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The intermyofibrillar mitochondria constitute the majority of the three-mitochondrial subpopulations in the cardiac myocyte.

They are also considered to be the most important in terms of their ability to participate in calcium and cellular signaling,

which are critical for the regulation of mitochondrial function and adenosine triphosphate (ATP) production. 
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1. Introduction

The heart is an organ with high-energy demands necessary to maintain its continuous mechanical work . The

mitochondria, which are the powerhouse of the cell, are most abundant in the heart . Their role extends beyond

adenosine triphosphate (ATP) production to include ion homeostasis, participation in calcium signaling and redox balance,

and are considered the hub of cell metabolism . This multiplicity of mitochondrial (mt)-function is tightly coordinated to

maintain cell survival, otherwise cell death ensues . Perturbations in mt-homeostasis and metabolic remodeling

constitute important pathophysiological processes in the development of heart failure (HF). To date, it is well known that

fatty acid (FA) metabolism and mt-FA-β-oxidation are attenuated in compensated hypertrophy and progressively worsen

upon progression to overt systolic heart failure (SHF) . Glucose metabolism is initially up-regulated in compensated

hypertrophy then is attenuated in progression to SHF . Oxidative phosphorylation (OXPHOS) is attenuated at the

onset of left ventricular systolic dysfunction and drop in ejection fraction, and is impaired further upon progression to overt

SHF . Molecular mechanisms and signal transduction pathways regulating mt-function and cardiac metabolism are

partially known to date. The peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) and the

peroxisome proliferator-activated receptor alpha (PPARα) signaling, which gradually decline in progression to overt SHF

, are important players in the regulation of metabolism, primarily FA metabolism . Protein kinase A (PKA) and its

opponents protein phosphatase 1 (PP1) and calcineurin (PP2A) as well as the adenosine-monophosphate-activated

protein kinase (AMPK) signaling, their interplay, play an important role in the regulation of cardiac metabolism and mt-

function. Other kinases, such as protein kinase C epsilon (PKCε), calcium/calmodulin kinase II isoform delta (CaMKIIδ)

and the Jun-N-terminal kinase (JNK), also modulate mt-function and dynamics. It is not known which of these pathways

predominate and what is the sequence of derangements in signal transduction pathways that lead to the initiation and

progression of HF. This derangement in signaling is also paralleled by derangements in calcium cycling  and calcium-

mediated endoplasmic reticulum (ER)–mt crosstalk; thereby, leading to metabolic reprogramming and mt-dysfunction in a

milieu of heightened oxidative stress that constitutes the hallmark of the syndrome of HF. The topology of the

intermyofibrillar mitochondria in the heart places them at the hub of calcium signaling as they are neighbored, at a very

close proximity, by the T-tubules, the longitudinal sarcoplasmic reticulum (SR) and the sarcomeres as we discuss below.

2. Mitochondrial Morphology, Topology and Function

Mitochondria are membrane bound organelles that are thought to have originated from symbiotic ancestors  and are

found in almost all eukaryotic cells. They are comprised of an outer (OMM) and an inner mt-membrane (IMM). Between

the OMM and IMM is the inter-membrane space (IMS) where the proton pump gradient forms across the IMM and is the

sole determinant of mt-capacity for ATP production. The mt-matrix is surrounded by the IMM and is the site where most

reactions related to metabolism and OXPHOS takes place. The mt-matrix also contains mt-DNA and the necessary mt-

translation/elongation machinery that encodes 13 proteins that are essential for respiratory chain function in human .

However, the majority of mt-genes are encoded in the nucleus and are then imported into the mitochondria through a

specialized mt-import and assembly systems .
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There are three mt-subpopulations in the cardiac myocyte: the perinuclear, the intermyofibrillar and the subsarcolemmal

mitochondria , Figure 1A. Of these, the intermyofibrillar mitochondria are most abundant and are most important due to

their participation in calcium signaling and ATP production . Each intermyofibrillar mitochondrion extends from one Z

band to another and is surrounded by sarcomeres at each side and T-tubules at each end, Figure 1B. The longitudinal SR

forms a network around the intermyofibrillar mitochondria and is tethered to them via tethering complexes , known as

the ER-mitochondria encounter structure (ERMES) . Thus, the OMM acts as a nodal membrane that connects the

mitochondria with their surrounding and is the site where the majority of kinases and phosphatases are anchored to

modulate mt-morphology and function and metabolism. Figure 2 is a schematic drawing summarizing the metabolic

pathways, calcium cycling and implicated signaling regulating metabolism, calcium cycling and mt-function in the heart

under normal physiological conditions.

Figure 1. Ultrastructure of normal myocardium. (A) Transmission electron photomicrograph of adult cardiac myocyte

showing perinuclear, intermyofibrillar and subsarcolemmal mitochondria. Red box in the figure is defining the zoomed

image showing mitochondrion-containing autophagosome. Image 5k × magnified, scale bar 1 μm. (B) Transmission

electron photomicrograph of adult cardiac myocyte showing the relationship of the intermyofibrillar mitochondria with the

adjacent T-tubules and sarcomeres. Image 40k × magnified, scale bar 1 μm. Tracing in the zoomed image, defined by the

black box, shows T-tubule (green line surrounding white area), junctional sarcoplasmic reticulum (yellow line with yellow

shaded area), outer mitochondrial membrane (Blue line), inner mitochondrial membrane (pink line) and intermembrane

space (purple shaded area).
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Figure 2. Schematic drawing showing metabolic pathways, calcium cycling and implicated signaling in normal

myocardium. Green arrows promote signaling or activity. Metabolic pathways on the left show that in normal heart, fatty

acid (FA) metabolism and mitochondrial (mt)-FA-β-oxidation contribute 60–90%, while glucose and pyruvate metabolism

contribute 10–40% of the generated adenosine triphosphate ATP by oxidative phosphorylation (OXPHOS). On the far right

is a presentation of calcium cycling and its regulation by protein kinase A (PKA) signaling. Please refer to text for details.

In the center of the figure is a presentation of signaling pathways modulating mt-function and metabolism. The bottom

center of the figure shows the tethering complexes that exist between the endoplasmic reticulum (ER) and neighboring

mitochondria and how they crosstalk via calcium signaling. The presence of mt-calcium uniporter (MCU)-independent mt-

calcium uptake via the ryanodine receptor 1 (RYR1) into the mt-matrix has not been clearly validated and is represented

by a question mark (?). Abbreviations: GLUT4: glucose transporter member 4, CD36: FA transporter, MPC: mt-pyruvate

carrier, PDH: pyruvate dehydrogenase, TCA: tricarboxylic acid, PKCε: protein kinase C epsilon isoform, PKCδ: protein

kinase C delta isoform, CaMKIIδ: calcium/calmodulin kinase delta isoform, ADP: adenosine diphosphate, MFN2: mitofusin

2, IP3: inositol triphosphate, IP3R: inositol triphosphate receptor, VDAC1: voltage dependent anion channel 1, LETM1:

leucine zipper and EF-hand containing transmembrane protein 1, NCLX: sodium/calcium/lithium exchanger, ANT1:

ADP/ATP translocase 1, RYR2: ryanodine receptor isoform 2, SIRT3: sirtuin 3, MICOS: mt-cristae organizing system,

ETC: electron transport chain, CPT1B: carnitine-O-palmitoyltransferase 1 muscle isoform, CPT2: carnitine-O-

palmitoyltransferase isoform 2, AKAP: A-kinase anchoring protein, PP2A: calcineurin, DRP-1: dynamin-related protein 1,

PLN: phospholamban, SERCA2a: sarco/endoplasmic reticulum calcium ATPase isoform 2a, TNNI3: troponin I, cardiac

muscle, RI and RII: regulatory unit I and II, LTCC: L-type calcium channel, NCX-1: sodium/calcium exchanger 1, GPCR: G

protein-coupled receptor, PLC: phospholipase C, DAG: diacylglycerol, MAPK: mitogen-activated protein kinase, JNK: c-

Jun N-terminal kinase, Bcl-2: B-cell lymphoma 2, Bax: Bcl-2 associated X, BNIP3: Bcl-2 nineteen kilodalton interacting

protein 3, AMPK: adenosine monophosphate-activated protein kinase, PGC-1α: peroxisome proliferator-activated receptor

gamma coactivator-1 alpha. PDE4: phosphodiesterase 4, cAMP: cyclic adenosine monophosphate, and ADCY5:

adenylate cyclase type 5.

Under normal conditions, mitochondrial ATP is generated primarily through the oxidation of fatty acid (60–90%) and

glucose (10–40%). These substrates are processed in the cytoplasm and then are transported into the mitochondria as

metabolic intermediates where they enter the tricarboxylic acid (TCA) cycle to produce reduced nicotinamide adenine

dinucleotide (NADH), and flavin adenine dinucleotide (FADH2). NADH and FADH2 are then oxidized to NAD and FAD by

the electron transport chain (ETC) system to generate a proton gradient across the IMM. The proton gradient is the driving

force for ATP synthesis that takes place when protons flow via the ATP synthase (ETC complex V) into the mt-matrix. In

the process, mt-reactive oxygen species (ROS) are physiologically generated, mainly from ETC complexes I and III in the

form of oxygen radicals, which are reduced to hydrogen peroxide by the mitochondrial manganese superoxide dismutase.



Hydrogen peroxide is then reduced to water by the mitochondrial or cytosolic antioxidant systems such as catalase,

thioredoxin-peroxidase and glutathione-peroxidase. Calcium is a key second messenger that orchestrates the interplay of

mt-redox and energetics with the excitation contraction coupling . Increases in cytosolic and mt-calcium transients have

been observed upon acute stimulation of the cardiomyocyte with isoproterenol and increases in energetic demand. This

serves as a stimulus to activate enzymes in the TCA cycle and ETC complexes, such as pyruvate dehydrogenase, NAD -

dependent isocitrate dehydrogenase, α-ketoglutarate dehydrogenase and ETC complexes I and III , respectively.

Therefore, the same signal that stimulates muscle contraction also stimulates ATP production to meet the higher energetic

needs/demands, but at the expense of increased ROS generation. Crosstalk exists between calcium and ROS signaling

systems. Together, they can regulate and fine tune cellular signaling networks . Derangements in either of the

aforementioned signaling systems would adversely affect the other and will have detrimental consequences on cellular

fate and survival .

3. Calcium Signaling and Mitochondrial Oxidative Capacity

Calcium is an important second messenger involved in multiple cellular processes. It is crucial for the excitation-

contraction coupling due to the calcium induced calcium release (CICR) phenomenon from the SR via the ryanodine

receptors isoform 2 (RYR2) . This phenomenon happens upon stimulation of the cardiomyocyte and opening of the L-

type calcium channels (LTCC) leading to entry of small amount of calcium that triggers a large amount of calcium to be

released from the junctional SR via RYR2 . Then, calcium is pumped back into the SR via the enzyme

sarco/endoplasmic reticulum ATPase (SERCA2a), promoting the initiation of the relaxation phase of the cardiac cycle,

Figure 2. SERCA2a activity is regulated by phospholamban (PLN), which inhibits its activity . The SR/ER and the

mitochondria are important component of cardiac myocyte calcium cycling. They crosstalk with each other via calcium

signaling through structural and functional interorganellar coupling . The role of calcium in the ER is to control the

calreticulin/calnexin cycle, which is required for proper protein folding, and cellular growth and development . In

mitochondria, calcium acts as a second messenger required to regulate enzymes of the TCA cycle and ETC complexes I

and III. Calcium uptake into the mitochondria is orchestrated via the mostly abundant voltage dependent anion channel

isoform 1 (VDAC1), compared to isoforms 2 and 3, at the OMM and is tightly regulated by the mitochondrial calcium

uniporter (MCU) at the IMM , Figure 2. The MCU is a nodal regulator of calcium uptake into the mt-matrix and thus

regulates mt-energetics and OXPHOS under cardiac stress conditions of high energetic demands . Under basal

conditions it seems that calcium can still enter the mt-matrix via MCU independent pathways to maintain cellular

energetics, such as the ryanodine receptor isoform 1 (RYR1), however, this has not been well studied, Figure 2. VDAC1

is also an important player in mt-energetics/metabolism via its regulation of metabolites exchange across the mt-

membranes and the ETC . mt-calcium efflux is mediated via the sodium/calcium/lithium exchanger (NCLX) at the

IMM into the IMS and then through VDAC1 into the cytoplasm . Moreover, recent investigation has eluded to the

importance of the hydrogen/calcium exchanger at the IMM, also known as the leucine zipper EF-hand containing

transmembrane protein 1 (LETM1), to play an important role in regulating mt-calcium flux and energetics independent of

MCU and NCLX . Thus, the ER-mt crosstalk constitutes the functional unit that links calcium cycling to cardiac

energetics. This ER-mt crosstalk relationship is tightly coordinated to maintain proper cellular function and is regulated by

signal transduction pathways and B-cell lymphoma-2 (Bcl-2) family proteins at the ER-mt interface, Figure 2.

The ER-mt crosstalk relationship is perturbed in HF due to an alteration in cardiomyocyte ultrastructure and an imbalance

in signaling and Bcl-2 family proteins regulation at the ER-mt interface. These changes take place at different stages of

HF. Abnormal clustering of fragmented mitochondria is seen in pathological hypertrophy . Upon transitioning to a

decompensated state and SHF development, clustered fragmented mitochondria undergoing different stages of vacuolar

degeneration are often seen and constitute the ultrastructural signature of HF , Figure 3. T-tubule dilatation and

abnormal T-tubule-mt relationship  may alter calcium release from the dyadic cleft and the ER-mt crosstalk , Figure
3. The MAPK, JNK, which is activated in early pathological hypertrophy , plays detrimental role by promoting ER-mt

calcium homeostasis dysregulation and apoptosis through the phosphorylation of Bcl-2 family proteins  and mitofusin

2(MFN2) . Phosphorylation of PLN at Ser16 and dynamin related protein 1 (DRP1) at Ser637 were attenuated in a rat

model of pressure overload induced moderate remodeling and early systolic dysfunction . This leads to decreased

calcium cycling and enhanced mt-fission and fragmentation, respectively, at the initial stages of cardiac remodeling and

systolic dysfunction. It is not yet clear to whether these changes in PLN and DRP1 phosphorylation are related solely to

an enhanced calcineurin activity  or also to an early decrease in PKA activity at the ER-mt interface subcellular

compartment . Eventually, the down-regulation of SERCA2a constitutes the signature for the progression to SHF and

impaired calcium cycling  leading to depletion in ER calcium content and increase in cytosolic calcium, in addition to

ER calcium leak via the RYR2 , Figure 4. Mitochondrial-matrix calcium overload and increased mt-ROS production are

now being realized as important pathophysiological processes of mt-dysfunction and decreased oxidative capacity in HF
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. It has been shown that MCU expression level and mt-calcium uptake were attenuated in diabetic

cardiomyopathy . This paradox in decreased MCU expression level and mt-matrix calcium overload could be explained

by activation of signaling pathways that can modulate mt-calcium uptake and/or efflux proteins at the OMM and IMM via a

post-translational modification (PTM) mechanism, Figure 4. This area may need to be elucidated in future studies.

Moreover, mt-calcium efflux kinetics is a much slower process than mt-calcium uptake , owing to the possible

explanation of increases in mt-matrix calcium during acute, such as isoproterenol stimulation, and chronic cardiac stress

conditions, as is in HF. In the former, increases in mt-matrix calcium acts as a stimulant for ATP production; in the latter,

mt-matrix calcium overload is detrimental leading to mt-vacuolar degeneration and increased ROS and apoptosis. These

differences between acute vs. chronic cardiac stress are likely related to distinct signaling pathways and molecular

mechanisms modulating mt-calcium homeostasis and mt-function that are not entirely known. Future work is needed in

this area to elucidate molecular mechanisms regulating mt-calcium and metabolism in acute versus chronic cardiac

stress.

Figure 3. Ultrastructure of the failing myocardium. Transmission electron photomicrograph of myocardium from human

failing heart showing typical clustering and fragmentation of intermyofibrillar mitochondria. Red asterisk showing

mitochondria at advanced stage of vacuolar degeneration. There is perturbed relationship between the intermyofibrillar

mitochondria and the surrounding sarcomeres and T-tubules (red arrowhead). Note that the T-tubules are dilated and that

they are pushed to the edge of the clustered mitochondria, instead of being interspersed between adjacent mitochondria

as seen in a normal myocardium. Moreover, numerous lysosomes (black, dense lamellar structures) are found

interspersed between clustered mitochondria. Image 5k × magnified, scale bar 2 μm. Zoomed images showing in more

detail the changes in mitochondrial cristae morphology and decrease in their density that occur in heart failure.

Abbreviation: L: lipid.
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Figure 4. Schematic drawing showing metabolic remodeling, calcium cycling dysregulation and altered signaling in heart

failure. Green arrows: promote signaling or activity. Turquoise arrows, rectangle or circle denotes decrease in signaling,

activity or expression. Red rectangle or circle denotes increase in activity or expression. The deeper the intensity of the

turquoise or red color, the higher is the degree in downregulation or upregulation, respectively, of protein activity or

expression. Red up and down arrows indicate an increase in BNIP3 expression and a decrease in MCU expression,

respectively. FA metabolism and mt-FA-β-oxidation, glycolysis, TCA and OXPHOS are attenuated in HF. SIRT3

expression is decreased in HF leading to mt-protein hyperacetylation. Enhanced MAPK (JNK) signaling inhibits Bcl-2 and

MFN2 leading to ER-mt calcium dysregulation, mt-fission and apoptosis. Perturbations in calcium cycling and ER-mt

tethering are evident in HF. ER calcium is depleted due to an enhanced ER calcium leak via RYR2, and a decrease in ER

calcium uptake via SERCA2a leading to an increase in cytosolic calcium. Overall PKA signaling is attenuated in HF. Most

importantly, decrease in PKA signaling and enhanced calcineurin activity at the ER-mt interface leads to (1) enhanced mt-

fission, through recruitment of DRP1 to the mt-outer membrane; (2) decrease in ETC activity and OXPHOS; and (3)

decreased in p-S16-PLN leading to further impairment in SERCA2a activity. Increases in IP3 abundance and BNIP3

expression lead to enhanced calcium release via the IP3R and enhanced calcium uptake via the VDAC1 channels,

respectively. This is due to conformational change (oligomerization) of VDAC1. Enhanced CaMKIIδ expression or activity

enhances mt-calcium uptake via MCU complex leading to mt-matrix calcium overload and mt-dysfunction. Mitochondrial

calcium efflux is likely to be affected as well. It is unclear whether there is post-translational modification (.) and decrease

in activity or expression of LETM1 and AKAP1 in HF. Abbreviations are listed under Figure 2.

Previous work showed that recombinant expression of VDAC1 enhanced ER-mt contact sites and calcium transfer into

the mitochondria and apoptosis . In HF, VDAC1 expression does not change compared with normal heart. However,

VDAC1 oligomerization or modulation by the Bcl-2 family proteins , as discussed below, or in response to apoptotic

stimuli , may alter calcium entry into the IMS and subsequently into the mt-matrix leading to mt-matrix calcium

overload, mt-dysfunction and apoptosis, Figure 4. The exact molecular mechanism that promotes VDAC1 oligomerization

in HF is not known. Moreover, previous work has shown that calcium uptake via MCU is enhanced by its PTM by the mt-

CaMKII , Figure 4. Conditional NCLX knockout in mouse heart has been shown to be lethal, with less than 13% of

affected animals surviving beyond day 14 . These findings point to the importance of the NCLX in mt-calcium efflux.

Recently, it has been shown that MCU over-expression rescues inotropy and reverses HF by reducing SR calcium leak

. Overall, these findings hint to the complexity of ER-mt calcium homeostasis regulation and function. Whether other

modes of mt-calcium entry or other mechanisms regulating mt-calcium uptake and efflux at the IMM exist, need to be

elucidated in future studies.

Previous work has shown that mt-biogenesis and oxidative capacity were preserved in patients with HF and preserved

ejection fraction (HFpEF)  or enhanced in pathological compensated hypertrophy . A decline in mt-content and

oxidative capacity has been observed in rodent models upon transitioning from a compensated state to moderate
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remodeling and early systolic dysfunction . At the molecular level, these findings are mirrored by a decrease in PGC-1α

expression upon transitioning from compensated hypertrophy to early systolic dysfunction . Cytochrome c oxidase

activity is attenuated in early systolic dysfunction along with a decrease in expression of the ETC complexes I and IV .

Transitioning to overt SHF and HFrEF is marked by a further decrease in mt-biogenesis and PGC-1α expression and

signaling, along with a decrease in expression of the ETC complexes, Figure 4. These findings were observed in an

animal model of SHF and in human HFrEF . Another mechanism of decreased oxidative capacity in HF is

phosphorylation (discussed below) and hyperacetylation of mt-proteins. Increased acetylation of mt-proteins involved in

mt-FA-β-oxidation, TCA cycle and ETC complexes has been observed in the early stages of HF in a pressure overload

mouse model of transverse aortic constriction (TAC) and in end-stage human HFrEF . Hyperacetylation of mt-

proteins is speculated to be related to the presence of excessive acyl-CoAs and reduced protein deacetylation by the

sirtuin family of NAD -dependent deacetylases, mainly SIRT3 , and SIRT5. SIRT3 is the predominant mt-deacetylase

isoform in the heart. SIRT3  mice develop contractile dysfunction at 24 weeks of age . Myocardial SIRT3 expression

was increased in cardiac hypertrophy following TAC in mice  and then was downregulated at HF development .

Similarly, SIRT3 expression was decreased in the human failing heart . PGC-1α was found to regulate SIRT3

expression through the AMPK-PGC-1α-SIRT3 axis in skeletal muscle . Moreover, SIRT3 downregulation seems to

coincide with the decrease in PGC-1α expression in rodent and human HF . Thus, a decline in mt-oxidative capacity in

early systolic dysfunction is mainly related to an increase in mt-ROS and a decrease in activity of the OXPHOS

machinery. Transitioning to overt SHF is accompanied by decreases in mt-content and mt-biogenesis, including

expression of the ETC complexes, as well as by an increase in mt-ROS and PTM, therefore, phosphorylation and

hyperacetylation, of the OXPHOS machinery.
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