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Amino Acids and Mitochondrial Biogenesis

Enzo Nisoli, MD, PhD,a,b,* Valeria Cozzi, PhD,c and Michele O. Carruba, MD, PhDa,b

Mitochondria are sources of energy production through their role in producing
adenosine triphosphate for cell metabolism. Defective mitochondrial biogenesis and
function play relevant roles in the pathophysiology of relevant diseases, including
obesity, diabetes mellitus, myopathies, and neurodegenerative diseases. Their func-
tion is the product of synthesis of macromolecules within the mitochondria and
import of proteins and lipids synthesized outside the organelles. Both are required for
mitochondrial proliferation and may also facilitate the growth of preexisting mito-
chondria. Recent evidence indicates that these events are regulated in a complex way
by several agonists and environmental conditions, through activation of specific
signaling pathways and transcription factors. Nitric oxide (NO) appears to be a novel
modulator of mitochondrial biogenesis. High levels of NO acutely inhibit cell respi-
ration by binding to cytochrome c oxidase. Conversely, chronic, low-grade increases
of NO stimulate mitochondrial biogenesis in diverse cell types. Here, we suggest that
some types of nutrients, including specific mixtures of amino acids, may improve
mitochondrial biogenesis and energy production in energy-defective conditions by
increasing endothelial NO synthase expression. © 2008 Elsevier Inc. All rights

reserved. (Am J Cardiol 2008;101[suppl]:22E–25E)
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itochondria first captured the attention of cell physiolo-
ists some 50 years ago. The elucidation of their role in
nergy production—the passing of electrons along the series
f respiratory enzyme complexes in the inner mitochondrial
embrane, and the ensuing buildup of a transmembrane

roton gradient that drives adenosine triphosphate (ATP)
ynthase—is among the most fascinating enterprises in the
istory of science. Recent evidence suggests that this pro-
ess occurs in organelles that are not static. Mitochondria
re in constant movement within cells, and numerous fu-
ion/fission events can take place. These are accompanied
y variations in mitochondrial size, number, and mass that
re triggered by a variety of physiologic stimuli and differ-
ntiation states. Indeed, �1,000 genes and � 20% of cel-
ular proteins are involved, and a complex regulatory net-
ork,1,2 including factors such as the transcription factor
eroxisome proliferator-activated receptor�� coactiva-
or-1� (PGC-1�), nuclear respiratory factors (NRF-1 and
RF-2), and mitochondrial DNA transcription factor A

Tfam), coordinates their behavior.2 Recently, NO has been
ound to affect different mitochondrial functions. NO plays
ssential roles in the modulation of vascular tone,3 neuro-
ransmission,4,5 and the immune system.6,7 Generated by a
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amily of NO synthases (NOS), NO binds to soluble gua-
ylyl cyclase and to the mitochondrial cytochrome c oxi-
ase and thus activates cellular signaling cascades. NO
nteracts with soluble guanylyl cyclase allosterically to in-
rease cyclic guanosine monophosphate concentrations,
eading to cyclic guanosine monophosphate�dependent re-
ponses recently reviewed elsewhere.8 Binding of NO with
ytochrome c oxidase decreases its affinity for oxygen, thus
ffecting mitochondrial electron flux and ATP synthesis.9

he interaction of NO with cytochrome c oxidase may also
ave pathophysiologic implications that are only now be-
inning to be understood.

itric Oxide as a Regulator of Mitochondrial
iogenesis and Function

O is synthesized from L-arginine and oxygen by NOS in
lmost all mammalian cells.10,11 To date, 3 distinct cellular
soforms of NOS have been identified: the endothelial and
euronal isoforms are regulated by second messengers; in-
ucible NOS is induced by cytokines and bacterial products.
ll 3 isoforms can be regulated by transcriptional and post-

ranscriptional mechanisms and are constitutively expressed
n certain tissues.10,11 Moreover, a mitochondrial NOS iso-
orm has been described as a constitutive protein of the
itochondrial inner membrane that generates NO in a
a2�-dependent reaction,12 even if its existence has been
oubted by others.13 It is notable that endothelial NOS
eNOS) is attached to the outer mitochondrial membrane in
eurons and endothelial cells,14,15 indicating that mitochon-
ria may regulate NOS activity and, conversely, that endo-

helial NOS (eNOS) may regulate mitochondrial function.
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NO may act on mitochondria at several levels. Because it
egulates blood flow to tissues, it supplies respiratory sub-
trates to mitochondria and redistributes heat generated by
espiring mitochondria indirectly; it regulates the binding to
nd release of oxygen from hemoglobin,16 and thus the
upply of oxygen to mitochondria directly. NO also regu-
ates mitochondrial function by binding to cytochrome c
xidase, the terminal enzyme in the electron-transport
hain. It competes with oxygen, inhibiting the activity of the
nzyme,17–19 and thus negatively regulates mitochondrial
xidative phosphorylation, particularly at the low oxygen
oncentrations usually found in tissues.20

Moreover, treatment of various cells with NO donors
ncreases their mitochondrial DNA content, and this is sen-
itive to removal of NO by the NO scavenger oxyhemoglo-
in.21 This effect occurs through increased expression of
GC-1� (the principal regulator of mitochondrial biogene-
is), NRF-1, NRF-2, and Tfam2 (Figure 1). It depends on the
econdary messenger cyclic guanosine monophosphate

igure 1. Different stimuli, including activation of the sympathetic nervous
nduce cyclic guanosine monophosphate (cGMP) production through an in
uscle. Mitochondrial genes involved in mitochondrial biogenesis are up

unction with adenosine triphosphate (ATP) production. NO � nitric oxi
ctivated receptor–� coactivator-1�; SIRT1 � sirtuin-1; Tfam � mitocho
hrough which NO frequently acts. Such NO-dependent t
itochondrial biogenesis occurs in numerous cell types and
s not restricted to a specific cell lineage or species.21,22 An
mportant aspect of this effect is that it generates func-
ionally active mitochondria capable of generating ATP
hrough oxidative phosphorylation.22 The significance of
his profound change in energy metabolism remains to be
nvestigated. However, mitochondrial activity is known
o play critical roles in various processes, such as the
witch of skeletal muscle fibers from glycolytic to oxi-
ative metabolism,23 and the regeneration of cardiac and
keletal muscles.24,25

efective Nitric Oxide System and Mitochondrial
iogenesis Lead to Metabolic Disorders

tudies of eNOS�/� mice have demonstrated an obligatory
ole of endothelial NOS in mitochondrial biogenesis. Brown
at from these mice is functionally inactive, and exposure of

physical activity, caloric restriction, and amino acid supplementation may
in endothelial nitric oxide synthase (eNOS) levels in skeletal and cardiac
ed as a consequence, leading to increased mitochondrial biogenesis and
F-1 � nuclear respiratory factor-1; PGC-1� � peroxisome proliferator-
NA transcription factor A.
system,
crease
regulat
de; NR
he animals to cold blunts mitochondrial biogenesis and,
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nlike in wild-type animals, results in a steep decline in core
emperature.21 In addition, deletion of endothelial NOS is
ufficient to reduce mitochondrial mass even in tissues that
ave basal expression levels of neuronal NOS, and possibly
nducible NOS, such as the brain, liver, muscle, and heart.

The importance of NO as a mitochondrial biogenetic
timulus has broad implications for pathology. Impairment
f mitochondrial function is associated with neurodegenera-
ive diseases, neuromuscular disorders, liver and heart fail-
re, and type 2 diabetes.24,26–29 The potential role of NO in
iabetes and obesity is particularly relevant. In eNOS�/�

ice, oxygen consumption (an indicator of metabolic rate)
s decreased, indicating impaired brown fat–dependent ther-
ogenesis. In genetic models of obesity, defective energy

xpenditure is linked to increased food intake and body
eight gain. Compared with wild-type mice, eNOS�/�

ice exhibit similar levels of food consumption, but have
reater body weight. Their increased body weight could be
wing to higher feed efficiency (ie, weight gain/food intake)
aused by defective energy expenditure.21 Therefore, gen-
rating new metabolically active mitochondria might be an
pproach to treatment of disorders in which impaired energy
xpenditure is evident.

Interestingly, a large number of studies during the last 70
ears have demonstrated that caloric restriction, without
alnutrition, is the only approach that extends life span in

umerous organisms, from yeast to rodents and possibly
rimates. In mammals, caloric restriction delays the onset of
ge-associated diseases, including cancer, atherosclerosis,
nd diabetes. We have recently provided evidence that ca-
oric restriction induces eNOS and cyclic guanosine mono-
hosphate, and that the resulting surge of NO activates
xpression of a broad array of mitochondrial proteins, in-
reases production of mitochondrial DNA, with higher res-
iration and ATP levels, in different tissues and organs,
ncluding white and brown fat, brain, liver, and heart.30

On the other hand, malnutrition and cachexia may induce
itochondrial deficits. In fact, common micronutrient defi-

iencies accelerate mitochondrial decay. For example, heme
iosynthesis occurs predominantly in the mitochondria. In-
erference with heme synthesis causes specific loss of com-
lex IV of the mitochondrial respiratory chain, with conse-
uent release of oxidants.31 Moreover, iron deficiency (note
hat 25% of menstruating women in the United States ingest

50% of the recommended daily allowance of iron) also
auses release of oxidants and mitochondrial decay.32

itamin B6 deficiency (10% of Americans ingest �50%
f the recommended daily allowance of this nutrient) also
an cause heme deficiency. The consequences appear to
e accelerated aging and neural decay. Finally, a defi-
iency of vitamins B12, B6, B9 (folic acid), B3 (niacin), C,
r E, or inadequate intake of iron or zinc, appears to
imic radiation in damaging DNA by causing single- and

ouble-strand breaks, oxidative lesions, or both, with

itochondrial deficit.33
mino Acids and Nitric Oxide Production

ith regard to stimulation of synthesis of endogenous NO,
y use of a substrate for NOS, L-arginine seems important.
ntriguingly, whether exogenous L-arginine promotes endo-
helial synthesis of NO, reverses endothelial dysfunction,
nd therefore improves the clinical status of all patients is
till uncertain. Dietary supplementation with L-arginine,
hich increases serum NO concentration and PGC-1� expres-

ion in white adipose tissue, has been shown to reduce fat mass
n Zucker diabetic Fatty rats 4–10 weeks after the treatment
nitiation compared with control rats.34 Preliminary results
eem to suggest that a specific mixture of amino acid (AA)
upplements may increase endothelial NOS expression and
O production, leading to improvement of the mitochon-
rial biogenesis and function that are defective in several
issues, including fat and skeletal and cardiac muscle, of aged
12-month-old) male mice (E. Nisoli and M. O. Carruba, un-
ublished results, 2007) (Figure 1).

onclusion

efective mitochondrial biogenesis and function play rele-
ant roles in the pathophysiology of relevant diseases, in-
luding obesity, diabetes, myopathies, and neurodegenera-
ive diseases. Our results imply that oral supplementation
ith a specific mixture of AAs may be an alternative ap-
roach to be investigated for treatment of metabolic syn-
rome and prevention of the cardiovascular risk in aging.
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