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Abstract

Fatty acids and glucose are the main substrates for myocardial energy provision. Under
physiologic conditions, there is a distinct and finely tuned balance between the utilization of these
substrates. Using the non-ischemic heart as an example, we discuss that upon stress this substrate
balance is upset resulting in an over-reliance on either fatty acids or glucose, and that chronic
fuel shifts towards a single type of substrate appear to be linked with cardiac dysfunction. These
observations suggest that interventions aimed at re-balancing a tilted substrate preference towards
an appropriate mix of substrates may result in restoration of cardiac contractile performance.
Examples of manipulating cellular substrate uptake as a means to re-balance fuel supply, being
associated with mended cardiac function underscore this concept. We also address the molecular
mechanisms underlying the apparent need for a fatty acid—glucose fuel balance. We propose that
re-balancing cellular fuel supply, in particular with respect to fatty acids and glucose, may be an
effective strategy to treat the failing heart.
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1. Introduction

An uninterrupted availability of chemical energy in the form of energy-rich phosphate bonds
(i.e., adenosine triphosphate, ATP) is required for the physiologic function of all cells. This
especially applies to energy conversion in the heart. For example, at any given moment

the cellular energy reserve of the heart can maintain contractile activity for only 10 s

(ATP) or up to 1 min (creatine phosphate) and, therefore, may not be adequate to support
prolonged changes in demand [1,2]. As a result, the continuous and unimpeded production
of ATP is vital for cardiac function. This requires sufficient availability/delivery of metabolic
substrates, as well as sufficient myocardial oxidative capacity.

The tight coupling of ATP production and utilization, as it is especially apparent in the

heart, includes the ability of cells to select, for a given environment, the most appropriate
substrate for ATP production. The precise requirements for maintaining such flexibility
reside upstream from ATP in the network of energy substrate metabolism. The mechanisms
underlying metabolic flexibility are not yet fully understood, but are important to decipher
as they may provide targets for metabolic intervention aimed at securing sufficient ATP
production to sustain organ function both in response to short and long-term external stimuli.

In this paper, focusing on non-ischemic heart disease, we examine available evidence
suggesting that optimal cardiac performance is dependent on a balanced utilization of
substrates (e.g., fatty acids and glucose). Based on reported findings, we propose that
interventions aimed at manipulating cellular substrate uptake as a means to re-balance fuel
supply will help restore impaired organ function, and hold promise as a strategy to treat
metabolic disease.

2. Myocardial energy metabolism and contractile function

The heart is a metabolic omnivore because it utilizes virtually all substrates to ensure
optimal contractile performance [3]. For the healthy heart, these substrates include long-
chain fatty acids (hereafter referred to as “fatty acids’; average contribution 60%) and
carbohydrates (glucose 30% and lactate 10%), with minor contributions from ketone bodies
and amino acids. At any specific time, however, the actual contribution of each of these
substrates could be quite different, depending on changes in substrate availability governed
by specific (patho)physiologic conditions (e.g., changes during the course of a day) [4]. For
both fatty acids and glucose, their supply to the heart and eventual myocellular utilization
for energy provision is determined at multiple levels [4,5]. The main steps and regulatory
mechanisms involved include (/) substrate uptake into cardiomyocytes by facilitated
diffusion through specific membrane-associated proteins (CD36 for fatty acids, GLUT1 and
GLUT4 for glucose) [6,7], and (/) mitochondrial oxidation (whereby substrate preference
is determined by mechanisms such as the Randle glucose—fatty acid cycle) [8]. The latter
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indicates that the intracellular availability of substrates is an important parameter governing
their use for energy provision. Additional control is exerted by subcellular localization of
metabolites; for instance, allosteric inhibition of carnitine palmitoyl-transferase-1 (CPT-1)
by malonyl-CoA limits entry of acyl-CoA esters into the mitochondrial matrix, thus
attenuating p-oxidation.

Various signaling pathways coordinate energy metabolism and contractile function in the
heart [9]. For example, both insulin- and contraction-induced signaling acutely affect the
quantitative utilization of fatty acids and glucose. Moreover, myocardial substrate utilization
capacity can be chronically modulated through transcriptional events [10].

In heart failure, which is defined as a myocardial derangement causing systolic and/or
diastolic ventricular dysfunction, substrate metabolism is changed towards the utilization of
one preferred substrate rather than a mixture of substrates. Although in the hypoxic/ischemic
heart the lack of oxygen dictates anaerobic glycolysis as the main pathway for energy
provision, in the pressure-overloaded heart and the heart in type 2 diabetes mellitus, which
each show a high prevalence [11,12], the specific alterations in substrate preference towards
either glucose or fatty acid utilization may be a suitable target for intervention, as will be
discussed below.

3. The need for a balance between fatty acid and glucose utilization

Increasing evidence suggests that the heart operates optimally when it uses a mixture of
energy providing substrates, especially with respect to fatty acids and glucose [3]. If the
balance of substrates is tilted, either towards a predominant use of fatty acids (at the expense
of glucose) or a predominant use of glucose (at the expense of fatty acids), this change

in substrate preference is associated with impaired cardiac contractile function (Fig. 1).
Furthermore, in case of the preferred utilization of one substrate over another, there is a risk
that the heart suffers from fuel toxicity, i.e., lipo- or glucotoxicity, each being conditions
that elicit major impairments of cardiac functioning [13,14]. Importantly, the association
between a tilted substrate balance and impaired cardiac contractile function appears evident
from both perspectives, and regardless of the cause of the disease (metabolic versus non-
metabolic). As a result, the notion arises that chronic changes in cardiac performance are
linked to a change in the fatty acid over glucose substrate balance. Examples of human
cardiac diseases of either metabolic or non-metabolic origin and the associated change in the
fatty acid over glucose substrate balance illustrate this concept (Table 1).

Generally, pressure overload-induced cardiac hypertrophy results in a substrate switch
towards predominant glucose utilization, and in the chronic setting is associated with
worsened cardiac contractile function [15]. Conversely, when the uptake and/or utilization
of fatty acids by the heart is restricted, leading to an increased glucose utilization, such
condition appears to be associated with impaired contractile function. Examples of the latter
are pharmacological blockade of fatty acid oxidation [16,17] and inborn errors of fatty acid
oxidation [18-20].
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A substrate switch towards predominant fatty acid utilization is seen upon high-fat

feeding and obesity, and is well-documented to be accompanied with aberrant control

of cardiac metabolism by insulin and contractile dysfunction (diabetic cardiomyopathy)
[7,21]. Likewise, an inborn error of glucose metabolism results in a similar substrate switch
together with cardiac dysfunction [22]. An example from the other perspective is chronic
myocarditis upon pathogen infection that is associated with a predominant utilization of
fatty acids [23,24].

Experimental studies in rodents in which metabolic pathways have been genetically
modified have provided further evidence for the existence of a close association between
marked changes in cardiac substrate preference (fatty acids versus glucose) and cardiac
(mal)function [reviewed in [5,25]]. These studies are summarized in Suppl. Fig. 1.

Interventions targeting metabolism

The notion that optimal pump function of the heart is dependent on a balanced utilization
of fatty acids and glucose for myocardial energy provision suggests that in case of a shifted
substrate balance and, hence, impaired contractile function (/) any intervention that will
further upset this fuel balance would aggravate cardiac function, while (//) any intervention
that will help rectify the fuel balance may lead to a marked improvement or even full
recovery of cardiac contractile performance. Indeed, patients with advanced heart failure
(see e.g. [26]) and studies in experimental heart failure models (Table 2) provide convincing
evidence for both concepts.

During the development of cardiac hypertrophy the heart increases its reliance on glucose

to eventually use primarily glucose for ATP production. The subsequent progression from
compensated cardiac hypertrophy to heart failure, which is characterized by a further
reliance on glucose, is accelerated when cardiac fatty acid utilization is severely hampered
by ablation of the sarcolemmal fatty acid transporter CD36 [27]. Similarly, subjecting CD36
null mice (in which the fuel balance already has been shifted towards increased glucose
utilization) to mechanical stress (transverse aortic constriction) elicits a marked further
impairment of contractile function [28].

Several studies have documented that interventions correcting aberrations of the fatty acid—
glucose fuel balance have a beneficial effect on cardiac contractile performance. When mice
with a pressure overload-induced cardiac hypertrophy and an associated shifted substrate
balance towards increased glucose utilization were subjected to a dietary intervention with
high-fat, both substrate balance and contractile function normalized [28]. Similarly, mice
with a cardiac specific overexpression of protein kinase-D1, which leads to increased
utilization of glucose and cardiac hypertrophy, also could be rescued by feeding a high-

fat diet, upon which the substrate balance and contractile function each normalized [29].
These observations suggest that increasing cardiac fatty acid supply and utilization may be
beneficial in hypertrophic cardiomyopathy.

Likewise, restoring the substrate balance in a mouse model displaying a dominance of
fatty acids over glucose utilization was examined by Yang and co-workers on mice with
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cardiac-restricted overexpression of nuclear receptor PPARa exhibiting myocardial lipid
accumulation and contractile dysfunction [30]. Crossing of these mice with mice deficient
in CD36 led to an increase in cardiac glucose uptake and oxidation together with an
re-balanced fatty acid-glucose ratio, and a rescue of cardiac function [30].

Taken together, these experimental findings underscore the intimate association between the
cardiac substrate balance and cardiac function and suggest that restoring the balance is an
effective therapy to improve cardiac contractile performance.

5. Molecular mechanism explaining the mandatory fatty acid—glucose fuel

balance

It is not fully understood why a balanced mixture of metabolic substrates, in particular fatty
acids and glucose, is a pivotal requirement for optimal cardiac function. The underlying
molecular mechanism may involve several possible parameters.

5.1. The need for metabolic flexibility to sustain contraction

Securing metabolic flexibility requires a very rapid alteration of the type of substrate
utilized. For instance, the circadian rhythm of changes in substrate delivery and energetic
demand imposes the requirement to continuously adapt substrate metabolism in order to
maintain optimal ATP production and utilization [31]. According to the “futile cycle’
hypothesis of Newsholme, each of the metabolic processes involved should run idle (a
certain basal rate) so as to increase instantaneously when needed [32,33]. As a result, rates
of both fatty acid and glucose utilization pathways should proceed at least at a certain
minimum flux. In the event that cardiac energy provision be maintained from predominantly
a single type of metabolic substrate, e.g. glucose, we hypothesize that in the chronic setting
this will lead to downregulation of enzymes involved in fatty acid metabolism (e.g., as found
in pressure overload-induced hypertrophy [34]), thereby impairing a rapid increase in flux
through the fatty acid oxidation pathway, and thus markedly affecting cardiac fuel flexibility.

5.2. Subsidiary metabolic pathways require fatty acids and glucose

Apart from their utilization as major substrates for ATP production, fatty acids and glucose
also serve in various other metabolic pathways. This includes the conversion of fatty acids
into various lipid species, such as phospholipids, ceramides, diacylglycerols, etc., and the
funneling of glucose into the pentose phosphate pathway and the hexosamine biosynthetic
pathway (reviewed in [13,35,36]). Of special relevance is the role of fatty acids and glucose
in anaplerosis of the Krebs cycle, i.e., the replenishment of the pool of intermediates of this
metabolic cycle. Although the role of anaplerosis is well recognized as a major biosynthetic
pathway in liver [37], it is only beginning to be appreciated in heart [38,39].

Replenishment of Krebs cycle intermediates is essential because of their continuous efflux
from mitochondria for anabolic processes taking place in the cytosol. The flux through the
Krebs cycle, which governs the maximal ATP production rate, depends on the presence of
balanced amounts of each of the constituting intermediates. Distinction is made between

the first span of the Krebs cycle (efflux of citrate and 2-oxoglutarate) and the second span
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(efflux of succinate and malate) with mitochondrial citrate efflux being quantitatively most
important [40]. The major anapleratic reaction is that of pyruvate carboxylation to produce
oxaloacetate, which subsequently reacts with acetyl-CoA to form citrate, thereby directly
replacing the loss of citrate. Fatty acids serve a role in the latter process as major provider
of acetyl-CoA [38]. However, the regulatory mechanisms underlying the maintenance of
the total pool and of individual Krebs cycle intermediates in heart is highly complex and
also involves roles for specific amino acids (glutamine, branched-chain amino acids) and
odd-chain fatty acids, while citrate released into the cytosol acts as an allosteric inhibitor

of phosphofructokinase and as a signaling compound affecting both fatty acid and glucose
utilization [41]. A recent study [42] supports a role for the pool of Krebs cycle intermediates
in cardiac metabolic flexibility and that this pool is influenced by the fatty acid over glucose
fuel balance.

In conclusion, a limited supply of Krebs cycle intermediates in cardiomyocytes will
negatively impact on mitochondrial capacity and thus hamper the tuning of energy demand
to provision. The fact that both fatty acids and glucose are required for replenishing Krebs
cycle intermediates may contribute to the need for their balanced cellular utilization.

5.3. Post-translational protein modification involves both fatty acids and glucose

Most proteins undergo reversible post-translational modifications, often on multiple sites,
which may regulate their subcellular localization, stability, activity, and interactions

with other proteins [43]. Post-translational protein modifications involving metabolites
include phosphorylation, acetylation, acylation (e.g., myristoylation, palmitoylation), and
glycosylation (e.g., O-GIcNAcylation) [43]. Because fatty acids and glucose are key
metabolic substrates for these modifications, any dysbalance in their availability for these
reactions may impact on the proper post-translational modification of selected proteins
(especially transcription factors such as PGC-1a and PPARa), thereby potentially affecting
cardiac function [44]. For instance, palmitoylation of metabolic transcription factors has
been reported to alter differentiation programs in (non-cardiac) cells [45]. It is important

to stress that the key enzymes involved in post-translational modifications (e.g., protein
acyl transferase, O-GIcNAc transferase) are constitutively active [46], so that changes

in post-translational modifications are mostly substrate (i.e., palmitate, glucose) driven.
Hence, changes in glucose or lipid-induced post-translational modifications of metabolic
transcription factors and their consequences are part of the overall pleiotropy of toxic actions
of both substrates.

5.4. Lipotoxicity and glucotoxicity

A predominant ATP production from either fatty acids or glucose renders the heart at risk for
so-called lipotoxicity and glucotoxicity, respectively. Lipotoxicity refers to the pathological
accumulation of lipid intermediates which may lead to cellular dysfunction [47]. When

there is a mismatch between fatty acid uptake and oxidation, the excess fatty acids may

be converted into lipid intermediates such as diacylglyceroles and ceramides, which impair
cellular function (e.g., through inhibition of insulin signaling and altering intracellular Ca*
dynamics) and even may cause cellular injury [26,47,48].

Biochim Biophys Acta Mol Basis Dis. Author manuscript; available in PMC 2020 October 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Glatz et al.

Page 7

During excess glucose availability, glucose 6-phosphate accumulates due to a mismatch
with glucose oxidation. This increase in glucose 6-phosphate leads to hexokinase-II
disattachment from the mechanistic target of rapamycin (mTOR), mTOR activation,

and increased protein synthesis resulting in cardiac hypertrophy [49,50]. Moreover, long-
term increases in glucose supply and utilization are associated with a shift to a fetal
transcriptional program in adult cardiomyocytes. This fetal switch is often maladaptive
whereby contractile force decreases [44]. Also, a main destructive combination of events
involved in glucotoxicity is the combination of ROS formation and increased glycation [51].

6. Role of alternative substrates

The omnivoric character of the heart implies that alternative substrates for cardiac energy
provision, in particular ketone bodies and amino acids, may also be involved in maintaining
a distinct fatty acid—glucose fuel balance or, alternatively, mitigate the consequences of a
shifted fuel balance. For instance, should the substrate preference change towards increased
fatty acid utilization because of impaired glucose uptake (as in insulin resistance) these
alternative substrates may help substitute for the limited intracellular glucose availability
thereby preventing excessive fatty acid uptake and lipotoxicity. In the normal heart the
contribution of these alternative substrates to total ATP production is limited with ketone
bodies and amino acids contributing at most to 10% and 2%, respectively [52]. However,
under specific conditions (e.g., prolonged fasting, exercise), or in disease states (e.g.,
diabetes, heart failure) their contribution to myocardial energy provision may become
significant [34,53,54]. Importantly, shifts in ketone body and amino acid metabolism may
result in generation of intracellular signaling molecules influencing contractile function.

Ketone bodies are readily oxidized in proportion to their delivery and in priority to fatty
acids and glucose [55]. Ketone bodies are not subject to transport regulation and suppress
both fatty acid and glucose oxidation via competition of the produced acetyl-CoA for Krebs
cycle intermediates [56,57]. This suggests that elevated utilization of ketone bodies does
not affect the fatty acid-glucose fuel balance. In addition, ketone bodies may deplete Krebs
cycle intermediates (decreased anaplerosis) leading to a decrease in mitochondrial oxidative
metabolism [58].

The significance of amino acids for cardiac energy metabolism extends beyond ATP
production, and includes protein turnover, anaplerosis to supplement Krebs cycle
intermediates, substrate competition, and specific signaling roles. Branched chain amino
acids (BCAAs; leucine, isoleucine, valine) serve as an excellent example. The heart has
a high demand for amino acids because all cellular proteins are renewed within 30 days
[59]. BCAAs influence protein turnover through activation of mTOR complex-1 (MTORC1)
which promotes protein synthesis and attenuates autophagy [60]. Additionally, BCAA
repress general control nonderepressible 2-kinase (GCN2) thereby relieving inhibition

of translation initiation [61]. During heart failure there appears to be an imbalance
between BCAA availability (increased circulating levels) and myocardial utilization (due
to repression of branched chain 2-oxo acid dehydrogenase), resulting in an accumulation
of BCAAs and their 2-oxo acids in the heart (observed in both humans and animal
models) [62]. This in turn would be anticipated to promote adverse remodeling, through
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simultaneous augmentation of protein synthesis and attenuation of autophagy. Indeed,
augmentation of BCAA utilization (through pharmacologic activation of branched chain
2-0xo acid dehydrogenase) protects against heart failure progression [62]. Similar to

ketone bodies, BCAAs will diminish the oxidation of fatty acids and glucose, not only

via competition of the produced acetyl-CoA for Krebs cycle intermediates, but also
through inhibition of mitochondrial function [62]. Interestingly, recent studies in skeletal
muscle suggest an important role of BCAAs in fatty acid uptake. More specifically, a
muscle derived valine metabolite (3-hydroxyisobutyrate, 3-HIB) acts in a paracrine manner,
promoting trans-endothelial movement of fatty acids, subsequently increasing muscle cell
uptake [63]. Given that 3-HIB is downstream of branched chain 2-oxo acid dehydrogenase,
we speculate that decreased 3-HIB levels during heart failure may selectively diminish fatty
acid uptake, thereby contributing towards the maladaptive shift towards increased glucose
utilization.

Taken together, given the multiple effects of both ketone bodies and certain amino acids on
cardiac energy metabolism, it currently remains unclear whether changes in their use by the
diseased heart are beneficial or detrimental for cardiac efficiency and functioning [34,52,64].

7. Conclusion and future outlook

The unimpeded flux through the pathways of energy substrate metabolism is vital for the
physiologic function of all tissues. In the heart, various metabolic substrates are used for
ATP production, of which fatty acids and glucose are quantitatively most important. Data
available for the heart indicate that rapid switching between these substrates, elicited by
endogenous or exogenous factors such as diet, diurnal rhythm, neurohumoral changes and
exercise (i.e., an altered metabolic milieu), are well tolerated and on short-term remain
inconsequential for cardiac contractile performance. This virtually instantaneous switching
between substrates is referred to as ‘metabolic flexibility’. However, in case such external
influences are persisting, the cardiac fuel balance is permanently shifted towards the
utilization of a predominant type of substrate, in particular either fatty acids or glucose,
leading to an impaired metabolic flexibility and an impairment of contractile function (Fig.
2). The mechanism underlying this phenomenon most likely relates to the notion that the
preferential utilization of a single type of substrate causes alterations in subsidiary metabolic
pathways, post-translational protein modifications and gene expression, together making
the heart more vulnerable for the short-term external influences mentioned above. These
findings are expected to apply also to other cell types with an active energy substrate
metabolism, such as skeletal muscle and liver. In conclusion, evidence is accumulating that
maintaining a distinct and finely tuned fatty acid—glucose fuel balance is crucial for optimal
organ performance. The corollary is that rectifying a tilted fuel balance, as occurs in several
(e.g., cardiovascular) diseases, holds promise as therapeutic approach.

The apparent need for a tuned fatty acid—glucose balance is further illustrated by the
observation that a single metabolic perturbation in many cases is tolerated, i.e., cardiac
performance is virtually maintained, but that a second perturbation that promotes the shift
in balance is no longer tolerated and leads to impaired cardiac function. However, when this
second intervention induces a rectification of the fatty acid—glucose fuel balance, this does
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not affect cardiac function or even elicits recovery of function (Table 2). This phenomenon
also explains why dietary fat consumption in some cases worsens cardiac function but in
other cases appears protective [65].

It is debated whether in myocardial disease changes in substrate metabolism are cause

or consequence of cardiac contractile dysfunction [66]. For the hypertrophied and failing
myocardium the notion arises that metabolic changes per se are the (initial) trigger

that causes myocardial dysfunction [67]. The insulin resistant and diabetic heart also
develops impaired contractile function only after a major shift in substrate metabolism has
occurred, i.e., being virtually completely dependent on fatty acids for ATP production [7].
This accumulating evidence that metabolic remodeling precedes structural and functional
remodeling of the heart is further underscored by various experimental studies reporting
that so-called metabolic modulation, either alone or as adjunct to other medication, is an
effective strategy to treat cardiac disease [68]. The present review extends this approach
by indicating that metabolic modulation therapy may be effective especially when aimed at
restoring the fatty acid—glucose fuel balance. It should be noted that when applying such
approach in clinical practice, care must be taken because heart failure patients also will be
on a range of medications which could influence cardiac metabolism.

From a clinical perspective, monitoring of the metabolic state of the heart with special
reference to the overall utilization of fatty acids versus glucose may be of future interest
both for early identification of major changes in substrate preference and for the monitoring
of treatment responses, especially when using strategies of metabolic modulation. Non-
invasive techniques such as positron emission tomography (PET) or magnetic resonance
spectroscopy (MRS) are particularly suitable because they permit the non-invasive serial
assessment of the metabolic state of the heart [5]. Much more work may be forthcoming in
this direction with the development of metabolic strategies for the treatment of heart failure
and the possible application of the re-balancing concept to the function of other organs as
well.
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Fig. 1.

Schematic presentation of the relation between cardiac contractile function and the relative
contributions of (long-chain) fatty acids and glucose to overall myocardial ATP production.
Minor contributions from other substrates, such as lactate, ketone bodies and amino acids,
are not shown. Under healthy conditions, cardiac muscle utilizes a mixture of metabolic
substrates, so that the contributions of glucose and of fatty acids are of similar magnitude.
However, when this balance of metabolic substrates shifts towards the predominant
utilization of a single substrate, i.e., either mostly glucose or mostly fatty acids, this change
is accompanied by impaired contractile function. FA, (long-chain) fatty acids; Glue, glucose.
(Adapted from [3]).
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Fig. 2.

Summary of the association of the myocardial fatty acid—glucose fuel balance and cardiac
contractile function. The scheme illustrates the ability of the heart to adapt its substrate
preference to short-term external influences so as to secure an adequate ATP production
for optimal cardiac contractile function, together referred to as metabolic flexibility. In case
of a persisting external influence, however, whereby the balance of metabolic substrates

is permanently shifted towards the utilization of a predominant substrate (either glucose

or fatty acids), this metabolic flexibility is markedly impaired leading to suboptimal ATP
production and impaired contractile function.

FA, (long-chain) fatty acids; Gluc, glucose.

Biochim Biophys Acta Mol Basis Dis. Author manuscript; available in PMC 2020 October 26.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Glatz et al.

Table 1

Association between a tilted cardiac substrate balance and chronically impaired contractile function.

» Substrate balance with fatty acids < glucose (predominant glucose utilization)

- Metabolic cause Inborn error of fatty acid metabolism [19]
(uptake or oxidation) [69]

- Non-metabolic cause  Pressure-overload hypertrophy [70]
[15]

[65]

Atrophy and pulmonary insufficiency (—hypoxia) [71]

Anemia (—hypoxia) [72]

Impaired coronary blood flow (—ischemia) [73]

[74]

Chronic heart failure [26]

» Substrate balance with fatty acids > glucose (predominant fatty acid utilization)

- Metabolic cause Diabetes type 1, diabetes type 2 [21]
Fatty acid overload (high fat feeding; obesity) [75]

[14]

Inborn error of glucose metabolism (uptake or oxidation) [22]

- Non-metabolic cause  Chronic viral myocarditis (pathogen-induced cardiomyopathy)  [24]

Examples are taken from the literature (clinical studies and/or reviews). References are indicated in the right column.
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