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Abstract

Cardiovascular diseases are common among diabetes patients and is an important risk factor for the high
mortality in diabetes. Diabetic cardiomyopathy is a significant clinical entity that may occur in diabetes patients
independent of hypertension or coronary artery disease. Cardiomyopathy is accompanied by mitochondrial
dysfunction, with diminished bioenergetics and oxidative stress. Current research is exploring specific
intracellular targets that may be used for the prevention or treatment of heart failure. Mitochondria is a
potential target to development new therapy for cardiomyopathy. Numerous strategies focusing on mitochondria
pathways with small molecules, targeting peptides, and antioxidants are currently being tested in preclinical
studies and clinical trials. This review examines the prospects and challenges in mitochondrial pharmacology
for the treatment and prevention of diabetic cardiovascular diseases.
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I.  Introduction

Mitochondria are extremely dynamic organelle[71]. They compose a tubular network that continuously
alters by fusion and division inside the cell. Both actions are achieved via multielement molecular tools that
have a number of dynamin-related GTPases [29, 54]. When mitochondria are removed from cells, the
network splits up into fragments that instinctively reseal. Mitochondria are responsible for oxidative
phosphorylation and the synthesis of ATP[2]. They preserve their membrane structure, membrane potential
,and organization, besides the capability to fuse [89] and to import proteins [119]. Mitochondria can be
recognized by the light microscope, but only electron microscopy shows their particular structural details.
The heart serves as a pump to deliver oxygen-loaded blood into the circulation and thus requires adequate
ATP production to maintain proper function[106].

Mitochondria morphology in normal and diseased heart

Mitochondria have double membranes arrangement which isolates the organelle into four distinguished
compartments the inner membrane, the outer membrane, the intermembrane space, and the matrix. Each part
serves different functions. The outer membrane shows various porins which permit free dissemination of
molecules into the space between the inner and outer membranes. There are proteins in intermembrane space
which located between the two membranes (for example cytochrome c) that assume a major part in apoptosis
and mitochondrial energetics. The inner membrane is different from the outer membrane as the inner membrane
is very impermeable and many molecules and ions require transporters to cross. The inner membrane has a large
part (20%) of the total mitochondrial protein contents, amongst which are transporters for proteins transporting
into the matrix (for example translocase of the inward membrane) and the electron transport chain’s enzymes.
The matrix contains many enzymes which are acting for the cycle reactions of the citric acid [88].

Dysfunction of mitochondria is considering a major accompaniment of heart failure and occurs due to
structural changes (altered membrane composition and organization, disruption of one or both membranes).
While in the normal heart, the mitochondria are well arranged and have firmly packed cristae and matrix.
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Mitochondria are swollen and have diminished matrix density in heart failure [70]. The effectiveness of
mitochondrial bioenergetics is impaired in heart failure patients (both HFpEF and HFrEF) and the damage is
described by a reduction in ATP synthesis, phosphocreatine (PCR), and PCR/ATP ratio[142]. Changed fuel
preference has also been seen during cardiac failure in both animal and human models. When the heart becomes
normal healthy, it depends on significantly (approximately 70-80%) on oxidation of the fatty acid as a source of
ATP but transformed to glycolysis in the course of heart failure which is around 30% more efficient to produce
ATPI[6]. Also, the mitochondria morphology is responsive to cardiomyocytes changes. By examining the
biopsies of the endocardium from patients with hypertrophic and dilated cardiomyopathy, Baandrup et
al.[7]discovered giant mitochondria with diminished matrix density in some cardiomyocytes, accompanied by
the increasing numbers of the mitochondrial.

Mitochondrial function in heart diseases

Mitochondria regulate almost every manner of cell function by delivering a sustained supply of
adenosine triphosphate (ATP), modulating calcium signal, regulating reactive oxygen species (ROS)
production and redox state. Mitochondria may quickly switch from maintaining normal cell function
to triggering cell death for tissue remodeling[19, 98]. Myocardial remodeling occurs during the
development of cardiomyopathy. To meet the circulatory demand, myocardium may adapt and alter
its anatomical configuration in mass and chambers. Microscopic studies have shown myocardial
remodeling may be accompanied by myocyte hypertrophy, cell death and fibrosis[109]. Myocardial
remodeling can be categorized as adaptive or pathological, depending on its underlying cause.

In the human heart, ATP is mainly produced in the mitochondria, as much as 6 kg ATP can be
generated per day[4]. The fetal heart relies on lactate, and glucose as main sources of oxidative
phosphorylation. After birth, the heart develops a metabolic remodeling, shifting substrate oxidation
from glucose to fatty acids. Thus, B-oxidation of free fatty acids becomes the primary mechanisms for
ATP generation, providing nearly 70% of the ATP used by the heart[99].

Mitochondria control basically all aspect of cell function by giving a consistent supply of
adenosine triphosphate (ATP), modulation of Ca2+signalling, affecting reactive oxygen species
(ROS) levels and regulating redox control (by ROS maintenance and glutathione). Mitochondria may
quickly alter from controlling the function of the normal cell to enhance the death of the cell as the
organelles also assume a central part in apoptosis and necrosis [46, 98].

In the heart of the human, ATP production is done essentially by mitochondria and is
estimated to be as much as 6 kg ATP for each day[4]. Despite during the fetal stage, glucose and
lactate are considered the main sources for energy generation, the heart develops a metabolic
remodeling at birth, changing substrate oxidation process from glucose to fatty acids. Therefore,
oxidative phosphorylation and B-oxidation of free fatty acids become the primary mechanisms for the
production of ATP, delivering around 70% of the ATP consumed by the heart [99].

Reactive oxygen species (ROS), for example, hydrogen peroxide (H202) and superoxide
(02-), play a significant role in regulating cell growth and cardiac myocytes death. Mitochondria are
believed to be both a main source of ROS, besides the main target for ROS damage. Accumulation of
ROS is highly enhanced in the myocardial failure, as has been seen in many experimental and clinical
researches[136]. Systolic heart failure show increasing in prevalence over the recent decades, in part
caused by the successes in the treatment of the coronary disease. The dysfunction of Mitochondria is
considering the main part of systolic heart failure and is believed to enhance heart failure
advancement by both increased production of reactive oxygen species (ROS) and impaired high
energy phosphates production[68]. Suppression of the whole biogenesis pathway of the mitochondria
was discovered in HF. First, a reduction in the expression of the cardiac transcription factor PGC-1a
was observed in various experiential models of HF[139]. Second, downregulation of mtTFA and
NFRs was also discovered, in addition to ETC enzymes and the cycle of tricarboxylic acid [38].

In mankind, the mitochondrial 16,569 DNA base pairs encode for only 37 genes[3]. DNA of
the human mitochondrial was the first main part of the human genome to be sequenced. In many
species, as in humans, mtDNA is typically inherited exclusively from the mother[83]. Nevertheless, in
exceptional conditions, human newborns sometimes get mtDNA from their mothers and their fathers
resulting in mtDNA heteroplasmy[83]. The existence of mitochondrial diseases and mtDNA
heteroplasmy are the main underlying factors for worsening of heart failure symptoms [8]. However,
other studies report a decrease in the phospholipid cardiolipin (CL) content and complex Il activity
happen acutely after myocardial infarction in both interfibrillar mitochondria (IFM) and cardiac
subsarcolemmal mitochondria (SSM), which lead to diminished mitochondrial respiration and
increased ROS generation[50]. Losing of CL additionally was discovered in rats with spontaneously
hypertensive HF and in humans with dilated cardiomyopathy, and corresponded with the diminished
activity of complex IV in both groups of cardiac mitochondria[126]. Additionally, there are
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deteriorated dynamics or quality control (impaired fusion and fission of the mitochondria besides
biogenesis, changes in membrane potential and mitophagy processes), and functional changes
(decreased/reduced ETC complex activity and production of ATP) in heart failure. Decreased activity
of ETC complex, fragmentation of mitochondrial membranes, myelinization and abnormal biogenesis
function have also been seen in dogs’ heart mitochondria with cardiac failure. Oxidative
phosphorylation function and Mitochondrial turnover are decreased during heart failure and
expression of the PGCla gene in hearts are decreased as well[115].

Mitochondrial dysfunction in the diabetic heart

Through the last 20 years, our understanding of heart failure pathophysiology has evolved
substantially. Heart disease remains one of the leading causes of mortality and morbidity in the industrialized
world, affecting more than 27 million people in the United States alone[32]. At the same time, type 2 diabetes
has become nearly pandemic, and about 300 million adults will have diabetes mellitus in 2025[32, 65]. Diabetic
patients are at particular high risk of cardiovascular-related mortality[61, 77]. The term ‘“diabetic
cardiomyopathy” is used to describe the myocardial abnormalities in the diabetic patients who manifest
ventricular dysfunction , even in the absence of coronary artery disease and hypertension[24, 53]. Lately,
diabetic cardiomyopathy has also been used to explain cardiac dysfunction that is disproportionate to their
underlying vascular disease[11]. Because of the important effect of mitochondria on myocardial biology, recent
studies have investigated mitochondria structure and function in diabetic cardiomyopathy. The results indicated
mitochondria dysfunction likely played a mechanistic role during the development of diabetic
cardiomyopathy[118, 122].

Cardiomyopathy in diabetic patients could have resulted from various pathologic mechanisms[122].
It’s interesting that most of the proposed mechanisms are accompanied by mitochondrial dysfunction[122].
Previous studies on human and animal models of diabetic cardiomyopathy have reported breakdown of
mitochondria structure in myocardium[16, 37, 134]. Diabetic myocardium manifests metabolic abnormalities
and mitochondrial dysfunction[121]. Several studied had used antioxidants and ROS scavengers to improve
cardiomyocytes survival and reduce cardiac damage in experimental diabetic animal models [73]. Reversing
mitochondrial dysfunction may represent an intriguing option to prevent or improve diabetic cardiomyopathy.

The complex interactions between mitochondrial signaling and cytosolic signaling and its
pathophysiological effect on bioenergetics in the heart muscle begin to unveil in the last few years. Inhibition of
phosphatidylinositol-3 kinase (PI3K)-Akt/PKB signaling pathway could negatively impact the regulating of
metabolism, growth, and survival[144]. Insulin receptor signaling through this pathway has a significant effect
on maintaining proper oxidative phosphorylation in the myocardium as insulin receptor-deficient myocardium
in mice showed reduced oxidative phosphorylation and increased ventricular dysfunction[145] .

Akt is best known for its effect in regulating cell metabolism. Akt activates translocation of GLUT4
and glucose uptake by the AS160-Rab pathway and promotes glycolysis[13]. The signaling of cytosolic Akt
might increase ATP generation by alternating hexokinase[42], and elimination of Akt drastically decreased ATP
content in fibroblasts[45]. Insulin receptor number is upregulated in the myocardium and receptor signaling to
Pl 3-kinase/Akt is enhanced in the insulin-deficient streptozotocin (STZ)-diabetes model[145]. On the other
hand, Type 2 diabetes models are accompanied by insulin resistance and down-regulation of insulin receptor
signaling [15]. Previous research on PI3K-Akt signaling in the heart was mostly focused on cytoplasmic
compartment. Therefore, how Akt signaling modulated mitochondria function was not dissected in these
studies. Our laboratory has reported that, upon insulin stimulation, Akt could be translocated from cytosol to
mitochondria and modulated mitochondria function in the heart[145], which may explain the effect of insulin on
mitochondria through a direct mechanism in mitochondria. In the STZ-diabetes model, the translocation of
phospho-Akt to mitochondria was undetectable because of insulin deficiency[145]. In the diet-induced Type 2
diabetes model, insulin-stimulated Akt translocation to mitochondria was diminished because of insulin
resistance. Thus both Type 1 and Type 2 diabetes model showed dysregulation of mitochondrial Akt singling,
which led to impaired mitochondria respiration, oxidative stress, reduced ATP generation and increased
cardiomyocytes apoptosis[145].

Cardiovascular systems Abnormalities are commonly seen in diabetic patients, and the results of
cardiac disease in diabetes are destructing[23]. Heart failure and cardiomyopathy are significant general medical
problems in the United States and developed countries. Despite there are many contributing factors leading to
heart failure development, metabolic dysregulation has a critical role in cardiomyopathy development, and
diabetes increases the mortality and morbidity related to heart failure[28]. Diabetes mellitus is described by
insulin deficiency and/or insulin resistance, which leads to hyperglycemia, glucose uptake defect, decreased
glycolytic oxidative phosphorylation, insufficient energy production, and oxidative stress.

Mitochondria are the main source of production of ATP in the heart through glycolysis and oxidation.
Diabetic cardiomyopathy in human is associated with diminished myocardial phosphocreatine/ATP ratio,
demonstrating deteriorated the metabolism of high energy phosphate and energy deficit. Deteriorated
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mitochondrial oxidative phosphorylation and decrease ATP synthesis rates were also seen in diabetic animal
models[144]. This develops a metabolic shift to selectively rely on oxidation, which is accompanied by
lipotoxicity and insufficient energy conversion[28]. Reversion of the metabolic abnormalities and restoration of
the myocardial energetics prevented consequent development of cardiac dysfunction in diabetic patients.
Metabolic dysfunction enhanced mitochondrial reactive oxygen species and prompted heart muscle apoptosis
and resulting in myocardial fibrosis development[28, 36]. Despite mitochondria have a vital role in the
dysregulation of oxidative stress and bioenergetics, the actual molecular mechanisms underlying dysfunction of
mitochondria in diabetic cardiomyopathy are not totally known.

The complex interactions which occur between mitochondrial signaling and cytosolic signaling and its
pathophysiological effects on bioenergetics regulation in the heart muscle are largely obscure. Suppression of
phosphatidylinositol-3 kinase (PI3K), Akt/PKB is a significant step of signaling for insulin and other receptors
of growth factor and has a significant function in the controlling of metabolism, growth, and survival[144]. The
signaling of insulin receptor plays a significant function in the regulation of oxidative phosphorylation of the
myocardium as KO mice’s insulin receptor demonstrated diminished oxidative phosphorylation and increased
ventricular dysfunction. In spite of insulin receptor signaling is very complex and interacts with many signaling
molecules, the phosphatidylinositol 3-kinase (PI3K)—Akt/protein kinase B (PKB) pathway is responsible for the
majority of the insulin metabolic actions and represents a significant network pathway of signaling of
insulin[145].

Akt is best recognized for its metabolism regulatory impacts. Akt activates translocation of GLUT4 and
glucose uptake by the AS160-Rab pathway and enhances glycolysis[13]. The signaling of cytosolic Akt might
increase ATP generation by modulating hexokinase[42], and removal of Akt drastically diminished ATP content
in fibroblasts[45]. Our laboratory recently notified acute translocation of Akt into mitochondria through insulin
stimulation in the cells of heart muscle[145]. The number of the myocardial insulin receptor is upregulated and
signaling of its receptor to Pl 3-kinase/Akt is increased in insulin-deficient STZ-DM model[145]. On the other
side, Type 2 diabetes models are accompanied by resistance to insulin and down-regulation of insulin receptor
signaling[15]. Phospho-Akt translocation to mitochondria which stimulated by Insulin was increased in the
STZ-DM model and decreased in the HFF-DM model. The magnitudes of Akt translocation in these two models
reflected modifications of insulin receptor signaling to PI3K/AKkt in each model, that way suggesting insulin
receptor signaling dysregulation to mitochondria mirrored the underlying sensitivity of insulin. Collectively,
these findings demonstrated that insulin deficiency (Type 1 DM) and insulin resistance (Type 2 DM) could
prompt dysregulation of oxidative phosphorylation by insufficient insulin impact on mitochondria[145].

Current challenges for treatment of mitochondrial dysfunction in cardiovascular diseases

Because of the mechanistic role of mitochondrial dysfunction and oxidative stress in the development
and progression of heart failure, efforts have been made to use mitochondria as a target to explore new therapies
for cardiomyopathy[58, 67, 123]. To get into mitochondria, therapeutic molecules require to not only get access
to particular organs, but also to get over several barriers as an example the cell membrane, and the outer and
inner mitochondrial membranes. New strategies to overcome mitochondrial barriers had been explored, specific
small molecules and targeting peptides capable of interacting with the structure of mitochondriotropic molecule
transporters [33, 105, 140] have been tried in preclinical and clinical studies to improve the function of failing
hearts.

Coenzyme Q10

Coenzyme Q10 (CoQ10 or ubiquinone) has drawn interests as a potential therapeutic option for the
treatment of cardiomyopathy[120]. CoQ10 is a part of the electron transfer chain, mediating the electron
transport from Complexes | and Il to Complex Ill. Its reduced form, ubiquinol, an antioxidant within
mitochondria, can react with peroxyl radicals and restore vitamin E[62], to preserve the cell from lipid
peroxidation. Preclinical studies have shown a CoQ10 depletion in various heart failure models[14], thus
restoring CoQ10 in the failing heart seems a logical strategy. Long-term therapy of CoQ10 suppressed
oxidative stress and myocardial remodeling in rodent model of diabetes[14]. Small clinical studies on heart
failure patients showed positive effect of CoQ10 in cardiac outcomes, lowered hospitalization rates and
improved mortalities in the patients treated with CoQ10[100]. A larger randomized, double-blind and placebo-
controlled trial is underway and will determine whether ubiquinol treatment (the active form of Coenzyme
Q10) can improve the outcome of heart failure[107]. Short-chain synthetic CoQ analogues have also been
developed (such as EP1-743 and Idebenone) and investigated in the genetic mitochondrial diseases and appears
to be safe [34]. A small open-label observational trial reported that continuous treatment using EPI-743
improved life quality in genetic mitochondrial disease [34] , but its effect on cardiomyopathy is not known.

A mitochondria-targeting antioxidant MitoQ, linking exogenous ubiquinone to a triphenylphosphonium
lipophilic cation, has been developed[62]. Continuous MitoQ treatment protected ex vivo hearts from
experimental ischemia-reperfusion injury, accompanied by diminished mitochondrial dysfunction and cell
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death[1]. MitoQ also decreased mitochondrial ROS generation and restored synthesis of ATP in the heart failure
model induced by pressure overload. However, MitoQ failed to restore left ventricle function and
remodeling[112]. A small randomized cross-over trial showed that MitoQ therapy improved vascular function in
the healthy elderly subjects[113, 124]. The effect of MitoQ on heart failure is not fully clear and will require
further study.

Oxidative stress is classical feature of mitochondria dysfunction. Various antioxidant agents had been
developed, including free radical scavengers (MCIl186/edaravone, XJB-5-131) and superoxide dismutase
mimetics (EUK8/ EUK134, M40403, Me2DO2A, MnTBPA)[58]. Edaravone has received FDA approval for
amyotrophic lateral sclerosis treatment and a clinical trial for acute ischemic stroke is currently underway in
Japan. In myocardial diseases, a preclinical study showed myocardial protection against ischemia reperfusion
injury by edaravone treatment in rabbits . Edaravone mitigated production of OH; myocardial dysfunction and
injury[35]. Moreover, in a small pilot study in 80 subjects with acute myocardial infarction, edaravone treatment
led to better clinical outcomes, with reduced reperfusion arrhythmias and myocardial stunning[135]. Other
strategies focusing on mitochondria disorders involve blocking transition of permeability of mitochondria
(cyclosporine A[102], TRO40303[5]), transient inhibition of the ETC (mitoSNO)[91], activation of AMPK
(metformin, AICAR, resveratrol)[148], modifying the activity of the mitochondrial enzymes(MA-5[86]) and
targeting the inner membrane of mitochondria (SS31, also recognized as MTP-131, Bendavia,
Elamipretide)[27].

Cyclosporine A (CsA)

It is known to successfully restore myocardial perfusion after an ST-segment myocardial infarction
elevation (STEMI) is the most efficient way of reducing the final infarction size and improving clinical
outcome[102]. Experimental and clinical data, however, have shown that reperfusion in itself can have
damaging impacts, the "myocardial reperfusion injury," recognized as a cardioprotection[49, 51, 52, 95]. By
opening a non-specific high-conductance channel called the mitochondrial transition pore(mPTP), situated in the
inner mitochondrial membrane, Mitochondria can play the main role in reperfusion injury. Immediately after the
start of myocardial reperfusion, the irreversible opening of the mPTP outcomes in the collapse of the membrane
potential, the disconnection of the respiratory chain, and the efflux of proapoptotic factors that can lead to cell
death[12]. Experimental data indicates that multiple procedures intended to avoid opening up of mPTP may
decrease the extent of myocardial infarction in multiple animal models by an additional 30 to 50 percent. A
single pre-reperfusion intravenous bolus of CsA was recorded to decrease the release of creatine kinase (CK) by
40% in 58 STEMI patients treated with primary percutaneous coronary procedures (pPCl) [108], and to
decrease the impairment of left ventricular (LV) function in the same patients over 6 months after myocardial
infarction (MI)[92]. This proof-of-concept research gave rise to new excitement for targeting cardiac
reperfusion with CsA as a prototypical agent[55, 87], while paving the way for bigger multicenter research to
check these very promising results before proceeding to a "difficult" clinical endpoints trial. However, in 101
STEMI patients, a double-blind trial showed that CsA provided right before thrombolysis did not reduce the size
of MI or improve clinical outcomes[39]. Experimental [79] and clinical data on CsA were found to be
inadequate to justify a real phase Il trial with hard clinical endpoints, such as the CIRCUS (Cyclosporine and
Prognosis in Acute Myocardial Infarction [ MI ] patients) trial, for which one-year follow-up findings were
released[103].

Mitocare (TRO40303)

TRO40303 targets mitochondrial transitional permeability pore (mPTP), which is thought to be a
promising target to prevent reperfusion injury[9, 56]. TRO40303 inhibits the opening of mPTP and shows a
reduction in the size of infarction in animal models of myocardial infarction[72, 117], indicating the ability to
mitigate ischemic reperfusion injury and the subsequent adverse impacts. It should be noted that the compound
has demonstrated effectiveness in protecting human cells (data not shown), thus promoting a potential human
translation[5]. Since January 2011, the MITOCARE consortium, consisting of 17 European teams of
professionals specializing in clinical and basic studies, biomarkers, imagery, and computer science, has been
researching the effectiveness and safety of TRO40303 as an addition to standard cardiac care to reduce
reperfusion injury among patients with early STEMI and undergoing primary PCI[5]. The MITOCARE Phase Il
study examined the potential of adjunctive TRO40303 to limit reperfusion injury in patients with primary
STEMI PCI using state-of-the-art therapeutic principles. The initial endpoint has not been met, and this data
suggests that treatment of STEMI patients with instant mechanical revascularization and modern supportive
pharmacotherapy does not support TRO40303 to restrict myocardial infarction reperfusion injury. To provide
extra insight into the nature of reperfusion injury, further study is needed[5].
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Mitochondria-targeted S-Nitrosothiol ( MitoSNO )

It has been shown recently that MitoSNO protects against acute ischemia/reperfusion (IR) injury by
inhibiting the reactivation of mitochondrial complex I in the first minutes of ischemic tissue reperfusion, thereby
stopping free radical development underlying IR injury. But how this transient inhibition of mitochondrial
complex I-mediated free radicals at reperfusion impacts long-term heart recovery after IR injury remains
unclear[91]. Methner et al. noted that MitoSNO's action at reperfusion decreases infarction size and protects
against heart failure after myocardial infarction. Targeted inhibition of mitochondrial complex | in the first
minutes of MitoSNO reperfusion is, therefore, a rational therapeutic approach to prevent subsequent heart
failure in patients with IR injury[91].

Metformin

Metformin is the first-choice drug for diabetes patients, but its use is discussed in advanced cardiorenal
disease patients. Epidemiological data indicate that in patients with and without heart failure, metformin may
decrease heart failure According to experimental data, metformin decreases cardiac ischemia-reperfusion
injury[148]. Metformin reduces blood glucose through increased insulin sensitivity, increased peripheral glucose
uptake, and decreased hepatic glucose production while reducing plasma insulin levels[66]. However,
metformin's cardioprotective effects cannot be attributed solely to the glucose-lowering effects[44]. Recent
experimental studies have proposed prospective ancillary mechanisms. In particular, the protective impacts can
be given via the metformin-activated AMP-activated protein kinase (AMPK) pathway[20, 96, 125]. Metformin
has been shown to decrease cardiomyocyte apoptosis in ischemia-reperfusion (I / R) models in particular [63],
improve endothelial function by increasing NO production[152], maintain myocardial energy production during
ischemia[48], and influence lipid metabolism[127]. Experimental studies using a pressure overload model in
mice and a pacing model in dogs showed that metformin inhibits collagen synthesis and attenuates cardiac
fibrosis[148].

Strongly recommend these experimental studies that metformin decreases | / R injury. However, there
is little data available to support the use of metformin after myocardial infarction (MI) and HF in chronic
cardiac remodeling. Metformin was correlated with a decreased all-cause-mortality (adjusted odds ratio 0.72 ; P
=0.003) in a case-control study in patients with diabetes and HF (n = 1.633)[84, 87]. Metformin monotherapy
was correlated with a decreased 1-yr mortality compared to sulfonylurea therapy in diabetic patients with newly
developed HF (n = 1.305)[21]. In hospital-admitted HF patients (n = 16,417), metformin use was associated
with a lower 1-yr mortality compared to insulin or sulfonylurea treatment (24.7 vs. 36.0%, P < 0,0001)[85]. In
diabetic patients treated with metformin, all-cause readmission and HF hospitalization were also less prevalent
than those not treated with an insulin-sensitizing drug. While there is a lack of outcomes from prospective
randomized placebo-controlled clinical studies, these results highly indicate that use of metformin in diabetic
patients is associated with a better outcome in clinical HF[148]. As recorded in a dog model of heart failure,
metformin was shown to inhibit apoptosis[116]. Anti-apoptotic protein Akt's increased levels are correlated with
the suppression of AMPK phosphorylation, which can be restored by metformin[69]. On the other side, Sasaki
et al. showed that metformin therapy in failing heart causes reduced Akt phosphorylation which subsequently
improves heart function[116].

5-Aminoimidazole-4-Carboxamide Riboside ( AICAR )

AICAR, a direct AMPK activator, is an adenosine analog taken by adenosine transporters into cells
and phosphorylated by adenosine kinase, producing AMP-mimetic, AICAR monophosphate (ZMP)[25].
Sasaki and colleagues have found that AICAR can activate AMPK and exerting anti-apoptotic impact in the
heart. Na+—H+ exchanger 1 (NHE-1) inhibition exerts an anti-hypertrophic impact of the heart by inhibiting
the AMPK / glycogen synthase kinase 3B (GSK-3B) pathway in cardiomyocytes by opening the
mitochondrial transition pore (mPTP). Furthermore, AICAR also had the same impacts, indicating that
inhibition of NHE-1 acts as an anti-hypertrophy target by inhibiting the pathway of AMPK / mPTP

[57]. In order to enhance the availability of substrates, AICAR also improves the translocation of
GLUT4 and FAT / CD36 [18, 114]. In addition, AICAR mice therapy reduces ROS production through
enhanced thioredoxin expression in a mechanism that is FoxO3-dependent[74]. Additional AICAR actions
include promoting autophagy and inhibiting cardiac hypertrophy in cardiomyocytes [22] and HF [76] mouse
models, reducing apoptosis and enhancing cardiac function during HF. Furthermore, AICAR mediates extra
antihypertrophic features by restoring PPAR-a levels[90] that are repressed in HF[150]. These results, therefore,
support the concept that even possibly indirect AMPK activators, such as AICAR, may be useful for HF
treatment[64].

Resveratrol
Resveratrol is a naturally occurring polyphenol found in numerous dietary sources [138] and has also
been shown to be a cardiovascular AMPK indirect activator [20, 30]. Previous studies of resveratrol's impacts
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on cardiac AMPK have shown that resveratrol activated cardiac AMPK[30], and enhanced cardiac function in
HF mice[60]. Resveratrol activation of AMPK also has antihypertrophic impacts by inhibiting protein synthesis
pathways by suppressing p70S6 K and eEF2 and the activated T cell nuclear factor (NFAT). NFAT plays an
important part in the progression of pathological cardiac hypertrophy and the activation of AMPK results in its
suppression, resulting in reduced transcription of the prohypertrophic gene and reduced synthesis of
proteins[20]. Recent results also indicate that resveratrol's capacity to enhance the production of glycolytic ATP
is mediated by an AMPK-dependent pathway[10], a finding further enhanced by the reality that AMPK-
knockout mice demonstrate resistance to resveratrol's metabolic effects[137]. Additionally, induction by nuclear
translocation and activation of SIRT1 of the antioxidant enzyme manganese superoxide dismutase, caused by
resveratrol, decreased oxidative stress and promoted cell survival in acute HF in a hamster model[133]. In some
cases, resveratrol has been used to treat HF, and by decreasing the size of the infarct can increase survival and
reverse cardiac detrimental remodeling[43]. Resveratrol has also been demonstrated to reverse left ventricular
remodeling and enhance post-infarct heart function through improved autophagy [43]. For example, when post-
infarct hearts were treated with both resveratrol and compound C, a known AMPK inhibitor, the autophagic
effects of resveratrol were offset[60]. However, in these models, it has not been widely studied whether
resveratrol increases myocardial metabolism through AMPK activation or alternative mechanisms, such as
PGC-1a activation. That said, it has been shown that resveratrol activates PGC-1a and increases the cellular
biogenesis of the muscle[81, 137], indicating that resveratrol-induced mitochondrial biogenesis may help
improve cardiac metabolism and eventually cardiovascular function in HF.

Mitochonic Acid-5 (MA-5)

Mitochonic Acid 5 is an indole-3-acetic acid (IAA) plant hormone derivative[130]. MA-5 increased
concentrations of cellular ATP independent of ETC complexes and cross-membrane potential, potentially
through modulation of complex formation of ATP synthase. Preclinical studies with this compound have shown
promising outcomes in patients with mitochondrial diseases having fibroblasts[130]. Recently, Mitochonic acid-
5 upregulated cardiac and renal respiration in the mitochondrial cancer model Mitomouse[97], leading in
survival prolongation[129]. MA-5 promotes the production of mitochondrial ATP and decreases ROS
independent of ETC by promoting ATP synthase oligomerization and supercomplex mitofilin / Mic60
formation. MA-5 decreased fragmentation of the mitochondria, restoring the shape and dynamics of the crista.
MA-5 has the ability to treat different mitochondrial diseases as a drug[86]. It was also noted that in the
mitochondrial damaged heart, MA-5 enhanced mitochondrial COX activity and respiration[129]. Suzuki et al .
reported MA-5 targets mitochondrial protein mitofilin to facilitate the production of ATP and rescue cardiac and
renal mitochondrial respiration[129].

Elamipretide

SS-31 is a peptide that links with cardiolipin (CL), a major component of mitochondrial
membranes[131]. CL is an emerging target for drug development because it plays a key role in mitochondrial
protein import/export and metabolite transport, including cytochrome ¢, ETC complexes, and ADP/ATP carrier;
thus modulating mitochondrial bioenergetics[104]. Szeto et, al. reported that SS-31 ameliorates mitochondrial
bioenergetics, enhanced the recovery of ATP after the ischemia and reduced ischemic kidney injury[132].
These investigators suggested that SS-31 protected CL from peroxidation, which might explain its effect on
mitochondrial permeability transition pore. In Friedreich ataxia disease, treatment with SS-31 enhanced the
enzymatic activity of iron-sulphur enzymes (aconitase, ETC complexes Il and I11), preserved the transmembrane
potential of mitochondrial membrane, and increased ATP content[151]. Preclinical studies have shown
protective effect of SS-31 in animal models of heart failure induced by pressure overload and hypertension[82].
In the later study, SS31 was shown to inhibit accumulation of ROS in mitochondria and improve cardiac
hypertrophy[26].

Elamipretide, a SS-31 analog, has been studied in two clinical trials in the heart failure patients with
decreased ejection fraction and in the patients with myocardial infarction[40]. Both trials showed acceptable
tolerability and safety; yet the phase 2a trial EMBRACE did not demonstrate improvement in primary endpoints
after the therapy. New analogs of SS-31 with greater antioxidant activities have also been developed, but its
effect on myocardium and cardiovascular function has not yet been studied[17].

Alda-1

A panel of small molecules targeting various mitochondrial pathways have been developed in the last
decade. One such molecule is the Alda-1[105], a mitochondrial dehydrogenase 2 (ALDH2) agonist, which
mediates oxidation of ethanol[101], protects against oxidative stress[128], and eliminate toxic aldehydes (e.g.
acetaldehyde, 4-HNE)[149]. In animal models of ischemic cardiomyopathy, selective ALDH2 activation by
Alda-1 reduced the reactive aldehyde overload, restored myocardial mitochondrial bioenergetics, and improved
cardiac function[41]. Interestingly, chronic Alda-1 therapy after myocardial ischemia reduced myocardial
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fibrosis and ventricular hypertrophy, and improved myocardial remodeling[41]. Moreover, the ALDH2*2
(rs671) polymorphism is an independent risk factor of coronary heart disease in population studies[47, 75, 93,
94, 143]. ALDH2 polymorphisms (GG & GA) were associated with increased serum 4- HNE levels in patients
with coronary artery disease and the severity of coronary artery stenosis[146]. In animal model, ALDH2
activation by Alda-1 reduced ROS and reactive aldehydes levels, attenuated calcium overload, and markedly
ameliorated survival in post-cardiac arrest cardiomyopathy[141]. These studies not only showed the association
between ALDH2 and cardiac function, but also identified ALDH2 as a potential therapeutic target to improve
cardiovascular function[147]. Alda-1 therapy seemed safe and did not alter hemodynamic parameters, liver
function or kidney function in healthy animals[41]. A phase I clinical study with Alda (FP-045) was completed
this year, with acceptable safety and tolerability in healthy individuals[41].

Mixed strategies to approach and treat the oxidative stress and the mitochondrial dysfunction,
established on the growing understanding of the part of cellular antioxidants and reactive species, appear to be a
promising opportunity to prepare effectively interventions and initiate new therapies for a compound and
multifactorial disease such as heart failure.

Gold nanoparticles

Due to their superior physicochemical and pharmacological character, AuNPs have excellent potential
in the diagnosis and therapy of multiple illnesses. AuNPs are inert, stable and biocompatible in terms of
physicochemical characteristics, which implies small toxicity[110]. AuNPs are a useful candidate for numerous
biomedical applications, including drug delivery, cancer therapy, and biomedical imaging. One research found
that constant injection into the heart of rats of gold nanofibers coupled with platelet-derived growth factor could
decrease myocardial cell death and retain post-MI systolic function[31]. Considering that heart failure is
associated with abnormal electrical function, nanofibers have been researched to couple the electrical property.
The outcome showed that ex vivo pretreatment of mesenchymal stem cells (MSCs) using 5-azacytidine and
AuNPs loaded with conductive nanofibrous construct could enhance cardiomyogenic distinction, leading in
protective impacts on the infarcted area [111]. Another study showed that PEG-coated AuNPs could mitigate -
adrenergic receptor-mediated acute cardiac hypertrophy and inflammation through suppressing B1-AR
expression and its IL-6 and ERK1/2 downstream effectors[110]. In conclusion, AuNPs have at least two roles to
treat heart dysfunction: one is used as a drug vector and the other as an anti-cardiac hypertrophy agent[31].

Il.  Conclusions

In the last few years, the intracellular drug delivery area has developed quickly with the initial aim of
augmenting the therapeutic index of a specific drug moiety via particularly targeting it to relative organelles as
example mitochondria. Even before organ specific targeting is taken into account, the transportation of drugs to
mitochondria is in itself highly challenging because of the several cellular structures by which the drug has to be
transferred, e.g. plasma membranes, cytoplasms, and outer and inner mitochondrial membranes. These
compounds are used based on a limited number of research and can be useful only in some mitochondrial
disease. Subsequently, mitochondrial diseases therapy keeps highly symptomatic and does not greatly modify
the illness course. Though, there is a shortage of therapies for disorders of the mitochondria at the present time,
the raised number of clinical studies evaluating molecules target various aspects of the dysfunction of the
mitochondrial is promising and is proposed to create more therapeutic solutions for these diseases from this
point forward.
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