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Abstract
The human heart sustains an exceptional energy transfer rate, consuming more energy per gram weight than any other organ 
system. The healthy heart can rapidly adapt to changes in demand, while the failing heart cannot. Cardiac energy flux systems 
falter in the failing heart. The purpose of this review is to characterize the fundamental role of mitochondria in this energy trans-
fer system and describe our local research on mitochondrial respiratory capacity in failing human hearts.
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Introduction
The healthy human heart consumes more energy per gram of 

tissue than any other organ.1 To feed this demand, the myocardium 
cycles an amount of adenosine triphosphate (ATP) that is 15 to 20 
times its own weight, or 6 to 30 kg each day. The heart provides this 
remarkable flux while maintaining a small but constant ~10 mM 
ATP tissue concentration. This provides little reserve, only enough 
for a few beats.2 With increased power demands such as during 
exercise or fever, the healthy heart maintains cellular concentration. 
This underscores the vital dynamic link between beat-by-beat 
utilization and high-energy ATP production. The failing heart, 
however, is energy depleted.3 

Cellular energy transfer occurs primarily in mitochondria. 
These organelles extract chemical bond energy, transpose it to 
an electrochemical gradient, and then channel it into a high-
energy chemical bond, the third phosphate on ATP. The rate of 
transfer matches demand, and oxidative capacity is important. 
At maximum work load, energy transfer operates at 80−90% 
capacity; at rest it operates at 15−20%.4 The process of oxidative 
phosphorylation (OXPHOS) has been described and reviewed in 
biochemistry and cardiology publications.5, 6 Electrons mediate this 
flux. Transfer proceeds through a series of redox reactions along 
the electron transfer chain (ETC) and ultimately results in the 
electron reduction of atomic oxygen to water (H2O). In pathological 
states, reactive oxygen species (ROS) such as superoxide (O2•-) and 
hydroxyl radicals (•OH) are generated at a high rate. Excess ROS 
production is one mechanism by which mitochondria contribute to 
heart failure.7, 8 

Mechanistic roles of mitochondria in the pathogenesis of heart 
failure have been the subject of widespread investigation. Oxygen 
stress, accelerated apoptosis, and altered calcium handling have 
been areas of focus. These are processes that not only impair 
energy flux but also result in cell and organ damage. Interrelated 
mitochondrial functions contribute to heart failure.

Oxidative Stress, Apoptosis, and Calcium Spikes
Oxidative stress, mediated by short-lived toxic radicals, induces 

DNA strand damage, oxidation of protein groups, and peroxidation 
of membrane lipid. ROS overproduction has been investigated 
and quantified in heart failure tissues. It also has been studied as 
a potential target for treatment.7, 8 Oxidative radicals are produced 

systemically and locally in failing hearts, and yet antioxidant 
treatment has failed to reduce hospitalization and mortality.9 
Mitochondrial apoptotic pathways also represent pathological 
mechanisms potentially amenable to treatment in failing hearts. 
Apoptosis has been characterized,10, 11 and intrinsic and extrinsic 
pathways resulting in myocardial death have been described. 
While it appears likely that these processes play a mechanistic 
role in heart failure pathology, targeted therapy to attenuate 
them has not been developed. Mitochondrial regulation of 
intracellular calcium is implicated in both of these mechanisms.11, 12 
Mitochondrial-derived ROS results in cellular calcium sparks that 
are buffered by the mitochondria matrix; when in excess, calcium 
triggers apoptotic pathways.13 In relation to energy production, 
ROS signaling triggers mitochondrial matrix calcium sparks.14 
The channels for this include the mitochondrial calcium uniporter 
and Na+/Ca2+ exchanger.15 Rises in mitochondrial matrix calcium 
then activate dehydrogenases and enzymes of phosphorylation, 
thereby regulating respiration capacity and OXPHOS.16 While this 
fine-tunes the energy production system on a beat-to-beat basis, 
ROS excess contributes to cell damage. Mitochondrial dysfunction 
may contribute through several mechanisms in the failing, and 
ultimately energy supply is affected.

Mitochondria Energy Transmission in Heart Failure

Fueling the Heart
Fuel supply is important to this process. The initial mix includes 

combinations of fatty acids, ketone bodies, carbohydrates, lactate, 
and amino acids (Figure 1). Some mixtures are more efficient 
than others. At rest, the normal heart derives 60−70% of its energy 
need from fatty acid oxidation. With acute increased demand, as 
with exercise, fever, or arrhythmia, there is an adaptive shift to 
a more efficient energy combination with a higher percentage of 
carbohydrates. However, the relative quantities are determined not 
only by demand but also by the presence of comorbidities such 
as obesity, diabetes, and hypertension. In a patient with insulin 
resistance induced by obesity or chronic heart failure, fatty acids 
supply >90% of the energy at rest, and the percentage rises rather 
than shifts with physiological stress. In these circumstances, the 
heart cannot utilize more efficient fuel combinations. 

Energy Transfer
Interrelated pathways transfer these organic substrates into the 
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Figure 1. Schematic representation of the cardiac energy system. Three major components are denoted: substrate supply; Krebs cycle and oxidative 
phosphorylation (OXPHOS); the energy transfer system. The red oval demarks mitochondrial contained processes discussed in this review. Substrate 
combinations enter and are processed through the Krebs cycle. Electrons are delivered as NADH & FADH2 to the electron transport chain (ETC), along 
which oxidative phosphorylation (OXPHOS) is completed. Newly formed ATP is transferred to cytoplasmic usage sites by phosphocreatine energy transfer 
system. Measurement of the phosphocreatine/ATP (PCr/ATP) ratio quantifies a cell’s energy state. 

mitochondrial matrix and the Krebs cycle (Figure 1). These include 
glycolysis, pyruvate carrier proteins, carnitine palmitoyltransferase 
(CPT-1), beta-oxidation, and amino acid exchangers. Once in 
the matrix, the Krebs cycle oxidizes carbon bonds and releases 
electrons to two carriers, nicotinamide adenine dinucleotide 
(NAD+) and flavin adenine dinucleotide (FAD). The newly 
formed NADH and FADH2 introduce electrons onto the ETC to 
fuel OXPHOS. This electron energy transfer proceeds through 
a series of oxidation-reduction reactions along four complexes 
that comprise the ETC. During the process, hydrogen ions (H+) 
are pumped to generate a proton motive force across the inner 
mitochondrial membrane. This force then drives an embedded 
inner membrane generator, F1F0-ATPase, to phosphorylate ADP. 
Newly formed ATP is then shuttled to and stored in the cytoplasm 
by the creatine kinase energy shuttle. This is a dynamic interlinked 
process, and its failure to continuously supply adequate ATP results 
in energy depletion.3 

Energy Measurement
The energy state in heart failure has been quantified. 

Phosphorus-31 NMR spectroscopy yields data that is used to 
calculate a phosphocreatine-to-ATP ratio (PCr/ATP). As such it 
provides an in vivo assessment of a tissue energy state.17, 18 This 
ratio is lower in failing hearts than in controls. Although both PCr 
and ATP compounds are reduced, consistent with impaired high 
energy phosphate metabolism, the decline in storage and transport 
molecule PCr is greater than that of ATP. This finding supports 
other evidence that heart failure is an energy depleted state, which 
has been documented as such for years.19 This could be the result 
of impairment in any of the processes — from substrate mix to 
ATP transfer (Figure 1). (See Lemieux and Hoppel for a review of 
mitochondrial function in the human heart.20)

Assessing Respiratory Capacity
There are very few direct recordings of the energy respiratory 

capacity of mitochondria from the ventricular wall of failing 

Figure 2. Representative oxygen tracing from isolated nonfailing human left ventricular wall mitochondria. Using high-resolution respirometry, the oxygen flux 
rates (red line) are normalized to milligram protein in the isolate. The first arrow denotes the rise in O2 flux (red line) following addition of fatty acid substrate 
palmitoylcarnitine (PALM CARN), then ADP and MALATE. This is the state 3 rate. The second arrow notes flux rise after uncoupling with FCCP. The ratio of 
the state 3 [approx. 92 pmol/(s*mg)] to uncoupled [approx. 99 pmol/(s*mg)] give a measure of flux control (approx. 0.92 here). The third arrow highlights the 
abrupt fall in O2 flux after adding the inhibitor antimycin A. This confirms a functionally intact electron transport chain.
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human hearts. Studies performed on heart tissue from animal 
models have provided important insights, but alterations in these 
models might not be directly applicable to mitochondrial changes 
that occur in chronic human heart failure. Figure 2 illustrates a 
tracing of isolates from the left ventricular wall of a nonfailing 
heart. As can be seen, oxygraph tracings from high-resolution 
respirometers such as the Oroboros Instrument provide graphic 
and quantitative data that can be used to assess respiratory 
capacity and control. Patient safety, tissue procurement procedures, 
and processing times present challenges when investigating 
human heart tissue. Respiratory measurements of human heart 
mitochondrial isolates such as those illustrated in Figures 2 and 3 
from our laboratory necessitate procurement of 1−3 g of myocardial 
tissue, with isolation completed within 60 to 90 minutes. Similar 
measurements can be performed more easily using permeabilized 
fibers. The use of these saponin permeabilized fibers reduces 
sample size requirements from 1−3 g of myocardial tissue for 
isolations to 30−40 mg for fiber preparations. These findings 
must be interpreted within the limitations of this technique.21 As 
an alternative, left atrial appendage procurements are routinely 
accessible; however, like animal models, their energetic function 
might not correlate with left ventricle wall characteristics. Snap 
frozen tissue from transcutaneous biopsies cannot be analyzed for 
functionality, but they provide tissue for important assessments of 
gene expression, proteomics, metabolomics, and enzyme kinetics. 
These findings provide important complimentary information that 
relates to respiratory capacity. It remains that direct measurement 
of oxygen consumption from fresh tissue isolates provides specific 
information about mitochondrial functional integrity and energetic 
capacity. 

Mitochondrial Respiratory Capacity in HF:  
TMH-based studies

Our research team at The Methodist Hospital in Houston 
undertook a series of translational investigations to build on 
available information from the above-mentioned techniques. 
Drawing on legacy experience from the hospital’s heart 
transplant program,22 we reestablished procedures for human 
heart mitochondrial isolation and used protocols developed 

during initial experiments with murine heart tissue to isolate 
mitochondria from fresh human ventricular tissue. 

Our study involved patients with severe chronic heart failure 
resulting from both ischemic and nonischemic etiologies. By 
necessity, these samples are from patients with very advanced 
heart failure that requires either support or transplant. The 
findings from this tissue might not reflect earlier stages of 
heart failure. The large sample size requirement precluded 
percutaneous endomyocardial biopsy. Therefore, fresh ventricular 
tissue specimens were procured during left ventricular assist 
device surgery and orthotopic heart transplantation. We are also 
interrogating the metabolic effect of mechanical left ventricular 
support by investigating paired pre- and post-device heart 
samples. After surgical hand-off, 1−3 g of reddish scar-free tissue 
were dissected and promptly transported to nearby research 
laboratories. Preparation for mitochondrial isolation included 
mincing and homogenization in cold buffers that are designed to 
maintain mitochondrial function. These processed samples are 
centrifuged at differential speeds, rinsed, and respun to complete 
the isolation. Time is a limiting factor; functional mitochondria 
must be isolated and studied within 60 to 90 minutes. The time 
from surgical hand-off to mitochondrial isolation was reduced by 
40 minutes on average, a distinct advantage of interdisciplinary 
teamwork combined with laboratory facilities minutes away from 
the operating suites. 

A Population of Cardiac Mitochondria Retains Functional 
Capacity

Once isolation is completed, respiratory measurements are 
taken. The study protocols were initially developed using a 
Clark electrode in collaboration with Dr. William Widger at the 
University of Houston’s department of biochemistry. With these 
initial specimens, we directly measured membrane potential, 
phosphorous-to-oxygen ratios, and ATP production rates. 
Investigations were then complemented by high-resolution 
respirometry from Oroboros Instruments courtesy of the 
Methodist Hospital Research Institute’s diabetes research 
laboratory. Figures 2 and 3 show representative tracings of 
nonfailing and failing left ventricular tissue isolates. 

Figure 3. Representative oxygen consumption tracing from isolated failing left ventricular human mitochondria. O2 flux recording (circled red line) 
following sequential addition of pyruvate, ADP, and glutamate-malate. This reflects the state 3 rate oxidative phosphorylation. Note the fall of O2 flux 
(arrow) after addition of oligomycin, an inhibitor of OXPHOS. The next steep rise reflects the addition of mitochondrial uncoupler FCCP (carbonylcyanide 
p-triflouromethoxyphenylhydrazone). Rotenone, an inhibitor of complex I, causes a rapid drop in the oxygen consumption rate (circled). This supports the 
conclusion that the mitochondria are coupled with intact ETC chains. Blue line: O2 concentration (nmol/ml); red line: rate of change in rate O2 consumption 
[pmol/(s*mg)].
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Failing human heart isolates were first assessed without added 
substrate. They were found to consume low amounts of oxygen, 
indicating little oxygen wastage. As Figure 3 illustrates, the 
sequential addition of substrate pyruvate, ADP, then glutamate-
malate rapidly stimulated OXPHOS and resulted in a steep rise in 
the oxygen consumption curve. The key findings in the figure are 
indicated by the arrow and circles. These include a rapid rise in 
oxygen consumption after pyruvate, ADP, and glutamate-malate 
(state 3 respiration) and the subsequent decline with OXPHOS 
inhibition, confirming intact phosphorylation apparatus. This is 
overcome by the addition of uncoupling agent carbonyl cyanide-
4-(trifluoromethoxy)phenylhydrazone. Uncoupling unleashes 
respiratory control and allows electrons to flow at maximum  
ETC capacity. It requires an intact electron transport chain. As 
a final touch, complex I and complex III inhibitors (rotenone or 
antimycin A) were added. The findings illustrated in Figure 3 
provide strong evidence for the survival of fully coupled and 
functioning mitochondria. This confirms electron transport-
dependent oxygen consumption. Oxygen flux, as indicated by the 
last circle in Figure 3, rapidly drops. The elements of the OXPHOS 
are functioning in these isolates. This is in contrast to similar 
published respirometry analyses that used permeabilized left 
ventricular fibers.23, 21 

The ratio of state 3 [~162 pmol/O2/(s*mg)] to uncoupled rate 
[~170 pmol/O2/(s*mg)] in the failing left ventricular isolate shown 
in Figure 3 is 0.95, higher than recently reported flux ratios of 
0.42 and 0.41 from studies using permeabilized fibers from heart 
disease and heart failure samples, respectively.23 A lower coupling 
control ratio reflects limitation of OXPHOS by phosphorylation 
apparatus. Our finding supports integrity of this system, a finding 
we didn’t anticipate. The results also differ from the impaired 
respiratory function reported from animal models of heart failure 
and human left atrial appendage isolates.24

Limitations
We documented the presence of functioning, coupled, ATP-

producing mitochondria in heart failure ventricular samples 
from more than 40 patients. Broader conclusions from this are 
complicated by the presence of cellular subpopulations and 
regional differences. Within each myocardiocyte, mitochondria 
reside in two strategic subpopulations that function differently 
under a variety of conditions.25 One subgroup, subsarcolemmal 
mitochondria, is positioned directly beneath membranes, and 
the other, interfibrillar mitochondria, is adjacent to myofibrils. 
In consideration of the evidence that these two subpopulations 
function differently in disease states, it is possible that we looked 
at surviving mitochondria isolated from only one of these 
populations.

Cardiac regional variation presents another variable. We 
compared mitochondrial function in isolates from different regions 
of the heart in a patient with hypertrophic cardiomyopathy. We 
published respiratory function assessments in tissue samples 

from the left ventricular (LV) apex, right ventricular (RV) free 
wall, and LV septum.26 Regional differences were evident. In 
Table 1, the respiratory control ratios (RCR), a measure of coupled 
mitochondrial function defined as state 3 divided by state 4, is 
lowest for all substrates in the hypertrophied LV septum. Regional 
differences also exist between the LV apex and RV free wall, a 
finding confirmed in a paired sample analysis from a patient with 
primary pulmonary hypertension that we presented at the 2012 
Heart Failure Society of America Annual Scientific meeting.27 
Conclusions about cardiac mitochondrial function drawn from 
investigations of atrial or left atrial tissue appendage samples as 
they apply to other cardiac regions must be interpreted in a narrow 
scope.24

Conclusions
Our findings support the conclusion that mitochondria capable 

of robust energy production exist within ventricular tissue of 
chronic failing human hearts. There is compelling evidence that 
in situ function is impaired, as reported with phosphorus-31 
NMR spectroscopy. A question arises as to what is happening 
during isolation to suddenly restore their respiratory function. If 
reversibility exists, this would give hope for metabolic-targeted 
treatments that could be used to enhance current therapies. 

Clinical Implications
Current treatments for heart failure are inadequate. 

Neurohormonal-based therapies have reduced mortality, but 
even today heart failure survival rates are no better than many 
cancers.28, 29 Hearts available for transplant are limited. To 
advance therapeutically, there is a compelling need to investigate 
underlying biological mechanisms, such as those involved in 
altered energy production. Attempts to treat energy deficiency 
have not been fully developed.30 Agents that alter myocardial 
metabolism by shifting to favor glucose metabolism include 
ranolazine, propionyl L-carnitine, dichloroacetate, etomoxir, 
trimetazidine, and GLP-1 agonists.31 

If, as our findings reveal, there is a population of dormant in 
vivo mitochondria that can return to full respiratory function, 
then this potential for reversibility will kindle speculation about 
potential future therapeutics. These treatments might include 
devices, such as the early phase use of less invasive unloading 
devices as bridges to recovery. Gene and microRNA transfection, 
hormonal administrations (leptin, adiponection), and incretin-
based therapies could be tested for therapeutic benefit. One line 
of investigation might target the liver and visceral adipose as a 
source of lipotoxic compounds that alter mitochondrial substrate 
supply. Various therapeutics or surgical procedures to alter nutrient 
supply might lead to innovative heart failure treatment. Exploring 
the mechanistic link between heart failure and impaired systemic 
and organ-specific insulin action might inspire opportunities for 
therapeutic innovation. Translational investigation is necessary to 
explore the underlying biological mechanisms.

Mitochondrial respiratory control ratio (RCR) by site for the different substrates*

Table 1. Mitochondrial respiratory control ratios (RCR) taken from different regions of a heart from a patient with hypertrophic cardiomyopathy. RCR defined 
as state 3/state 4 represents a strong indicator of an intact coupled oxidative phosphorylation. Note lower numbers for all substrates from the septum 
isolates. Printed with permission from Cordero-Reyes et al.26

Site RCR for 
Palmitoyl Carnitine

RCR for Pyruvate
Malate

��RCR for 
Glutamate Malate RCR for Succinate

LV apex 5.0616 3.0713 7.1832 1.5599

RV free wall 3.9818 3.4478 7.6043 1.5005

LV Septum 3.0000 2.1090 2.5667 1.0000
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