiolabelled FA compounds, 11C-acetate is a radiolabelled 2-carbon

compound that is rapidly metabolized to 11C-acetyl-CoA in the mitochondria, where it

enters the TCA cycle and undergoes oxidative phosphorylation to yield 11CO2 and H2O.86

The myocardial uptake rate of 11C-acetete is proportional to myocardial blood flow while

the rate of clearance of 11C-acetate from the myocyte reflects the rate of myocardial oxygen

consumption (MVO2).87 Therefore, the uptake and turnover of 11C-acetate as assessed by

PET can potentially be used as a single-tracer technique to yield quantitative data on both

flow and metabolism, respectively. Despite significant progress in our understanding of

energy metabolism in VD myocardium, several important questions remain unanswered.

First, the debate exists about the adaptive vs. maladaptive role for metabolic remodeling in

the ischemic VD hearts. Recently, Stride et al66 described mitochondria isolated from VD

human hearts as “dysfunctional,” citing diminished mitochondrial oxidative capacity,

increased reactive oxygen species (ROS) production, and reduced antioxidant defenses.

Others have characterized the suppression of mitochondrial function as an adaptive

mechanism, based on preservation of multiple energetic indices despite the overall reduction

in metabolic rate.48, 64, 67, 68, 88 These include preserved phosphocreatine (PCr)-to-ATP

ratio,67, 68, 88, maintenance of the ATP-to-ADP ratio,88 and a slower rate of ATP

depletion,88 suggestive of energetic efficiency of the VD heart. Finally, despite reduced

mitochondrial function and lower O2 consumption at rest, VD myocardium was able to

increase its metabolism and utilize diverse energy substrates in response to an increased

workload without the development of ischemia.64, 65, 89, 90 Thus, the cellular energetics

remains robust in VD myocardium despite the suppression of mitochondrial oxidative

phosphorylation, which may be an adaptive response that prevents a supply-demand

imbalance in the setting of limited coronary flow reserve.

The question of how suppression of energy metabolism is achieved during the transition

towards myocardial dysfunction in heart failure still remains unanswered, with no molecule

or pathway emerging as a possible master regulator of energy metabolism in VD myocytes.

Hu et al showed that in addition to VD segments, energy homeostasis is also suppressed in

remote zones with no evidence of ischemia or reduction in contractility,88 suggesting the

involvement of a circulating humoral factor. However, Stride et al66 detected significant

differences in mitochondrial oxidative phosphorylation between functional and

dysfunctional regions of the same human heart. Thus, the question remains unresolved and

additional mechanistic studies are needed.

Bayeva et al. Page 9

Circ Heart Fail. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Cytoprotective and stress-response pathways

Fully-differentiated cardiomyocytes have reduced capacity for regeneration, and death of

myocytes is linked to various forms of cardiac pathology. Thus, the ability of

cardiomyocytes to survive cytotoxic insults is indispensable for maintenance of the heart’s

health. Most of the early studies examining survival pathways in ischemic VD

cardiomyocytes focused on the role of heat shock protein 70 (HSP70) in the heart,54, 91, 92

while newer studies employed unbiased genomic and proteomic approaches to identify

additional stress-response and cytoprotective genes in VD myocardium.93 These genes

included a powerful suppressor of caspases, inhibitor of apoptosis (IAP), stress-response

genes HSP27 and HSP70, as well as a novel growth-promoting H11 kinase (H11K). The

findings were further validated in human heart failure with PET-confirmed VD cardiac

segments. Both, mRNA and protein levels of IAP, HSP70 and H11K were significantly

upregulated in VD human myocardium, compared to the remote normal tissue.72

While the role of IAP and HSP27/HSP70 in preservation of cell viability was previously

established,94–96 the function of H11K in VD myocardium remains unknown. H11K was

linked to various forms of cancer,97, 98 and cardiac-specific overexpression of H11K in the

mouse resulted in significant hypertrophy, with increased cardiac cell diameter and

volume.99 It has been suggested that H11K may promote myocyte viability through an

increase in glucose uptake. Consistently, a 3-fold increase in GLUT1 expression and

accumulation of glycogen were found in the hearts of H11K-transgenic mice, mimicking the

changes observed in VD myocardium.100 Yet, the causative role for the H11K pathway in

induction and maintenance of VD myocardium has not been definitively established.

Other mechanisms

Differences in several additional pathways and molecules have been noted in VD

myocardium, but little progress has been made in elucidating their role in a failing heart. For

example, the levels of the pro-inflammatory cytokine tumor necrosis factor-α (TNFα) were

elevated by more than 13-fold in human ischemic VD myocardium.101 Moreover, high

TNFα levels were found in non-ischemic failing hearts prior to LVAD implantation, and a

reduction in TNFα was observed after mechanical unloading.102 Importantly, accumulation

of TNFα in the heart was previously shown to suppress contractility and damage cardiac

function.103

Additionally, the levels of inducible nitric oxide synthase (iNOS, also known as NOS2)

which generates an important modulator of heart function, nitric oxide (NO), were

significantly upregulated in two independent studies of human patients with ischemic VD

myocardium.101, 104 NOS2 expression has also co-localized with that of cyclooxygenase-2

(COX2), the enzyme which generates superoxide anion.104 Since the reaction of superoxide

with NO produces a very strong oxidant peroxynitrite, physical proximity of the two

enzymes may significantly boost oxidative stress and damage cardiomyocyte structural

components. Consistently, elevated levels of nitrotyrosine, a marker of peroxynitrite

formation, were found in VD sections of the heart and co-localized with COX2 and NOS2

expression.104 Yet, the role of peroxynitrite in the pathology of VD myocardium remains to

be determined.
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The regional adaptations of VD myocardium also include myocyte loss via an apoptotic

mechanism. In swine with chronic LAD occlusion, Lim et al. demonstrated that VD

myocardium was associated with myocyte apoptosis, leading to compensatory regional

cellular hypertrophy independent of replacement fibrosis.105 This may represent a common

mechanism through which repetitive ischemia and elevations in left ventricular filling

pressure lead to a similar molecular phenotype in VD myocardium independent of changes

in coronary perfusion.106, 107 Although clinical studies regarding the importance of myocyte

apoptosis in VD myocardium have yielded mixed conclusions, these differences may be

explained by the low overall frequency of apoptosis and time-dependent variations in the

magnitude of apoptosis during the development of VD myocardium.108, 109

Autophagy was also upregulated in VD myocardium after the third cycle of repetitive

ischemia-reperfusion bouts in pigs. Importantly, induction of autophagy correlated

temporally with a decrease in apoptosis, and thus was suggested to play a protective role in

the VD heart.110 In a mouse model of chronic ischemia through VEGF sequestration,

autophagy was also identified as a key prosurvival mechanism.111

Finally, the neurohormonal response was altered in VD myocardium, as partial sympathetic

denervation of VD myocytes and changes in the expression of α- and β-adrenergic receptors

were reported in both ischemic and non-ischemic heart failure.112–114

Therapies for VD myocardium

Patients with VD myocardium demonstrate time-dependent functional deterioration due to

progressive structural degeneration and worsening left ventricular function.

Revascularization, either by percutaneous transluminal angioplasty or CABG, has

traditionally been demonstrated to reverse depressed LV contractility, improve LV function,

and reduce long-term mortality in patients with VD myocardium.115 However,

revascularization may be delayed in patients with poor status or certain comorbidities, and

can be complicated by the incidence of morbidity or restenosis. Furthermore, the recent

results of three prospective randomized trials, the Surgical Treatment for Ischemic Heart

Failure (STICH) trial, Heart Failure Revascularization Trial (HEART), and PET And

Recovery following Revascularization (PARR-2) trial, found no mortality benefit from

revascularization compared to optimal medical therapy and from viability testing, although

each of these trials had significant methodological limitations.116–118 These findings

highlight the need for additional or alternative pharmacological interventions in VD

myocardium.119

Several medical therapeutics currently used in the treatment of heart failure have also been

demonstrated to be beneficial in the treatment of VD myocardium. In ischemic heart failure,

beta-blockers may improve VD myocardial function by reducing myocardial oxygen

consumption and slowing the heart rate, leading to increased diastolic filling time. The

clinical benefits of carvedilol on ventricular function in VD myocardium were examined in

the randomized controlled Carvedilol Hibernation Reversible Ischemia Trial: Marker of

Success (CHRISTMAS) study, in which 397 patients with chronic heart failure caused by

ischemic LV systolic dysfunction were randomized to carvedilol or placebo for 6 months
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and designated as hibernators or non-hibernators after echocardiographic assessment and

myocardial perfusion imaging at rest and during exercise.120 Although carvediolol increased

LVEF compared to placebo, no significant difference was observed between hibernators and

non-hibernators with regard to mean increase in LVEF. However, a linear relationship was

observed between the increase in LVEF with carvediolol and the volume of myocardium

affected by hibernation or hibernation/ischemia, suggesting that the beneficial effects of

carvedilol may be mediated in part through improved function of VD myocardium. In

addition to its vasodilatory effects and suppression of cardiac contractility, carvedilol is

known to affect multiple intracellular pathways that are disrupted in failing

cardiomyocytes.121 Thus, the reversibility of heart failure with carvedilol is a proof-of-

principle that normalization of heart function in the setting of VD myocardium may be

achieved without surgical intervention.

Angiotensin I converting enzyme (ACE) inhibitors have also been demonstrated to attenuate

VD myocardium. During acute coronary artery occlusion, angiotensin I converting enzyme

(ACE) is elevated, leading to increased production of the potent vasoconstrictor and positive

inotropic agent, angiotensin II, and increased breakdown of bradykinin.122 Thus, increased

ACE activity during coronary artery occlusion aggravates myocardial stunning, leading to

VD myocardium. Several investigators have reported attenuation of myocardial stunning

and improved recovery of contractile function by different ACE inhibitors administered

before occlusion or immediately before reperfusion.123, 124 Ehring et al. studied the role of

bradykinin in the beneficial effects of ramiprillat in open-chest dogs subjected to occlusion

of the left circumflex coronary artery with subsequent reperfusion.125 The effect of

ramiprilat on the recovery of post-ischemic wall thickening was shown to be through the

bradykinin-mediated synthesis of prostacyclins, demonstrating the cardio-protective effects

of ACE inhibitors on VD myocardial function.

Cardiac resynchronization therapy (CRT) is used for selected patients with advanced heart

failure, improving heart failure symptoms, exercise capacity, and LV function.126 However,

the effects of CRT vary significantly among individuals, and the observation that 20–30% of

patients do not respond to CRT has resulted in a search for accurate predictors of response to

this treatment.127 In a study of 51 patients with ischemic heart failure and LV dyssynchrony

undergoing CRT, the response to CRT was directly related to the extent of viable

myocardium and inversely related to the extent of scar tissue.128 Therefore, evaluation for

VD myocardium and scar tissue may be considered in the patient selection process for CRT.

Several novel approaches are currently being sought in the treatment of VD myocardium.

Neovascularization may be achieved through growth factors such as endothelial nitric oxide

synthase (eNOS), fibroblast growth factor (FGF), and angiopoietin-1. eNOS is involved in

the regulation of vascular tone and homeostasis by activating endothelial proliferation and

inhibiting smooth muscle cell proliferation.129, 130 In a swine model of VD myocardium,

regional retroinfusion of eNOS cDNA induced neovascularization via capillary proliferation

and collateral vessel growth, resulting in improved functional reserve of VD

myocardium.131 In addition, cardiomyocytes produce several different isoforms of FGF, and

FGF-5 is a proto-oncogene known to promote angiogenesis in VD myocardium.132

Intracoronary injection of an adenoviral construct overexpressing FGF-5 has also been
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demonstrated to improve the function of VD myocardium in swine by stimulating myocyte

number and hypertrophy.133, 134 Finally, angiopoietin-1, first identified as the ligand for

endothelial-specific TIE-2 tyrosine receptor kinase, promotes endothelial cell sprouting and

survival.135 In a swine model of chronic myocardial ischemia, injection of human

angiopoietin-1 into the free wall of the compromised ventricle induced arteriogenesis with

enhanced regional perfusion of VD myocardium.136 These studies suggest that

neovascularization through therapeutic angiogenesis may have the potential to complement

traditional revascularization techniques in the future.

In addition to neovascularization, stem cell therapy has been proposed as a novel therapeutic

option for patients with VD myocardium. Mesenchymal stem cells (MSCs) have been

shown to repair several injured tissues, and improve LV function in animal models of

myocardial infarction.137, 138 In a swine model of chronic VD myocardium, intracoronary

administration of mesenchymal stem cells improved function of the VD myocardium

independent of coronary flow by stimulating myocyte proliferation and reducing cellular

hypertrophy.139 Such a regression of cellular hypertrophy coupled with MSC-mediated

myocyte proliferation may potentially restore many of the contractile and metabolic

alterations in VD myocardium. Recent clinical trials, such as the Transendocardial

Autologous Cells in Ischemic Heart Failure Trial (TAC-HFT) and Cardiopoietic stem Cell

therapy in heart failURE (C-CURE), have suggested that stem cell therapy may be a safe

and effective option for the future treatment of heart failure, and potentially, VD

myocardium.140, 141

Limitations and unresolved questions

The existence of VD myocardium has been convincingly shown in humans and in an array

of animal models. As a result, molecular changes that take place in VD myocardium,

including alterations in cardiomyocyte architecture, contractile myofibrils, calcium

signaling, energy metabolism and cytoprotective pathways, have been described. Many of

these changes are similar in heart failure due to ischemic and non-ischemic etiologies,

suggesting that common mechanisms may be responsible for the depression in myocardial

function. Reversal of several of these molecular pathways with mechanical unloading and

correlation with improvements in cardiac function suggests that they may be amenable to

pharmacologic intervention and should be evaluated as potential targets for the treatment of

heart failure. Yet, the development of specific therapies is hindered by the lack of

mechanistic studies that delineate primary causative factors in the development of

myocardial dysfunction with preserved myocyte viability. Moreover, technical differences in

inducing VD myocardium in large animal models are likely to be responsible for

discordance in many reported findings. However, despite these challenges in studying and

targeting the changes occurring during the myocardial transition into dysfunction, the last

decade has brought significant advances in our understanding of the molecular

underpinnings of the VD heart. In the future, a systems biology approach to understanding

VD myocardium would allow for an unbiased, integrative analysis of all the pathways

impaired in this pathology, as opposed to focusing on the contributions of single molecular

mechanisms.
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Conclusions

VD myocardium is a well-established phenomenon. A large number of molecular changes

have been reported for VD myocardium in humans, large animals and mouse models. These

include disruption of myocyte architecture, characterized by loss of myofibrils, glycogen

accumulation, and changes in organelle morphology; altered expression and/or post-

translational modifications of contractile proteins; alterations in calcium signaling and

excitation-contraction coupling; suppression of mitochondrial oxidative phosphorylation

with preservation of high energy phosphates and ATP/ADP ratio; as well as induction of

cytoprotective genes. Altogether, a VD myocyte appears to require less energy to maintain

its viability, likely as a protective response that counteracts the disrupting effects of

perfusion mismatch in the setting of reduced coronary reserve. These abnormalities span

both ischemic and non-ischemic heart failure etiologies. Neovascularization, stem cell

therapy, and advancements in surgical revascularization are promising areas of research that

provide hope for improved clinical outcomes in patients with VD myocardium. Gaining

further insights into the molecular mechanisms responsible for the changes in VD

myocardium, and subsequently targeting specific therapies individualized to such

abnormalities, will allow for the development of additional cardioprotective treatments

aimed at the restoration of myocardial functionality in patients with heart failure.
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Figure 1.
Schematic representation of myocardial responses to left ventricular dysfunction.
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Figure 2.
Summary of molecular changes in viable dysfunctional myocardium.
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Figure 3.
Overview of changes in calcium-handling proteins and energy metabolism in viable

dysfunctional myocardium. See text for details. SR, sarcoplasmic reticulum. SERCA,

sarcoplasmic reticulum Ca2+-ATPase. NCX, sodium-calcium exchanger. TCA, tricarboxylic

acid cycle. ETC, electron transport chain. Orange dots represent calcium. Red arrows

represent changes observed in viable dysfunctional myocardium.
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