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Abstract

The metabolic syndrome is a constellation of metabolic disorders including obesity, hypertension,
and insulin resistance, components which are risk factors for the development of diabetes,
hypertension, cardiovascular, and renal disease. Pathophysiological abnormalities that contribute
to the development of the metabolic syndrome include impaired mitochondrial oxidative
phosphorylation and mitochondrial biogenesis, dampened insulin metabolic signaling, endothelial
dysfunction, and associated myocardial functional abnormalities. Recent evidence suggests that
impaired myocardial mitochondrial biogenesis, fatty acid metabolism, and antioxidant defense
mechanisms lead to diminished cardiac substrate flexibility, decreased cardiac energetic
efficiency, and diastolic dysfunction. In addition, enhanced activation of the renin-angiotensin—
aldosterone system and associated increases in oxidative stress can lead to mitochondrial apoptosis
and degradation, altered bioenergetics, and accumulation of lipids in the heart. In addition to
impairments in metabolic signaling and oxidative stress, genetic and environmental factors, aging,
and hyperglycemia all contribute to reduced mitochondrial biogenesis and mitochondrial
dysfunction. These mitochondrial abnormalities can predispose a metabolic cardiomyopathy
characterized by diastolic dysfunction. Mitochondrial dysfunction and resulting lipid accumulation
in skeletal muscle, liver, and pancreas also impede insulin metabolic signaling and glucose
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metabolism, ultimately leading to a further increase in mitochondrial dysfunction. Interventions to
improve mitochondrial function have been shown to correct insulin metabolic signaling and other
metabolic and cardiovascular abnormalities. This review explores mechanisms of mitochondrial
dysfunction with a focus on impaired oxidative phosphorylation and mitochondrial biogenesis in
the pathophysiology of metabolic heart disease.

Metabolic impairment; Oxidative phosphorylation; Mitochondrial biogenesis

Introduction

Despite advances in preventive and treatment strategies directed at cardiovascular disease
(CVD) risk factors, there remains a high prevalence of obesity, hypertension, diabetes, and
cardiovascular and renal disease [1-5]. Indeed, the growing epidemic of obesity and type 2
diabetes continues to hamper the improvements in the prevention and management of CVD.
The presence of insulin resistance and excess body weight gain may result in a significant
increase in CVD and chronic kidney disease (CKD) morbidity and mortality [2-5].
Cardiovascular risk factors often cluster, most notably metabolic disorders including
obesity, insulin resistance, dyslipidemia, and hypertension, collectively referred to as the
metabolic syndrome [1]. With clustering of these risk factors, there is an associated increase
in incidence and prevalence of CVD and CKD [3-5]. The metabolic syndrome is often
associated with inappropriate activation of the renin—angiotensin-aldosterone system
(RAAS) [6]. Indeed, elevations in angiotensin Il (Ang I1) and aldosterone have been shown
to promote an impairment in systemic insulin metabolic signaling that leads to endothelial
dysfunction and myocardial functional abnormalities [6-8] (Fig. 1). These abnormalities
have been observed in insulin-resistant animal models and persons that are at higher risk of
developing type 2 diabetes mellitus, hypertension, CVD, and CKD [8, 9].

Given the complexity of the pathophysiology and complications of the metabolic syndrome,
we will focus on recent information on mitochondrial dysfunction (decreased oxidative
phosphorylation) and diminished mitochondrial biogenesis as it relates to myocardial
dysfunction and progression of cardiomyopathy associated with the metabolic syndrome.

Mechanisms contributing to myocardial dysfunction in the metabolic

syndrome

Impaired myocardial diastolic relaxation (e.g., diastolic dysfunction) is the earliest
myocardial contractility observed in metabolic conditions such as obesity, insulin resistance,
and hypertension [10-14] (Fig. 1). Diastolic dysfunction manifests as a reduction in velocity
of myocardial relaxation, as well as decreasing myocardial compliance [13, 14].
Mechanisms that contribute to this selective cardiac dysfunction include decreases in energy
production due to reductions in mitochondrial respiration, increased oxidative stress, and
defective contractile and intracellular Ca2* regulatory proteins [15, 16]. Abnormalities in
Ca?* signaling/flux and myofilament function contribute to the cardiomyopathic alterations
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observed in the metabolic syndrome [17-19]. Recent data suggests that early stages of
myopathic alterations in the metabolic syndrome may be associated with defects in
myofilament function independent of alterations in Ca2* signaling [20, 21]. This is evident
in a type 1 diabetes model where there are increases in myocardial action potential duration
and collagen expression [21]. Further, in a lipotoxic diabetes model displaying increases in
fatty acid uptake, there is slower diastolic muscle relaxation kinetics despite increases in
myofilament Ca2* sensitivity [20].

There is a compelling body of evidence for mitochondrial dysfunction in association with
insulin resistance and obesity [7, 22]. This is especially relevant considering mitochondrial
dysfunction compromises glucose-stimulated pancreatic insulin secretion as well as insulin-
stimulated skeletal muscle glucose utilization [7]. The contribution of mitochondrial
dysfunction to impairments in insulin metabolic signaling is suggested by gene array
analysis showing reductions in expression of genes regulating mitochondrial adenosine
triphosphate (ATP) production associated with insulin resistance [23] and overt type 2
diabetes mellitus [24]. Moreover, reductions in the oxidative capacity of the mitochondrial
electron transport chain are manifested in obese, insulin-resistant persons as well as diabetic
patients [7, 16]. Mitochondria in endothelial cells are thought to play an important role in
cellular signaling as sensors for local oxygen concentration and regulations of nitric oxide
(NO) production [25]. RAAS-mediated increases in NADPH oxidase activity and generation
of reactive oxygen species (ROS) may result in mitochondrial damage and associated
decreases in oxidative phosphorylation, ATP production, and bioavailable NO [26]. Thus,
abnormalities in mitochondrial oxidative phosphorylation may predispose decreased
coronary arteriolar blood flow to myocardial tissue (Fig. 1). The increasing prevalence of
metabolic cardiomyopathy requires a better understanding of the involvement of alterations
in mitochondrial integrity, fundamental to the development of optimal strategies of
endothelial and myocardial dysfunction in the context of altered mitochondrial function and
mitochondrial biogenesis.

Mitochondrial function and mitochondrial biogenesis

Mitochondria play a fundamental role in the survival and function of cardiomyocytes and
are critical for the high demand of energy in the myocardium. Mitochondria occupy 20-30%
of the cell volume of cardiomyocytes, but the numbers can increase with enhanced
myocardial energy requirements. Mitochondria are dynamic organelles that normally
respond to the energy needs of tissues [7, 22, 24]. Myocardial energy production occurs
primarily in the form of ATP generated by mitochondria to bridge the metabolism of
nutrients and oxidative respiration (Fig. 2). The heart consumes the equivalent of 6 kg of
ATP per day, the majority of which is generated through mitochondrial oxidative
phosphorylation that is fueled by catabolism of lipids and carbohydrates and used for
various biological events.

There are considerable data supporting the importance of mitochondria in cardiac function;
however, there is less information regarding the dynamic regulation of mitochondrial
biogenesis in cardiomyocytes. There exists a fine balance between nuclear and
mitochondrial gene expression that governs assembly of the mitochondrial respiratory
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complex. This is especially true under conditions of exercise, wherein mitochondrial
biogenesis is triggered through modulation of the ATP/ADP ratio, activation of adenosine
monophosphate-activated protein kinase (AMPK), and consequent expression of the
transcriptional factor peroxisomal proliferator activator receptor y co-activator 1a (PGC-1a)
and nuclear respiratory factor-1 (NRF1) [7, 27]. In turn, these increases in cardiac energy
demands regulate gene expression of nuclear and mitochondrial DNA and maximize the
capacity of mitochondria to perform oxidative phosphorylation. In the presence of obesity
and insulin resistance, there is an excess of nutrients, coupled with reductions in energy
demand, that result in reductions in mitochondrial DNA gene expression that contribute to
reduced oxidative phosphorylation capacity [7].

Mitochondrial dysfunction in metabolic syndrome

Mitochondria are not only a major source of energy for the cell but also act as a mediator for
biological responses including growth and death [7, 22]. Changes in mitochondrial
biogenesis and function have been documented in the metabolic syndrome and diabetes [27,
28]. Both clinical and experimental findings have suggested a 30—70% reduction in
phosphocreatine levels and total creatine levels in heart failure. The activity of myofibrillar
creatine kinase in heart failure drops to about 50% of the normal level. In general, heart
dysfunction is accompanied with defects in all three components of energy metabolism in
cardiomyocyte mitochondria, namely, substrate utilization, oxidative phosphorylation, and
energy transfer and utilization. These interactions can be even more complicated in the
metabolic syndrome with worsening metabolic dysregulation and mitochondrial
dysfunction, each reinforcing the other abnormality. This is illustrated in metabolic/diabetic
cardiomyopathy wherein the initial manifestations of diastolic dysfunction are more
apparent in the presence of endothelial dysfunction [4, 11, 16] (Fig. 1).

The notion that various components of the metabolic syndrome, including that of insulin
resistance, contribute to mitochondrial dysfunction is well validated [22]. However, not
much is known regarding the extent of mitochondrial dysfunction within the constellation of
metabolic risk associated with the metabolic syndrome and the relationship to metabolic
cardiomyopathy. Under routine physiological conditions, myocardial function is dependent
upon continual recycling of ATP from mitochondrial oxidative phosphorylation. When
mitochondria become maladaptive, due to loss and/or reduced efficiency of mitochondria, a
cascade of events develops including reduced ATP synthesis, abnormal accumulation of
metabolic intermediates, and ROS production, all of which may contribute to impaired
mechanical function of the heart [7, 22, 28]. Findings from a wide array of studies support
the pivotal role of mitochondrial dysfunction, in particular, reduced mitochondrial
biogenesis in the pathogenesis of metabolic cardiomyopathy. For example, diabetic
cardiomyopathy is associated with an intracellular accumulation of toxic intermediates, such
as long chain acyl-CoA and acylcarnitine, that affect mitochondrial ATP/ADP ratio and lead
to diminished mitochondrial metabolic function [29]. Reduced gene expression of
mitochondrial regulatory protein PGC-1a has been found to be associated with human heart
dysfunction [30]. Finally, pharmacological and genetic intervention data provide compelling
support for the critical role of mitochondrial dysfunction in the pathogenesis of
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cardiomyopathy as improved and reduced mitochondrial function may attenuate and
exacerbate heart failure, respectively [30].

Mitochondrial alterations may underlie several aspects of the observed metabolic cardiac
phenotypes such as altered Ca2* handling, interstitial fibrosis, cellular and subcellular
remodeling, and cardiomyocyte loss. Reduced mitochondrial biogenesis has been
demonstrated in humans and animals with the metabolic syndrome, coinciding with the
reduced ATP level and dysfunctional mitochondrial electron transport. The role of an
overactive RAAS in the progression of mitochondrial and myocardial dysfunction has been
indicated by a number of seminal observations [6, 31-35]. Using rodent models of insulin
resistance that display inappropriate activation of the RAAS, such as the transgenic Ren2
rat, we have observed metabolic abnormalities consistent with the metabolic syndrome such
as hypertension, insulin resistance, and metabolic cardiomyopathy [34, 35]. Importantly,
myocardial mitochondrial biogenesis evaluated by ultrastructural analysis of myocardium
utilizing transmission electron microscopy reveals striking alterations in mitochondria
including increased numbers of smaller morphologically abnormal mitochondria
interspersed between intercalated discs (Fig. 3). These findings are accompanied by
increases in mitochondrial complex IV (cytochrome c oxidase) reflecting adaptive increases
in mitochondrial activity [34, 35]. The heart in this model has increased tissue Ang Il and
ROS, both of which are known to exert detrimental effects on mitochondrial integrity. For
example, oxidative stress can adversely affect mitochondrial DNA damage [7]. Altered
mitochondrial DNA, such as mutant mitochondrial DNA with large deletions, has been
shown to enhance the biogenesis of cellular mitochondria. Indeed, mitochondria in a highly
oxidative environment proliferate more rapidly and thus tend to be smaller and more
plentiful. Observations from these studies indicate that increased mitochondrial biogenesis is
an adaptive process to establish a transmembrane proton differential in order to generate
ATP, thereby reflecting enhancements in myocardial energy requirements in these insulin-
resistant models of RAAS activation. However, this leads to increased numbers of small
morphologically abnormal, less efficient mitochondria (Fig. 3). More importantly, the
mitochondrial abnormalities were attenuated following inhibition of the RAAS with either
Ang Il receptor and/or mineralocorticoid receptor blockade [34, 35]. Thereby, these findings
support an important role for the RAAS, and associated increases in oxidative stress, in the
pathogenesis of mitochondrial abnormalities in metabolic-related cardiomyopathies in the
metabolic syndrome (Figs. 1 and 3).

Reduced myocardial mitochondrial antioxidant capacity and impaired mitochondrial
biogenesis are crucial in the pathogenesis of metabolic-related myocardial dysfunction [7,
10, 13]. This is illustrated in mice lacking endogenous antioxidant capacity that are more
vulnerable to dysfunctions in mitochondrial biogenesis and myocardial contractility
associated with the metabolic syndrome. Alternatively, increases in antioxidant capacity are
capable of slowing the progression of ventricular remodeling and myocardial systolic and
diastolic dysfunction [18]. There are several specific defects in antioxidant capacity,
biogenesis, and nuclear genes encoding mitochondrial proteins involved in ventricular
remodeling and hypertrophy derived from a high-fat diet and associated insulin resistance
[18]. Further, data suggest that the mitochondria-mediated cell death through apoptosis,
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necrosis, and autophagy may contribute to the progression of cardiac geometric and
functional changes [7, 32]. Therefore, onset and progression of cardiac structural and
functional defects are closely associated with even subtle changes in the mitochondrial
antioxidant capacity, energy metabolism, and dysfunction.

Mitochondrial numbers and size are closely associated with mitochondrial oxidative
capacity [7]. Reductions in mitochondria number and size in myocardium and skeletal
muscle have been observed in those with insulin resistance and obesity [18, 36-38].
Metabolic abnormalities that contribute to reductions in mitochondrial oxidative capacity are
often accompanied by a loss of proteins that are encoded by the mitochondrial genome (e.g.,
cytochrome c oxidase 1) [7]. Mitochondrial biogenesis is driven, in part, through the
PGC-1a, which was first discovered as a transcriptional regulator of uncoupling proteins
(Figs. 2 and 3). PGC-1a is an integrator of the transcriptional network regulating
mitochondrial biogenesis. Indeed, PGC-1a-driven mitochondrial biogenesis is integral to
routine cardiac function, as models that have PGC-1a knockout or deficiency have
significant alterations in cardiac function [39]. PGC-1a has been shown to mediate
downstream transcriptional regulatory circuits such as nuclear respiratory factor-1 and 2
(NRF-1 and NRF-2) which, in turn, govern downstream genes including mitochondrial
transcription factor A (MTF-A). NRF-1 regulates a number of mitochondrial genes such as
oxidative phosphorylation genes and mitochondrial transcription factor A (TFAM). In
addition, PGC-1a regulates genes involved in the cellular uptake of fatty acids and fatty acid
oxidation through coactivation of peroxisome proliferator-activated receptors and other fatty
acid metabolism genes. Accumulative data support the notion that regulation of
mitochondrial biogenesis is facilitated through a number of signaling cascades such as
endothelial nitric oxide synthase (eNOS) and AMPK signaling [25, 40].

Expression of PGC-1a may be upregulated by cellular ATP demand [23], coinciding with
reductions in mitochondrial biogenesis cofactor PGC-1a [18, 41]. Individuals with insulin
resistance display fewer, and sometimes smaller, skeletal muscle mitochondria, which could
be attributed to reduced PGC-1a and PGC-1p expression [42, 43]. Preclinical data provides
further evidence for the importance of PGC-1a and mitochondrial biogenesis in routine
myocardial function. Data from PGC-1a null mice suggest these mice display defects in
both skeletal and cardiac muscle contractility [44, 45]. Indeed, DNA microarray analysis
shows that expression of PGC-1a and associated increases in mitochondrial biogenesis
contribute to skeletal muscle insulin resistance [23, 24]. Thus, PGC-1a-driven mitochondrial
biogenesis is integral for normal cardiac and skeletal muscle contractility and relaxation.

Collectively, these data support the notion that abnormal mitochondrial function is mainly
due to reduced mitochondrial density. Moreover, the loss of subsarcolemmal mitochondrial
and associated diminution of electron transport activity has been demonstrated in insulin
resistance and obesity, further substantiating the relationship between mitochondrial electron
transport activity and mitochondrial density [38]. It should be noted, there is conflicting data
indicating unchanged mitochondrial function normalized to DNA content in those with type
2 diabetes [46]. Additionally, there is normal mRNA expression of PGC-1a, PGC-1f,

NRFs, and TFAM in the offspring of type 2 diabetic individuals despite reductions in insulin
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metabolic signaling [37]. This discrepancy suggests that in some cases, mitochondrial
dysfunction cannot be fully attributed to reduced mitochondrial biogenesis.

eNOS and development of mitochondrial biogenesis

PGC-1a is regulated by a number of signaling cascades including the eNOS/NO/cyclic
guanosine monophosphate (cGMP) system. Indeed, eNOS plays an important role in
mitochondria biogenesis and mitochondrial function [25, 26, 28]. Increases in myocardial
NO or cGMP have been shown to stimulate mitochondrial biogenesis [47]. Reductions in
mitochondria content and associated defects in fatty acid metabolism are evident in eNOS-
deficient mice that manifest insulin resistance and hypertension [28]. More recent
observations from our laboratory indicate that eNOS uncoupling with diminished levels of
the eNOS cofactor BH4 synthetic enzyme guanosine triphosphate cyclohydrolase I directly
leads to myocardial dysfunction accompanied with reduced expression of PGC-1q, its
downstream nuclear factors, and attenuation of mitochondrial biogenesis [48]. These data
collectively underscore the important functional role of eNOS in the maintenance of
myocardial mitochondrial biogenesis and mitochondrial function. However, the mechanism
by which eNOS deficiency leads to a decrease in mitochondrial biogenesis is unknown at
this time, although eNOS-induced regulation of PGC-1a is believed to play a major role [7].
PGC-1a may be regulated by a number of signaling molecules and transcriptional factors.
For example, expression of PGC-1a may be downregulated in mice lacking transcriptional
factor myocyte enhancer factor-2 (MEF-2) associated with dysregulated cardiac
mitochondrial biogenesis [49]. Inducible overexpression of PGC-1a may itself lead to
dilated cardiomyopathy [50], indicating the importance of finely tuned homeostatic
regulation of the mitochondrial biogenesis for normal heart structure and cardiac contractile
function.

AMPK and mitochondrial biogenesis

AMPK has emerged as a key regulator of energy metabolism and mitochondrial biogenesis
in the heart. Pharmacological activators of AMPK [/#-guanidinopropionic acid (BGPA) and
5’-D-aminoimidazole-4-carboxamide-1-/4D-ribofuranoside (AICAR)] stimulate
mitochondrial biogenesis through activation of PGC-1a and downstream nuclear factors
[51]. In contrast, recent findings from our laboratory failed to detect any change in the
expression of PGC-1a in myocardium from murine hearts with overexpression of mutant a2
subunit compared with wild-type mice [52]. Although the precise mechanism behind such
discrepancy is unknown, difference in the age and the specific model studied may play a
role. AMPK appears to be responsible for exercise-induced phosphorylation/activation of
PGC-1a. In this regard, phosphorylation of the o subunit at Thrl72 by the AMPK upstream
kinase, AMPK kinase (AMPKK), or allosteric modulation by AMP directly regulates
AMPK activity and mitochondrial biogenesis [53]. There are two AMPKKSs, tumor
suppressor kinase LKB1 and calmodulin-dependent protein kinase kinase (CamKK), which
have been identified in the heart [7]. Activation of AMPK enhances ATP synthesis by
stimulating glucose uptake, fatty acid oxidation, and glycolysis and inhibits energy-
consuming anabolic pathways such as protein synthesis to conserve intracellular ATP.
Myocardial tissues from individuals with metabolic syndrome display dampened AMPK
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activation, resulting in downregulation of glucose uptake and glycolysis, as well as decrease
in fatty acid oxidation processes leading to cardiac dysfunction. Nonetheless, further
investigation is warranted to elucidate if AMPK activation is protective in the metabolic
syndrome. It is worth mentioning that AMPK may indirectly participate in the regulation of
mitochondrial function via regulation of Bax translocation to mitochondria [54] or through
regulation of p53 and cell proliferation [55].

Oxidative stress and mitochondrial biogenesis

Mitochondria are a major source of ROS generation in skeletal muscle and myocardial
tissue. This is primarily due to inhibition of complexes | and 111 leading to accumulation of
superoxide anion. However, it should be noted there is extra-mitochondrial oxygen
consumption that occurs through enzymatic and non-enzymatic pathways that include
xanthine oxidase, NADPH oxidase, uncoupling of NO synthase, D-amino-oxidase, p450
cytochromes, and proline hydroxylases. Mitochondrial production of ROS occurs at
complex I (NADH CoQ reductase) and/or complex 111 (bc; complex). The presence of
excess electrons is then donated to oxygen, which are then converted to superoxide and
hydrogen peroxide either spontaneously or by superoxide dismutase (SOD); remaining
excess electrons are transferred to oxygen without ATP production resulting in “oxidative
stress” [56]. Further, there is emerging evidence that NADPH oxidase-derived ROS can
promote mitochondrial oxidative stress [57, 58]. This excess of ROS contributes to
detrimental cellular effects despite numerous protective mechanisms including SOD,
reduced glutathione, and catalase. In particular, mitochondrial generation of excess ROS
contributes to protein, DNA, and lipid injury and, ultimately, reductions in mitochondrial
biogenesis and mitochondrial dysfunction [7, 56]. Data from our laboratory has shown that
the heavy metal scavenger metallothionein attenuates eNOS uncoupling-induced myocardial
dysfunction derived from mitochondrial damage as a result of excess superoxide anion
production, loss of mitochondrial DNA, as well as downregulation of mitochondrial
biogenesis factor PGC-1a and downstream nuclear factors [18, 48]. Thereby, these data
support the notion that oxidative stress is, in part, responsible for alterations in
mitochondrial biogenesis as well as downregulation of genes required for mitochondrial
oxidative phosphorylation in the metabolic syndrome [7, 18, 28]. Further, mitochondrial
antioxidant molecules such as thioredoxin 2 reduce Ang Il and mineralocorticoid-induced
NADPH oxidase expression and generation of ROS [59]. Thus, these treatments would be
expected to correct abnormalities in mitochondrial biogenesis associated with the metabolic
syndrome and diabetes [60].

Concluding remarks

Alterations in mitochondrial biogenesis as well as mitochondrial content and function
provoke a heterogeneous group of CVD and CKD risk factors that constitute the metabolic
syndrome. However, the molecular mechanisms that link defects in mitochondrial DNA to
myocardial tissue remodeling and contractile dysfunction are not well delineated. The high
demand for energy and excess mitochondrial-derived ROS (e.g., oxidative stress) are both
crucial to the development of myocardial dysfunction associated with the metabolic
syndrome. Additional changes, such as those derived from increased mitochondrial DNA
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and alterations in genes critical in mitochondrial biogenesis, in mitochondrial configuration
and structure, impede sarcomere alignment and contraction. Mounting evidence suggests
that mitochondrial biogenesis in response to energy (ATP) deficiency maybe a
compensatory maladaptive response that contributes to metabolic cardiac dysfunction
derived from PGC-1a overexpression [50]. It is increasingly recognized that important
aspects of mitochondrial dysfunction that contribute to CVDs are induction of apoptosis and
changes in mitochondrial morphology under the influence of oxidative stress [61-63].
Finally, inefficient mitochondrial oxidative phosphorylation/biogenesis and increases in
oxidative stress appear to be overarching abnormalities contributing to cardiac diastolic
function, the hallmark of metabolic cardiomyopathy.
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Fig. 1.
Role of the RAAS in mitochondrial dysfunction. Ang Il and aldosterone inhibit insulin

metabolic signaling that results in impairments in glucose transport/utilization in
cardiovascular tissue as well as other insulin-sensitive tissue. The ensuing increases in
oxidative stress reduce glucose transport/utilization as well as mitochondrial ATP
generation. Ultimately, these changes will contribute to long-term endothelial (reduced NO)
and cardiomyocyte diastolic dysfunction. AP-1 activator protein 1, AT{R Ang type 1
receptor, Ang Il angiotensin Il, ERK extracellular signal-regulated kinases, FFA free fatty
acid, HIF1 hypoxia-inducible factor 1, IRS-1 insulin resistance substrate 1, INK JUN NH»-
terminal kinases, NF-kB nuclear factor-kB, MR mineralocorticoid receptor, PI3-K
phosphoinositol 3-kinase, ROSreactive oxygen species
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Fig. 2.
Normal mitochondrial respiratory chain and nutrient metabolism. Reducing agents (NADH

or FADHoy) are generated from glycolysis and Krebs cycle of glucose metabolism and f3-
oxidation of fatty acids. While NADH or FADH, are oxidized to NAD* or FAD, the
electrons are carried to complex | (NADH-ubiquinone reductase), complex Il (succinated
ubiquinone reductase), complex 111 (ubiquinone-cytochrome c reductase), complex IV
(cytochrome oxidase), and finally to O,, which produces H,O. Oxidation of NADH or
FADH> generates protons that are pumped to intermembrane space through complex I, 111,
and IV. The pumped protons increase electrochemical gradient across the membrane. This
proton gradient is the driving force for FOF1-ATPase (ATP synthase) to produce ATP
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Fig. 3.
Myocardial mitochondrial biogenesis. a Normal cardiac ultrastructure of mitochondria and

intercalated disc on ultrastructural analysis utilizing transmission electron microscopy. Note
the orderly and linearly arranged sarcomeres and subsarcolemmal (sarcoplasmic reticulum)
mitochondria. b Mitochondrial changes in the insulin-resistant Ren2 rat which displays
diastolic dysfunction. c Biogenesis of small morphologically abnormal mitochondria
depicted in stylized version
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