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Abstract:

Cardiac performance depends on a fine balance between the work the heart has to perform to satisfy the needs of the body and the en-

ergy that it is able to produce. Thus, energy production by oxidative metabolism, the main energy source of the cardiac muscle, has to

be strictly regulated to adapt to cardiac work. Mitochondrial biogenesis is the mechanism responsible for mitochondrial component

synthesis and assembly. This process controls mitochondrial content and thus correlates with energy production that, in turn, sustains

cardiac contractility. Mitochondrial biogenesis should be finely controlled to match cardiac growth and cardiac work. When the

heart is subjected to an increase in work in response to physiological and pathological challenges, it adapts by increasing its mass and

expressing a new genetic program. In response to physiological stimuli such as endurance training, mitochondrial biogenesis seems

to follow a program involving increased cardiac mass. But in the context of pathological hypertrophy, the modifications of this

mechanism remain unclear. What appears clear is that mitochondrial biogenesis is altered in heart failure, and the imbalance between

cardiac work demand and energy production represents a major factor in the development of heart failure.
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gamma co-activator, PPAR – peroxisome-proliferator-activa-

ted-receptor, PRC – PGC-1-related coactivator, SHHF – spon-

taneous hypertensive heart failure, SHR – spontaneously hy-

pertensive rats, TCA – tricarboxylic acid cycle, TIM – translo-

case of the inner membrane, TOM – translocase of the outer

membrane

Introduction

Mitochondria and oxidative metabolism are essential

in the coupling of cardiac work and the body’s needs.

Permanent contractile activity of the myocardium re-

quires continuous energy production, which is sup-

plied 95% by mitochondrial respiration, mostly from

fatty acid metabolism. The central role of mitochondria

in cardiac contractility involves specific regulations

and adaptations of mitochondrial network structure

and function. This plasticity results from mitochon-

drial dynamic and biogenesis, which are responsible

for mitochondrial growth and organization and mito-

chondrial component synthesis.

Heart failure is a complex syndrome associated with

a significant mortality. Understanding the mechanisms

involved in this pathology represents a major challenge in

occidental countries. Energy metabolism and mitochon-

drial biogenesis disorders appear to play an important role

in cardiac dysfunction and progression to heart failure.
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For several years, many studies have investigated

these mechanisms in cardiac pathologies. This review

will focus on the mitochondrial biogenesis process in

the heart and the alterations in these processes that oc-

cur during compensated hypertrophy and heart failure.

Cardiac mitochondrial biogenesis

Mitochondrial biogenesis could be defined as the pro-

cesses and events resulting from the growth and division

of pre-existing organelles. According to the endosym-

biotic theory, mitochondria are the direct descendants

of an �-proteobacteria that became established in a host

cell through the process of endosymbiosis. Due to

their ancient bacterial origin, mitochondria possess

their own genome and the capacity for auto replication.

Mitochondrial proteins are encoded by the mito-

chondrial genome and also by the nuclear genome.

Thus, this requires a spatiotemporal coordination be-

tween protein synthesis, nuclear-encoded protein im-

port and assembly with mitochondrial-encoded pro-

teins. This process has to occur harmoniously with the

neosynthesis of phospholipids and mitochondrial

membranes. Furthermore, mitochondrial biogenesis is

dependent on the mitochondria’s ability to undergo

fission/fusion (mitochondrial dynamic) which ensures

proper organization of the mitochondrial network.

Mitochondrial protein expression and

import

In vertebrates, the circular mitochondrial DNA

(mtDNA) is ~16.5 kb, double-stranded, contains

37 genes encoding 13 subunits of respiratory com-

plexes I, III, IV and V, 22 transfer RNAs, and 2 ribo-

somal RNAs necessary for the translation. Mitochon-

drial DNA is a multicopy genome and somatic mam-

malian cells generally have 103 – 104 copies of

mtDNA, with 2~10 genomes per organelle. In mam-

mals, mtDNA is maternally inherited.

Other mitochondrial proteins encoded by the nu-

clear genome include remaining subunits of the oxi-

dative phosphorylation system (OXPHOS), enzymes

and proteins involved in pyruvate oxidation, tricar-

boxylic acid cycle (TCA), fatty acid oxidation (FAO),

stress responses and transport. Recent integrative pro-

teomic and biochemical data estimated that some

1,500 different proteins, corresponding to 1,080 genes,

are found in mitochondria [3].

To ensure proper mitochondrial function, nuclear-

encoded proteins have to be correctly targeted and im-

ported from the nucleus to the mitochondria (for re-

views see [2, 14]). Nuclear mRNAs are translated in

the cytosol to precursor proteins with mitochondria-

targeting sequences. They are then escorted and un-

folded by molecular chaperones and finally imported

into the mitochondrial matrix via the translocase of

the outer membrane (TOM) and the translocase of the

inner membrane (TIM) in a membrane potential-

dependent manner. Subsequently, intramitochondrial

proteins cleave the targeting sequences and refold the

proteins into their mature conformation. Subunits of

the respiratory chain complexes are assembled with

mitochondrial-encoded subunits and inserted in the

inner membrane by mitochondrial export machinery

[14].

Transcriptional control of mitochondrial

biogenesis (Fig. 1)

The transcriptional regulatory mechanisms control-

ling mitochondrial biogenesis are essential for the co-

ordination of mitochondrial and nuclear genome ex-

pression (for reviews see [12, 37, 39]).

Replication, maintenance and transcription of mi-

tochondrial DNA are driven by the nuclear-encoded

mitochondrial transcription factor A (mtTFA) and two

transcription specific factors (TFB1M and TFB2M),

a single RNA polymerase (POLRMT) and a termina-

tion factor (mTERF) [39]. By binding an upstream

enhancer of the two mitochondrial DNA strands,

mtTFA promotes mitochondrial-encoded gene tran-

scription.

The coordination between mitochondrial and nu-

clear gene expression is controlled by the interplay

between specific transcription factors (i.e., the nuclear

respiratory factors (NRFs), the peroxisome-prolifera-

tor-activated-receptors (PPARs), the estrogen-related

receptors (ERR) and others) and members of the tran-

scriptional co-activator of peroxisome-proliferator-

activated-receptor (PPAR) gamma (PGC-1�) family.
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mtTFA expression is under the control of NRF1

and/or NRF2. Moreover, NRFs are responsible for

transcriptional activation of many nuclear-encoded

mitochondrial proteins (Tab. 1 in [20]), including the

vast majority of genes required for the five respiratory

complexes. ERRs orchestrate a comprehensive car-

diac transcriptional program comprising uptake of en-

ergy substrates, production and transport of ATP

across the mitochondrial membranes, and intracellular

fuel sensing [10]. FAO enzymes and fatty acid trans-

porter expression is not regulated by NRFs, but in-

stead, by the transcription factor PPAR� (peroxiso-

me-proliferator-activated-receptor alpha) [15].

The upstream regulator of the transcriptional path-

way controlling mitochondrial biogenesis is the co-

activator, PGC-1�. Since its discovery by Spiegelman

and coworkers [55], PGC-1� has been the focus of

much attention. PGC-1� lacks DNA-binding activity;

it interacts with and co-activates a number of tran-

scription factors, including NRFs. Mitochondrial bio-

genesis and respiration are stimulated by PGC-1�

through powerful induction of NRF1 and NRF2 gene

expression. PGC-1� increases NRFs transcriptional

activity on the promoter of mtTFA [55], thus synchro-

nizing activities of mitochondrial and nuclear ge-

nomes. Moreover, PGC-1� interacts with and co-

activates PPAR� and its partner, the retinoid X recep-

tor (RXR) [11, 49]. PGC-1� is also involved in FAO

and nuclear-encoded OXPHOS gene expression and

acts by co-activating the estrogen-related receptor �

(ERR�) [39].

PGC-1� is enriched in tissues with high oxidative

activity such as heart and brown adipose tissue, and it

is rapidly induced under conditions of increased en-

ergy demand such as cold, exercise, and fasting.

PGC-1� levels correlate with mitochondrial protein

levels, mitochondrial mass and cardiac oxidative ca-

pacity, suggesting that PGC-1� is a master regulator

of mitochondrial biogenesis and energy metabolism

[13, 25]. PGC-1�-deficient mice exhibit a cardiac

dysfunction associated with a lessened ability to in-

crease work in response to physiological stimuli [1,

30]. However, hearts lacking PGC-1� have a normal

mitochondrial volume density, although, mitochon-

drial gene expression, oxidative capacity and fatty

acid oxidation are reduced [26, 30]. The maintenance

of mitochondrial volume fraction in PGC-1�-null

mice suggests that additional mechanisms controlling

mitochondrial biogenesis exist.

PGC-1� was the first-discovered member of a fam-

ily of three related proteins that control major meta-

bolic functions. Whereas the PGC-1-related coactiva-

tor (PRC) is expressed ubiquitously, PGC-1� and �

are enriched in mitochondria-rich tissues. Overex-

pression studies suggest that PGC-1� and � exert spe-

cific bioenergetic effects, with PGC-1� preferentially

inducing genes involved in the removal of reactive

oxygen species [43]. Deficiency in PGC-1� in the

heart results in a general defect in the expression of

genes encoding components of the electron transport

chain and also a reduced mitochondrial volume frac-

tion, leading to a blunted response to dobutamine

stimulation [29]. However, only PGC-1� seems to re-

spond to metabolic challenges such as exercise, star-

vation and cold, suggesting that PGC-1� could play a

role in constitutive mitochondrial biogenesis [33].

Mice with combined deficiency in PGC-1� and

PGC-1� (PGC-1�/� (–/–) mice) die shortly after birth

with small hearts and a markedly reduced cardiac out-

put. The hearts of the PGC-1�/� (–/–) mice exhibit

signatures of a maturational defect with a late fetal ar-

rest in mitochondrial biogenesis, suggesting that

PGC-1� and � share common roles that are necessary

for postnatal metabolic and functional maturation of

the heart [23]. In addition to their regulated expres-

sion by various metabolic stimuli, the family of

PGC-1 co-activators is also controlled by post-
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Fig. 1. The transcription cascade of mitochondrial biogenesis. The
peroxisome-proliferator-activated-receptor (PPAR) gamma co-acti-
vator (PGC-1�) activates the transcription and transcriptional activity
of the nuclear respiratory factors (NRFs). NRFs activate the transcrip-
tion of the mitochondrial transcription factor A (mtTFA) and of genes
encoding proteins of the respiratory chain and the tricarboxylic acid
cycle (TCA), leading to the activation of nuclear and mitochondrial
genomes. mtTFA activates the transcription and replication of the mi-
tochondrial DNA (mtDNA)



translational modifications including phosphorylation,

deacetylation and methylation (for review, see [50]).

Changes in PGC-1� expression are likely to have

a functional impact. Forced PGC-1� expression causes

uncontrolled mitochondrial proliferation, contractile

dysfunction and a dilated cardiomyopathy [25], sug-

gesting that a well-balanced expression of PGC-1� is

necessary for optimal cardiac function.

PGC-1� is a critical regulatory molecule involved

in the control of cardiac mitochondrial number and

function. Its expression has to be finely regulated in

response to energy demands. Signaling pathways that

are responsible for PGC-1� expression are beginning

to be elucidated. Calcium, second messengers (i.e.,

cyclic nucleotides) and energetic signals (like AMP

dependent protein kinase (AMPK) and hormones

(thyroid hormone)) have been described to control

PGC-1� expression (for review, see [50]). However,

the signaling pathways that are particularly relevant to

the adult mammalian heart remains to be elucidated.

Mitochondrial biogenesis in cardiac

hypertrophy

Cardiac hypertrophy occurs in response to mechanical

overloading or other stimuli and is characterized by

cardiomyocyte enlargement. Myocardial mass increase

is an adaptive response to normalize heart wall stress

and to satisfy an organism’s energy requirement. Thus

it appears that energy metabolism plays a crucial role

in the hypertrophic process because it has to adapt to

the increased demand of the cardiomyocyte.

Two types of hypertrophy are described in the lit-

erature: “physiological hypertrophy”, caused by physio-

logical stimuli which are associated with an enhanced

cardiac function (training or pregnancy), and “pathologi-

cal hypertrophy”, caused by pathological stimuli which

could progress to heart failure (hypertension, valvular

deficiency or myocardial infarction). Whether or not hy-

pertrophy – induced by physiological or pathological

stimuli – is accompanied by alterations in mitochondrial

biogenesis is still a matter of debate.

Physiological stress-induced hypertrophy

Hypertrophy resulting from physiological challenge is

often investigated following forced exercise training

on a treadmill. The adaptation of cardiac muscle to

chronic exercise involves cardiomyocyte remodeling

and hypertrophy. Whether this is accompanied by an

increase in oxidative metabolism and mitochondrial

biogenesis is still debated.

Some studies demonstrate that regular exercise

training induces an increase in cardiac enzyme ex-

pression and activity [5, 45]. Others show that hyper-

trophic adaptive responses do not involve changes in

TCA or OXPHOS enzyme activity and no alteration

in mitochondrial density, distribution and PGC-1�

induced-mitochondrial biogenesis [19, 21, 35, 47].

However, other authors report an increase in PGC-1�

and mtTFA content but no modification in mitochon-

drial enzyme activity or oxidative capacity [32, 52].

Despite many differences between these findings,

it seems that mitochondrial biogenesis follows the

body’s requirements, and the increased cardiac mass

during exercise induced-hypertrophy occurs without

excess over other intracellular organelles. Moreover,

neither increase [44, 45] nor change [16] in fatty acid

utilization capacity were reported, suggesting that in

exercise-induced cardiac hypertrophy, energy produc-

tion still relies largely on fatty acid oxidation.

Pathological stress-induced hypertrophy

Despite many works on mitochondrial biogenesis and

function, what occurs in cardiac hypertrophy in re-

sponse to pathological stimuli remains unclear. Stud-

ies aimed at elucidating the role of mitochondrial bio-

genesis in these processes mainly involved increased

pressure overload by experimental thoracic or ab-

dominal aortic constriction and spontaneous hyper-

tension in rats (SHR). Indeed, it is not always clear

whether compensated hypertrophy was studied. Nev-

ertheless, in compensated hypertrophy, both down-

regulation [51] and upregulation in OXPHOS and

TCA gene expression [16, 22] were reported. In gen-

eral, however, expression or activity of citrate syn-

thase (CS), a TCA enzyme often used as a mitochon-

drial mass marker, was unchanged in hypertrophied

myocardium [9, 24]. Similarly, numerous studies

showed no alteration in TCA and OXPHOS gene ex-

pression, cytochrome c oxidase activity or mitochon-

drial oxidative capacity [9, 36, 53]. Mitochondrial

gene expression was also shown to be transiently al-
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tered during cardiac remodeling [48]. In a study using

microarray analysis, Van den Bosch and collaborators

observed a down-regulation of FAO, TCA and

OXPHOS genes 48 h after thoracic aortic constriction

in mice. One week after surgery, these genes were

slightly upregulated and returned to baseline at later

stages, suggesting a transitory phase before the estab-

lishment of mitochondrial biogenesis adaptations.

These data suggest a close matching between cellular

growth and mitochondrial biogenesis during compen-

sated cardiac hypertrophy.

In parallel, it is generally accepted that the hyper-

trophied heart shifts from lipid to glucose utilization,

in accordance with a decrease in PPAR� nuclear con-

tent [27, 28]. However, the generalization of the meta-

bolic shift as an obligatory adaptive response in hy-

pertrophy has recently been challenged [6, 9] and may

differ depending on the stimuli [16].

Mitochondrial biogenesis in heart failure

When compensatory mechanisms are exceeded, or,

when the pathological stimulus occurs rapidly, cardiac

function deteriorates and shifts towards heart failure.

Heart failure is a chronic syndrome in which the heart

is unable to satisfy the metabolic and functional needs

of the body.

Regarding energy metabolism and mitochondrial

biogenesis studies, there seems to be a consensus. Mi-

tochondrial function is dramatically altered either in

failing hearts of the dog [31, 41], rodent [8, 13, 17,

18] and human [34, 42].

This dysfunction has been explained by a down-

regulation of genes controlling mitochondrial bio-

genesis. Indeed, decreased cardiac PGC-1� expres-

sion was first reported in an experimental model of

heart failure induced by thoracic aortic constriction

[13] and subsequently in numerous models of heart

failure, such as experimental myocardial infarction

[21, 46], aortic constriction [54], SHHF rats [52] and

recently in human dilated cardiomyopathy and ischemic

disease [40]. Moreover, down-regulation of NRFs and

mtTFA and their downstream targets (citrate synthase

and cytochrome c oxidase) was also reported [13, 17,

18, 21, 40], showing a down-regulation of the whole

mitochondrial transcription cascade in heart failure.

Interestingly, a sex-dependent difference was observed

in mice after TAC, with thirty five genes controlling

mitochondrial proteins, including PGC-1�, being

more affected in males than females [54]. Moreover,

these alterations are also present in skeletal muscle [7,

13], suggesting a generalized metabolic myopathy in

this disease.

In parallel to altered mitochondrial biogenesis, the

failing heart also exhibits a decrease in PPAR� con-

tent, correlated with FAO gene down-regulation and

reduced fatty acid utilization [38, 40]. These altera-

tions in fatty acid metabolism seem to occur in ad-

vanced or end-stage heart failure, but not in early

stages of the disease where normal (or slightly ele-

vated) rates of fatty acid oxidation were measured [4].

These disorders suggest that the failing heart be-

comes unable to maintain normal mitochondrial func-

tion due to down-regulation of the transcriptional path-

way controlling mitochondrial biogenesis. Moreover,

it appears that these events correlate with cardiac dys-

function and subsequently to heart failure progres-

sion.

Conclusion

Mitochondrial biogenesis appears to play an impor-

tant role in cardiac pathophysiology (Fig. 2). Indeed,

because there is no excess of oxidative capacity in

cardiac muscle, mitochondrial content has to adapt
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Fig. 2. Mitochondrial biogenesis in the normal, hypertrophied and
failing heart. The transcriptional co-activator of peroxisome-prolife-
rator-activated-receptor (PPAR) gamma (PGC-1�) regulates mito-
chondrial biogenesis and controls mitochondrial content in the nor-
mal heart. During compensated hypertrophy, PGC-1� expression
levels are maintained and mitochondrial biogenesis is increased in
proportion to the increase in cell size. In heart failure, PGC-1� is
down-regulated and oxidative capacity is reduced, leading to energy
starvation and cardiac dysfunction



according to the cellular growth to meet the cell’s re-

quirements.

In response to physiological stimuli such as exer-

cise, mitochondrial biogenesis appears to be propor-

tional to cardiac hypertrophy, or even increased, in or-

der to maintain or improve cardiac metabolism and

function.

Even though mitochondrial biogenesis modifica-

tions remain unclear in pathological models of hyper-

trophy (and this is certainly due to the variety of the

models), it seems that compensated hypertrophy is

characterized by a parallel change of cardiac mass and

mitochondrial content and function. However, de-

pending on the model of hypertrophy, several authors

described a decrease in mitochondrial content which

can be transitory, occurring during the first steps of

cardiac growth, before the establishment of mitochon-

drial adaptations [48].

The differences observed between models of hy-

pertrophy can be explained by the nature of the stimu-

lus (exercise or hypertension), its intensity, its dura-

tion (intermittent or continuous) and the neuro-hor-

monal status (growth factor, catecholamines, thyroid

state or renin-angiotensin-aldosterone system). These

signals could trigger distinct signaling pathways re-

sponsible for different mitochondrial adaptations.

During progression to heart failure, these adaptive

mechanisms seem to become insufficient to maintain

oxidative metabolism and cardiac performance. De-

creased mitochondrial biogenesis and oxidative ca-

pacity represent a hallmark of the failing heart. In this

respect, energy metabolism and cardiac biogenesis are

of therapeutic interest. The upstream role of PGC-1�

in the control of all mitochondrial biogenesis compo-

nents could be an interesting target. However, much

work remains to be done regarding the understanding

of the transcriptional and post-translational control of

PGC-1� in order to be able to stimulate mitochondrial

biogenesis and restore cardiac energy metabolism in

pathologic situations.
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