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1. ABSTRACT 
 
 In the last years, nitric oxide synthases (NOS) 
have been localized in mitochondria. At this site, NO yield 
directly regulates the activity of cytochrome oxidase, O(2) 
uptake and the production of reactive oxygen species. 
Recent studies showed that translocated neuronal nitric 
oxide synthase (nNOS) is posttranslationally modified 
including phosphorylation at Ser 1412 (in mice) and 
myristoylation in an internal residue. Different studies 
confirm that modified nNOS alpha is the main modulable 
isoform in mitochondria.  Modulation of mtNOS was 
observed in different situations, like adaptation to reduced 
O(2) availability and hypoxia, adaptation to low 
environmental temperature, and processes linked to life and 
death by effects on kinases and transcription factors. We 
present here evidence about the role of mtNOS in the 
analyzed conditions.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 
 Since 1996 different investigators proposed an 
association of nitric oxide synthase (NOS) with 
mitochondria. Early, Bates et al found endothelial NOS 
(eNOS) in mitochondria by immunoelectron microscopy 
(1). Later, two groups found NOS activity in the inner 
mitocondrial membrane (2,3), a fact reproduced in 
numerous studies (4-7). However, others could not detect 
NOS existence in the organelles (8,9) and therefore, some 
criticism emerged based upon the idea of contamination of 
isolated organelles with the cytosol canonical enzymes. 
This interpretation does not however rule out the notion 
about mitochondrial NOS (mtNOS), as shown by several 
related findings.  It is clear that NOS is a low abundance 
protein in mitochondria; moreover, NOS is highly 
hydrophobic and results to be integrated in the lipophilic 
inner membrane; in some tissues, disruption of protein-
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protein and lipid-protein interactions may be required to 
detect mtNOS. Furthermore, we and others described the 
effects of NO on heme and copper centers of cytochrome 
oxidase (COX) which produces a reversible inhibition of 
electron transfer to O2 (10,11). In the physiological setting, 
matrix NO ranges between 20 and 100 nM, an steady-state 
concentration capable of inhibiting COX activity and O2 
uptake by 10-30 %.  Association of NO to COX proceeds 
with a very fast reaction rate in the 108 M.s-1 order (12), 
while dissociation is a relatively slower reaction (0.004 s-1). 
In addition, NO effects include proportional production of 
superoxide anion (O2

-) to react with NO producing 
peroxynitrite (ONOO-) and to clear NO reversing the COX 
inhibition.  It is then surmised that high mitochondrial NOS 
content conducts to NO excess and to high production of 
harmful ONOO- oxidant. Boczkowski et al showed that 
diaphragm muscle inducible NOS (iNOS) induction in 
endotoxemia leads to endogenous ONOO- production and 
mitochondrial protein nitration (13). In addition, deficit of 
NOS-binding dystrophin in heart of mdx mice induces loss 
of nNOS retention and translocation to mitochondria (5), 
probably contributing to energy deficit and to cardiac 
failure in muscle dystrophy. On the contrary, deficit of 
mtNOS and low production of reactive oxygen species 
could be a platform to sustain uncontrolled proliferative 
behavior in mice lung and mammary tumors (14); since NO 
stimulates mitochondriogenesis, low NO concentration 
impedes an increase of the number of mitochondria and of 
hydrogen peroxide (H2O2) levels characteristic of quiescent 
adult stage (15).  
 
 These findings proposed us a strict modulation of 
nNOS. As exposed in this chapter, mtNOS has to be 
carefully adjusted to evoke different responses with 
enormous significance in the course of life and death. The 
control of O2 uptake is a mechanism to adapt ATP 
synthesis to demand and the efficiency of muscle 
contraction but also a signal for proliferation and for 
kinases activation or inactivation. The adjustment of 
mtNOS content makes necessary to observe its 
mitochondrial effects in a particular physiological situation 
and specially, out of stable conditions or with a challenge, 
like development, differentiation, hypoxia or cold 
environment.  
 
 
3. nNOS TRANSLOCATION TO MITOCHONDRIA: 
THE mtNOS  
 
 It is now clear that mtNOS is nNOS alpha 
translocated to mitochondria with co –or posttranslational 
modifications. Elfering et al (16) demonstrated that mtNOS 
is myristoylated at the N-termini domain by an ester bond 
(not by classic glycine-NH2 in an amide bond) as detected 
by mass spectrometry of fatty acids extracted from pure 
mtNOS with and organic solvent; differently to eNOS, 
mtNOS should not be palmitoylated. Usually, 
myristoylation indicates a targeting signal to subcellular 
structures, and could increase hydrophobicity and the 
attachment to the internal membrane and finally, its 
increased translocation to mitochondria. Instead, eNOS 
could be simultaneously acylated by myristic and palmitic 

acids through N-linkage. The findings could explain a 
different subcellular traffic of canonical NOS in cells. It is 
our feeling, that as shown by Bates et al (1) and Gao et al 
(17), wild type or mutated eNOS may be attached to 
mitochondrial outer membrane but hardly reaches the inner 
one. Likewise, we reported that iNOS attaches to 
mitochondria and accumulates in the intermembrane space, 
which suggest a differential contribution of mitochondrial 
translocon pathways.  
 
 In addition, MALDI-TOF studies performed by 
Elfering et al (16) showed mtNOS phosphorylation at C-
termini. Similarly to eNOS, phosphorylation of Ser1412 at 
an protein kinase B (Akt) motif is a prominent feature of 
mice mtNOS and could therefore be linked to its 
mitochondrial import; previous studies reported the 
absolute requirement of phosphorylation for import of 
CYP2E1 (18), a phylogenetic ancestry of NOS with 
homology with their reductase domain (19).  Since nNOS 
has no presequence for mitochondrial import, it is likely 
that internal hydrophobic motifs determine the traffic to the 
organelles in the same fashion that the electron transfer 
components of the inner membrane (20). Interestingly, 
once NOS is translocated to the inner membrane, it could 
interact with redox components of the electron transfer 
chain. We recently reported that mtNOS interacts with 
complex I proteins, according to our immunoprecipitation 
studies (21) and Persechini et al reported that mtNOS 
interacts with cytochrome oxidase through PDZ domains 
(22), this latter finding confirmed by ourselves in rat liver.  
 
 In addition, nNOS translocation depends on its 
interaction with cytosol-retaining enzymes. As mentioned, 
binding to dystrophin by PDZ domains is an important 
mechanism of stabilization of nNOS in skeletal muscle and 
heart (5). Although not defined yet, a role of heat shock 
protein (HSP) 90 and 70 as chaperones is expected in the 
control of NOS subcellular traffic; HSP90 is tightly bound 
to nNOS and increases its activity (23). It is then concluded 
that physiological or pathological modulation of nNOS 
translocation could involve a myriad of steps like 
myrystoyl transferases activities, Akt phosphorylation, 
PI3K activation, or expression of chaperones (Figure 1).  
 
4. ADAPTATION TO O2 LEVELS 
 
 Considering the regulatory properties of NO on 
O2 uptake, a role of mitochondrial NO in energy 
conservative mechanisms is expected. In isolated 
mitochondria inhibited by L-NMMA and in absence of NO, 
O2 uptake depends exclusively on available [ADP], [O2] 
and [substrates]. In this condition, O2 uptake is sustained up 
to very low [O2] which means high mitochondrial oxidation 
at any available [O2] (the all-or -nothing paradigm, ref. 24); 
likewise, this situation has some metabolic disadvantages: 
a) uncontrolled O2 uptake rapidly decreases available O2 
and contributes to anoxia; b) efficiency of contractile 
tissues, like muscle or heart, represented by developed 
work to utilized O2 is very low (25); and c) a maximal rate 
of O2 uptake is associated to high uncontrolled production 
rates of O2

- and H2O2 (2% of O2 uptake is driven to 
formation of reactive oxygen species; ref. 26) contributing
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Figure 1. Scheme of the modulation of nNOS translocation 
to mitochondria.  
 
to excessive protein and lipid oxidation. The presence of 
nNOS within mitochondria assures a continuous NO flux to 
the matrix. Moreover, although NO is as diffusible as O2, 
cytosol eNOS or nNOS act intermittently in response to 
Ca2+ pulses elicited by autacoids or synaptic mediators; 
hence, inhibition of O2 uptake is transient though probably 
adapted to adjust this variable to specific purposes, like 
modifying the neural resting potential and synaptic 
transmission. At same demands but in the presence of NO 
and in order to the respective association constants, 
physiologic COX activity and O2 uptake are achieved at 
5000 nM [O2] and 20 nM [NO]; a ratio = 250 determines 
10-20% inhibition of O2 uptake and, inverse variations of 
[O2] and [NO] further increase or decrease O2 uptake, in 
accord to cell requirements (26). 
 
 The mtNOS-dependent modulation of O2 uptake 
could be important in the distribution of blood flow. Many 
years ago, we suggested that NO yielding allows 
prolonging O2 gradient stepwise to distal circulation (27). 
In accord, some works recently reported that .NO modifies 
the signaling consequences of hypoxia (28). During 
hypoxia, NO participates in the inhibition of mitochondrial 
respiration and promotes O2 redistribution to the 
neighboring cells with stabilization of hypoxia-inducible 
factor 1-alpha (HIF) through a prolyl hydroxylase-
dependent degradation. Recently, .NO has also shown long-
term effects, leading to biogenesis of functionally active 
mitochondria in addition to its oxygen sensing function 
(29). Moreover, in hypoxic conditions .NO-dependent 
decrease of oxygen consumption is enhanced by mtNOS 
activity through the existence of higher Ca2+ levels in the 
matrix (30). 
 
 During hypobaric hypoxia, rat heart mtNOS 
participates in about 56% of total cellular .NO production; 
Valdez et al reported that mtNOS expression is selectively 
regulated by O2 availability (31). At high altitude, 
myocardial mtNOS activity is selectively increased, while 
neither heart cytosolic eNOS, nor liver mtNOS were 
affected. Heart mtNOS activity exhibited a linear 
relationship with hematocrit at high altitude and it was 
suggested that it triggered a physiological and tissue 

specific adaptive response that upregulated heart mtNOS 
activity (32).  
 

The actual evidences suggest us that .NO 
produces a sort of “Robin Hood effect” that saves oxygen 
in “rich cells” close to the circulatory bed while brings O2 
to the “poor cells” placed remotely from blood supply. This 
mechanism seems to be particularly useful in disturbances 
of O2 delivery, like ischemia or shock with subsequent 
tissue reperfusion. In the hypoxia-reoxygenation 
conditions, accumulated NO in intact rat heart 
mitochondria inhibits O2 consumption and ATP synthesis 
and, at physiological free Ca2+ concentrations, it protects 
mitochondria from secondary damage (33). 
 
5. ADAPTATION TO ENVIRONMENT 
 
 In homeotherms, cold exposure to low ambient 
temperature is a stressful event requiring autonomic, 
circulatory and metabolic responses to overcome a life-
threatening situation. In humans, the physiological 
responses to cold include changes of energy expenditure, 
heat production and dissipation, physical activity, and 
appetite (34). In rodents, the critical defense mechanisms 
include: shivering, activation of the sympathetic system 
(35) followed by development of brown adipose tissue 
(36), increased activity of mitochondrial uncouplers 
(UCPs) (37) and suppression of white fat leptin production 
(38). Abruptly exposed to cold, animals increase O2 uptake 
and basal metabolic rate (BMR) for some weeks (34) but in 
some species, a marked lowering of O2 uptake is observed 
during hibernation or torpor (39); it is here reminded that 
other conservative mechanisms like body insulation 
through accumulation of adipose mass contribute to cold 
tolerance. Considering that .NO modulates mitochondrial 
O2 uptake and energy levels, we analyzed in a previous 
study the effects of cold exposition on expression and 
activity of liver and skeletal muscle mtNOS of rats living at 
4°C during 30 days and the impact on BMR (40). Two 
periods were delimited during cold exposure: the first 
period extended from days one to ten, and was associated 
to high systemic O2 uptake and weight loss and the second 
one, from days 10 to 30, with lowering of O2 uptake and 
increasing fat deposition. In accordance, activity and 
expression of mtNOS diminished throughout the first week, 
but thereafter increased significantly by 60-100% in liver 
and skeletal muscle. Following NO, mitochondrial O2 
uptake remained initially high in the presence of l-arginine 
(mtNOS substrate) while further it resulted inhibited by 30-
50%. We therefore proposed that, during rat cold 
acclimation, sequential modulation of mtNOS participated 
in the adaptive responses, initially favoring calorigenic, and 
thereafter the conservative energy-saving mechanisms.  
 
 Cold modulated translocation of NOS to 
mitochondria and, in consequence, the .NO matrix 
concentration (40) in  liver and skeletal muscle that account 
for 45% of body mass and represent about 35-40% of total 
basal metabolic rate (41); it is noteworthy that matrix .NO  
participates in the modulation and distribution of total 
BMR (4) and that, .NO-dependent positive or negative 
variations of O2 uptake are a consequence of the amount of 
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mtNOS operating at the mitochondrial level (4, 42). In the 
cold, the mitochondrial response to arginine paralleled the 
modulation of mtNOS, and liver and muscle mtNOS 
expression and activity shifted directly opposite to systemic 
O2 uptake. The results suggest that mtNOS activity is 
critical for total basal metabolic rate and energy 
expenditure throughout cold acclimation. Calorigenic 
effects of different uncouplers like UCP-2, and UCP-3 
could be operating early and could counteract the NO 
inhibiting effects on mitochondrial respiration. 
Accordingly, Giulivi et al, reported a marked decrease of 
liver mtNOS activity during mitochondrial uncoupling (3). 
It is then imaginable that NO and UCPs would interplay in 
mitochondria and that UCPs activity demand the 
concurrent participation of mtNOS. Though hypothetically 
we can conjecture that mtNOS expression could be 
influenced by UCP genes, it was perplexing that UCP-1 
ablated mice are sensitive to cold but not obese (43).  
 

The calculated contribution of liver plus muscle 
to the basal metabolic rate in the acclimation period 
dropped from 40% to 25%; if we assume that 
approximately 1.5 moles ATP per animal could be saved 
and considering that 7 moles of ATP per mol of 
synthesized triglyceride are required (41) they could be 
shifted onto fat deposition and weight gain in cold 
adaptation. Therefore, mtNOS-dependent inhibition of 
mitochondrial oxidative metabolism allowed a fraction of 
non-oxidized reduction equivalents to be mostly directed to 
fat synthesis, critical for thermal insulation and energy 
reserve. In cold acclimation, body adaptation was mainly 
powered by mtNOS-synthesized NO, avoiding an 
expensive energy fuel utilization to maintain isolation. On 
the other hand, regulation of O2 uptake by NO could be 
important in those entities associated to an imbalance 
between energy intake and expenditure, like obesity (44), 
diabetes or hypertension (45, 46).  
 
6. ENDOCRINE REGULATION 
 
 Different hormones participate in the regulation 
and balance of energy expenditure and conservation. 
Classically, it is accepted that thyroid hormones are 
important in the modulation of O2 uptake. Many years ago, 
Sestoft indicated that increased BMR in hyperthyroidism 
may be accounted by the use of chemical energy for 
metabolic processes and work, and that major contributors 
are the heart work and futile cycling of free fatty acids into 
triglyceride in adipose tissue, whereas the maintenance of 
Na+ and K+ concentration gradients across the plasma 
membranes (main ATP utilization route) are unlikely to 
play any significant role (47). In this way, different 
investigators suggested that thyroid-dependent excessive 
O2 uptake and heat production was a consequence of 
mitochondrial uncoupling of oxidative phosphorylation and 
of excessive H+ leak. In addition, others reported a 
transcriptional increase of electron transfer components, as 
cytochrome oxidase and ATPase that have the major 
weight on the control of electron transfer rates; direct 
effects of thyroid hormones and iodothyronines should 
participate in fast non-genomic variations of mitochondrial 
O2 utilization (48). In the same way, low O2 uptake in 

hypothyroidism should be dependent on a decrease of  
mitochondrial cytochromes content and of cardiolipin 
required for a proper assembly of  the respiratory enzymes 
(49).  However, although direct or transcriptional effects 
have considerable impact on oxidative metabolism, it is not 
defined how thyroid set the body metabolic rate. 
Considering NO effects on O2 utilization, we analyzed the 
effects of thyroid status on mtNOS content (21).  
Interestingly, at low 3,3´,5 triiodothyronine (T3) level 
nNOS mRNA increased by three-fold and nNOS resulted 
translocated to mitochondria with concomitant increase of  
activity. Two effects emerged from NOS confinement. 
First, decreased O2 uptake was more sensitive to L-arginine 
and to NOS inhibitor NG monomethyl L-arginine (L-
NMMA) indicating the modulation of O2 uptake by 
mtNOS. Second, high matrix NO conducted to high O2

- and 
H2O2 yields and to formation of peroxynitrite; in turn, 
complex I proteins resulted nitrated and a markedly 
reduced rate of electron transfer to ubiquinol acceptor was 
appreciated at that level. Complex I derangement was 
completely reverted by previous administration of Nω-nitro 
-L-arginine methyl esther (L-NAME) to the hypothyroid 
rats, as well as the activation of antiproliferating kinases. 
On these bases, it is concluded that most of O2 uptake 
inhibition in hypothyroidism is the consequence of 
Complex I inhibition by translocated nNOS. It is interesting 
that lack of T3 stimulates nNOS gene which suggest the 
existence of a tonic gene inhibition relying on effects of T3 
receptor dimers on the transcriptional machinery.  
 
7. mtNOS MODULATION IN DEVELOPMENT 
 
 Normal cell proliferation requires growth factors, 
which lead to orderly activation of regulatory proteins that 
control the transition through G1 phase of the cell cycle. 
After cells progress through the late G1 restriction point, 
they can proceed through the cell cycle, even in the absence 
of mitogens (50). In the adult animal, hepatocytes are 
highly differentiated and perform numerous essential 
metabolic functions while fetal hepatocytes proliferate 
vigorously but lack most mature liver functions. In normal 
liver, hepatocytes rarely undergo cell division, yet they 
retain a stem cell-like ability to proliferate in response to 
injuries that reduce functional hepatic mass, a feature that 
distinguishes them from other types of differentiated 
parenchymal cells. The proliferation and differentiation of 
hepatocytes are regulated by various external signals, such 
as hormones, cytokines, extracellular matrix, and cell-cell 
contacts (51).  Hydrogen peroxide and the consequent 
oxidative stress level play an important role in the 
activation of signaling molecules which control the 
complex machinery involved in cell proliferation, 
differentiation, apoptosis and senescence (52). Cyclin D1 is 
implicated in the control of G1 phase progression in 
hepatocytes and other proliferating cell types, and its 
expression is positively regulated by the extracellular 
signal-regulated kinase (ERK) pathway and antagonized by 
stress-activated p38 mitogen-activated protein kinase 
(MAPK) cascade (53). During liver development, cyclin 
D1 content is inversely related to p38 MAPK activity, 
which in turn may be regulated by reactive oxygen species 
(54) and NO (55). 
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Figure 2. Scheme of the  mechanism of the transition of proliferating to quiescent stages during liver development. 
 
 In this context, we have observed that during rat 
liver development, modulation of mtNOS and subsequent 
redox changes regulate mitogen activated protein kinase 
cascades and cell cycle regulatory proteins in the sequence 
of proliferating to quiescent cell stages (Figure 2) (15). 
Proliferating phenotypes seen in late embryonic stages 
(E17-E19) and perinatal days (P2-4) are characterized by 
very low levels of mtNOS activity and expression, with a 
resulting NO-dependent H2O2 steady-state concentration of 
10-11 to 10-12 M, a high expression of cyclin D1 
accompanied by high ERK1/2 and low p38 MAPK 
activities. On the contrary, quiescent phenotypes (postnatal 
days 15, 30-90) present an opposite pattern with NO-
dependent H2O2 steady-state concentration of about 10-9 M. 
Interestingly, at the day of birth (E21), where there is a 
proliferation arrest, NO and H2O2 production are similar to 
the quiescent phenotypes, with the concomitant modulation 
of the MAPK cascades and cyclin D1. These differences 
are enhanced by the lower mitochondrial number per gram 
of liver tissue in proliferating tissues and are paralleled to 
lower respiratory complex and antioxidant enzyme 
activities. 
 
 Moreover, isolated hepatocyte proliferation rate 
may be modulated by changes in NO and H2O2 steady-state 

concentrations with NOS inhibitors (L-NAME) or H2O2 
scavengers (glutathione, N-acetyl-cysteine), or by MAPK 
inhibitors or stimulators like U0126 (MEK inhibitor), 
SB202190 (p38 inhibitor) or anisomycin (p38 activator); 
suggesting that hepatocyte proliferation is related to a fine 
tuning of H2O2 level in the different developmental stages.  
 

In this way, the synchronized increase of 
mitochondrial activities, mtNOS, and [H2O2]ss operates on 
the balance of signaling pathways to drive the transition 
from proliferation to quiescence in rat liver development. 
  
8. BRAIN SYNAPTIC PLASTICITY 
 
 Neural development and maturation proceed in 
different pre and postnatal phases.  During embriogenesis, 
brain development is characterized by intense proliferation 
that is almost arrested before delivery. Neurons and glial 
cells migrate to cortex and brain, cerebellar and stem 
nucleus. At the end of pregnancy and during the first 10-15 
days after delivery, neonates exhibit an intense activity of 
neuritogenesis and synaptogenesis in the structural synaptic 
plasticity period where the neural network is configured. 
This process involves both neurite growing and the 
development of specific synaptic connections and apoptosis 



Mitochondrial nitric-oxide synthase modulation   

1046 

of neurons that failed to connect adequately to other 
neurons and thus to integrate the network.  Some authors 
considered ROS and H2O2 as a specific diffusible signaling 
molecules that modulate Ca2+ stores and the activity of 
protein phosphatases (56). These molecules also 
participates in dynamic plasticity, like learning and 
memory and are implicated in aging irrespectively of the 
existence of Alzheimer disease. Moreover, nNOS is also 
involved in synaptic plasticity and regulation of synapses 
(57), particularly the excitatory ones (58). In accordance, 
continuous administration of NOS inhibitors induced 
severe alterations of synaptic plasticity and memory in rats 
(59). 
 
 Considering that mtNOS modulates the 
mitochondrial release of oxygen and nitrogen reactive 
species, we previously studied the time-course of this 
enzyme during rat brain development (6). Immunological 
and functional observations are indicative of a 
developmental modulation of the brain mtNOS variant, a 
144 kDa nNOS protein localized in the inner membrane. In 
this sense, mtNOS is highly expressed and active in the late 
stages of fetal development and during the first postnatal 
days followed by a decreased expression in the adult brain. 
Concomitantly, classic cytosolic nNOS was poorly detected 
in embryos or immediately after birth, and its expression 
increased sharply after postanatal day P6. This study 
established a link between NO metabolism and the 
generation of reactive oxygen species by mitochondria 
during development and a similar temporal pattern of brain 
mtNOS and Mn superoxide dismutase. The sequential 
activation of mitochondrial and cytosolic isoforms of 
nNOS and superoxide dismutase in the brain might play a 
role in synaptogenesis and synaptic remodeling that follows 
proliferation arrest. In support of this notion, mtNOS 
activity persisted until day 15 in the cerebellum in 
accordance with a longer period of proliferation and 
plasticity respect to brain. The fine modulation of brain 144 
kDa mtNOS and mitochondrial reactive oxygen species 
during the perinatal period suggests an essential role of NO 
in the chronological phases of brain maturation and 
synaptic plasticity.  
 
9. CONCLUDING REMARKS 
 
 In the modulation of the mechanisms by which 
nNOS is translocated to mitochondria relies the marked 
effects of mtNOS on energy conservation and life 
processes. Although some investigations proposed that 
mtNOS is almost undetectable, catalytic production of NO 
in a small compartment like mitochondria demands a finely 
adjusted enzyme content to avoid the edge between 
physiology and tissue damage. In this condition, 
mitochondrial translocation and activation of nNOS 
involves a multiplicity of functions like adapting O2 
delivery to O2 uptake, the control of the production of 
reactive oxygen species, the modulation of signaling 
pathways for proliferation, differentiation or apoptosis, and 
the maturation of brain anatomy and functions. The 
connection of NO and mitochondria in mammals is an 
evolutionary pathway since bacteria, plants and 
invertebrates utilize it for different purposes like 

denitrification (Paracoccus denitrificans) or light emission 
(firefly). 
 
10. AKNOWLEDGMENTS 
 
 This study has been supported by research grants 
of the National Agency for Scientific and Technological 
Promotion (PICT 2000/08468, PICT 2003/14199), 
University of Buenos Aires (M063), National Council of 
Scientific and Technical Investigation (CONICET), and 
Fundación Perez Companc, Buenos Aires, Argentina. 
 
11. REFERENCES 
 
1. Bates T E, A. Loesch, G. Burnstock & J. B. Clark: 
Immunocytochemical evidence for a mitochondrially 
located nitric oxide synthase in brain and liver. Biochem 
Biophys Res Commun 213, 896-900 (1995) 
2. Ghafourifar P & C. Richter: Nitric oxide synthase 
activity in mitochondria. FEBS Lett 418, 291-6(1997) 
3. Giulivi C, J. J. Poderoso & A. Boveris: Production of 
nitric oxide by mitochondria. J Biol Chem 273, 11038-43 
(1998) 
4. Carreras M C, J. G. Peralta, D. P. Converso, P. V. 
Finocchietto, I. Rebagliati, A. A. Zaninovich & J. J. 
Poderoso: Modulation of liver mitochondrial NOS is 
implicated in thyroid-dependent regulation of O(2) uptake. 
Am J Physiol Heart Circ Physiol 281, H2282-8 (2001) 
5. Kanai A J, L. L. Pearce, P. R. Clemens, L. A. Birder, M. 
M. VanBibber, S. Y. Choi, W. C. de Groat & J. Peterson: 
Identification of a neuronal nitric oxide synthase in isolated 
cardiac mitochondria using electrochemical detection. Proc 
Natl Acad Sci U S A 98, 14126-31 (2001) 
6. Riobo N A, M. Melani, N. Sanjuan, M. L. Fiszman, M. 
C. Gravielle, M. C. Carreras, E. Cadenas & J. J. Poderoso: 
The modulation of mitochondrial nitric-oxide synthase 
activity in rat brain development. J Biol Chem 277, 42447-
55 (2002) 
7. Boveris A, L. B. Valdez, S. Alvarez, T. Zaobornyj, A. D. 
Boveris & A. Navarro: Kidney mitochondrial nitric oxide 
synthase. Antioxid Redox Signal 5, 265-71 (2003) 
8. Lacza Z, J. A. Snipes, J. Zhang, E. M. Horvath, J. P. 
Figueroa, C. Szabo & D. W. Busija: Mitochondrial nitric 
oxide synthase is not eNOS, nNOS or iNOS. Free Radic 
Biol Med 35, 1217-28 (2003) 
9. Tay Y M, K. S. Lim, F. S. Sheu, A. Jenner, M. 
Whiteman, K. P. Wong & B. Halliwell: Do mitochondria 
make nitric oxide? no? Free Radic Res 38, 591-9 (2004) 
10. Cleeter M W, J. M. Cooper, V. M. Darley-Usmar, S. 
Moncada & A. H. Schapira: Reversible inhibition of 
cytochrome c oxidase, the terminal enzyme of the 
mitochondrial respiratory chain, by nitric oxide. 
Implications for neurodegenerative diseases. FEBS Lett 
345, 50-4 (1994) 
11. Brown G C & C. E. Cooper: Nanomolar concentrations 
of nitric oxide reversibly inhibit synaptosomal respiration 
by competing with oxygen at cytochrome oxidase. FEBS 
Lett 356, 295-8 (1994) 
12. Cooper C E: Nitric oxide and cytochrome oxidase: 
substrate, inhibitor or effector? Trends Biochem Sci 27, 33-
9 (2002) 



Mitochondrial nitric-oxide synthase modulation   

1047 

13. Boczkowski J, C. Lisdero, S. Lanone, M.C. Carreras, 
A. Boveris, M. Aubier & J.J. Poderoso: Endogenous 
peroxynitrite mediates mitochondrial dysfunction in rat 
diaphragm during endotoxemia. FASEB Journal 13, 1637-
646 (1999) 
14. Galli S, M. I. Labato, E. Bal de Kier Joffe, M. C. 
Carreras & J. J. Poderoso: Decreased mitochondrial nitric 
oxide synthase activity and hydrogen peroxide relate 
persistent tumoral proliferation to embryonic behavior. 
Cancer Res 63, 6370-7 (2003) 
15. Carreras M C, D. P. Converso, A. S. Lorenti, M. 
Barbich, D. M. Levisman, A. Jaitovich, V. G. Antico 
Arciuch, S. Galli & J. J. Poderoso: Mitochondrial nitric 
oxide synthase drives redox signals for proliferation and 
quiescence in rat liver development. Hepatology 40, 157-66 
(2004) 
16. Elfering S L, T. M. Sarkela & C. Giulivi: Biochemistry 
of mitochondrial nitric-oxide synthase. J Biol Chem 277, 
38079-86 (2002) 
17. Gao S, J. Chen, S. V. Brodsky, H. Huang, S. Adler, J. 
H. Lee, N. Dhadwal, L. Cohen-Gould, S. S. Gross & M. S. 
Goligorsky: Docking of endothelial nitric oxide synthase 
(eNOS) to the mitochondrial outer membrane: a pentabasic 
amino acid sequence in the autoinhibitory domain of eNOS 
targets a proteinase K-cleavable peptide on the cytoplasmic 
face of mitochondria. J Biol Chem 279, 15968-74 (2004) 
18. Robin M A, H.K. Anandatheerthavarada, G. Biswas, 
N.B. Sepuri, D.M. Gordon, D. Pain & N.G. Avadhani:  
Bimodal targeting of microsomal CYP2E1 to mitochondria 
through activation of an N-terminal chimeric signal by 
cAMP-mediated phosphorylation. J Biol Chem 277, 40583-
93 (2002) 
19. Sessa W: The nitric oxide synthase family of proteins. J 
Vasc Res 31, 131-43 (1994) 
20. Chacinska A, N. Pfanner & C. Meisinger: How 
mitochondria import hydrophilic and hydrophobic proteins. 
Trends Cell Biol 12, 299-303 (2002) 
21. Franco M C, V. G. Antico-Arciuch, J. G. Peralta, S. 
Galli, D. Levisman, L. M. López, L. Romorini, J. J. 
Poderoso & M.C. Carreras:  Hypothyroid phenotype is 
contributed by mitochondrial complex I inactivation due to 
translocated neuronal nitric-oxide synthase. J Biol Chem 
281, 4779-86 (2006) 
22. Persichini T, V. Mazzone, F. Polticelli, S. Moreno, G. 
Venturini, E. Clementi & M. Colasanti: Mitochondrial type 
I nitric oxide synthase physically interacts with cytochrome 
c oxidase. Neurosci Lett 384, 254-9 (2005) 
23. Song Y, J.L. Zweier & Y. Xia: Determination of the 
enhancing action of HSP90 on neuronal nitric oxide 
synthase by EPR spectroscopy. Am J Physiol Cell Physiol 
281, C1819-24 (2001) 
24. Boveris A & J J Poderoso: Regulation of oxygen 
metabolism by nitric oxide. In: Nitric Oxide: Biology and 
Pathobiology. Ed: Louis J. Ignarro, Academic Press, San 
Diego, CA. 355-68. (2000) 
25. Hare J & J. Stamler: NO redox desequilibrium in the 
failing heart and cardiovascular system. J Clin Invest 115, 509-
17 (2005) 
26. Boveris A, L.E. Costa,  J. J. Poderoso, M. C. Carreras & E. 
Cadenas: Regulation of mitochondrial respiration by oxygen 
and nitric oxide. Ann N Y Acad Sci 899, 121-135 (2000) 

27. Poderoso J J, M. C. Carreras, C. Lisdero, N. Riobó, F. 
Schöpfer, & A. Boveris: Nitric oxide inhibits electron 
transfer and increases superoxide radical production in rat 
heart mitochondria and submitochondrial particles. Arch 
Biochem Biophys 328, 85-92 (1996) 
28. Hagen T, C. T. Taylor, F. Lam & S. Moncada: 
Redistribution of intracellular oxygen in hypoxia by nitric 
oxide: effect on HIF1 alpha. Science 302, 1975-8 (2003) 
29. Clementi E & E. Nisoli: Nitric oxide and mitochondrial 
biogénesis: A key to long term regulation of cellular 
metabolism. Comp Biochem Physiol A Mol Integr Physiol 
142, 102-10 (2005) 
30. Solien J, V. Haynes & C. Giulivi: Different 
requirements of calcium for oxoglutarate dehydrogenase 
and mitochondrial nitric oxide synthase under hypoxia: 
Impact on the regulation of mitochondrial oxygen 
consumption.Comp Biochem Physiol 142, 111-7 (2005) 
31. Valdez L B, T. Zaobornyj, S. Alvarez, J. Bustamante, 
L. E. Costa & A. Boveris: Heart mitochondrial nitric oxide 
synthase. Effects of hypoxia and aging. Mol Aspects Med 
25, 49-59 (2004) 
32. Gonzales G F, F. A. Chung, S. Miranda, L. B. Valdez, 
T. Zaobornyj, J. Bustamante & A. Boveris: Heart 
mitochondrial nitric oxide synthase is upregulated in male 
rats exposed to high altitude (4,340 m). Am J Physiol Heart 
Circ Physiol 288, H2568-73 (2005) 
33. Saavedra-Molina A, J. Ramírez-Emiliano, M. 
Clemente–Guerrero, V. Perez-Vazquez, L. Aguilera-
Aguirre & J. C. Gonzalez-Hernández: Mitochondrial nitric 
oxide inhibits ATP synthesis. Effect of free calcium in rat 
heart. 
Amino Acids 24, 95-102 (2003) 
34. Lowel B B & B. M. Spiegelman: Towards a molecular 
understanding of adaptive thermogenesis. Nature 404, 652-
60 (2000) 
35. Rayner D V & P. Trayhurn: Regulation of leptin 
production: sympathetic nervous system interactions. J Mol 
Med 79, 8-20 (2001) 
36. Guardiola-Diaz H M, S. Rehnmark, N. Usuda, T. 
Albrektsen, D. Feltkamp, J. A. Guftafsson & S. E. Alexson: 
Rat peroxisome proliferator-activated receptors and brown 
adipose tissue function during cold acclimatization. J Biol 
Chem 274, 23368-77 (1999) 
37. Golozoboubova V, E. Hohtola, A. Matthias, A. 
Jacobsson, B. Cannon & J. Nedergaard: Only UCP1 can 
mediate adaptive nonshivering thermogenesis in the cold. 
FASEB J 11, 2048-50 (2001) 
38. Bing C, H. M. Frankish, L. Pickavance, Q. Wang, D. F. C. 
Hopkiins, M. J. Stock & G. Williams: Hyperphagia in cold-
exposed rats is accompanied by decreased plasma leptin but 
unchanged hypothalamic NPY. Am J Physiol (Regulatory 
Integrative Comp.Physiol) 27443, R62-8 (1998) 
39. Gavrilova O, L. León, B. Marcus-Samuels, M. M .Mason, 
A. L. Castle, S. Refeto, C. Vinson & M. L. Reitman: Torpor in 
mice is induced by both leptin-dependent and independent 
mechanisms. Proc Natl Acad Sci 96, 14623-8 (1999) 
40. Peralta J G, P. V. Finocchietto, D. Converso, F. Schopfer, 
M. C. Carreras & J. J. Poderoso: Modulation of mitochondrial 
nitric oxide synthase and energy expenditure in rats during 
cold acclimation. Am J Physiol Heart Circ Physiol 284, 
H2375-83 (2003) 



Mitochondrial nitric-oxide synthase modulation   

1048 

41. Elía M: Organ and tissue contribution to metabolic rate. 
In Energy metabolism: Tissue determinants and cellular 
corollaries. Raven Press, NY. 61-79. (1992) 
42. Giulivi C: Functional implications of nitric oxide 
produced by mitochondria in mitochondrial metabolism. 
Biochem J 332, 673–9 (1998) 
43. Enerback S, A. Jacobsson, E. M. Simpson, C. Guerra, 
H. Yamashita, M. E. Harper & L. Kozak: Mice lacking 
mitochondrial uncoupling protein are cold-sensitive but not 
obese. Nature 387, 90-4 (1997) 
44. Spiegelman B M & J. S. Flier: Obesity and the 
regulation of energy balance. Cell 104, 531-43 (2001) 
45. Zhao G, X. Zhang, X. Xu, M. S. Wolin & T. H. Hintze: 
Depressed modulation of oxygen consumption by 
endogenous nitric oxide in cardiac muscle from diabetic 
dogs. Am J Physiol (Heart Circ Physiol) 279, H520-27 
(2000) 
46. Zhu Z, S. Zhu, J. Zhu, M. van der Griet & M. Tepel: 
Endothelial dysfunction in cold induced hypertensive rats. 
Am J Hypertension  15, 176-80 (2002) 
47. Sestoft L: Metabolic aspects of the calorigenic effect of 
thyroid hormone in mammals. Clin Endocrinol 13, 489-506 
(1980) 
48. Goglia F, E. Silvestre & A. Lanni: Thyroid hormones 
and mitochondria. Biosci Rep 22, 17-32 (2002) 
49. Paradies G, G. Petrosillo & F.M. Ruggiero:  
Cardiolipin-dependent decrease of cytochrome c oxidase 
activity in heart mitochondria from hypothyroid rats. 
Biochim Biophys Acta 1319, 5-8 (1997) 
50. Pardee A B: G1 events and regulation of cell 
proliferation. Science 246, 603–8 (1989) 
51. Matsui T, T. Kinoshita, T. Hirano, T. Yolota & A. 
Miyajima: STAT3 down-regulates the expression of cyclin 
D during liver development. J Biol Chem 277, 36167-73 
(2002) 
52. Huang P, L. Feng, E.A. Oldham, M.J. Keating & W. 
Plunkett: Superoxide dismutase as a target for the selective 
killing of cancer cells. Nature 407, 390-5 (2000) 
53. Lavoie J N, G. L’Allemain, A. Brunet, R. Müller & J. 
Pousségur: Cyclin D1 expression is regulated positively by 
the p42/p44MAPK and negatively by the p38/HOGMAPK 
pathway. J Biol Chem 271, 20608-16 (1996) 
54. Kurata S: Selective activation of p38 MAPK cascade 
and mitotic arrest caused by low level oxidative stress. J 
Biol Chem 275, 23413-6 (2000) 
55. Tanner F C, P. Meier, H. Greutert, C. Champion, E.G. 
Nabel & T.F Lüscher: Nitric oxide modulates expression of 
cell cycle regulatory proteins. A cytostatic strategy for 
inhibition of human vascular smooth muscle cell 
proliferation. Circulation 101, 1982-9 (2000) 
56. Kamsler A & M. Segal: Hydrogen peroxide as a 
difussible signal molecule in synaptic plasticity. Molec 
Neurobio, 29, 167-78 (2004) 
57. Lores-Arnaiz S, G. D’Amico, N. Paglia, M. 
Arismemndi, N. Basso & M.R. Lores-Arnaiz: Enriched 
environment, nitroc oxide production and synaptic 
plasticity prevent the aging-dependent impairment of 
cognitive function. Mol Aspects Med 25, 91-101 (2004) 
58. Scannevin R H & R. L. Huganir: Postsynaptic 
organization and regulation of excitatory synapses. Nature 
Rev Neurosci 1, 133-41 (2000) 

59. Bohme G A, C. Bon, M. Lemaire, M. Reibaud, O. Piot, 
J. M. Stutzmann, A. Doble & J. C. Blanchard: Altered 
synaptic plasticity and memory formation in nitric oxide 
synthase inhibitor-treated rats. Proc Natl Acad Sci U S A 
90, 91-4 (1993) 

 
Key Words: Mitochondria, Nitric Oxide, mtNOS, 
Modulation, Peroxynitrite, Hydrogen Peroxide, MAPK, 
Development, Thyroid, O2 uptake, Review 
 
Send correspondence to: Professor María Cecilia 
Carreras, Laboratory of Oxygen Metabolism and 
Departamento de Bioquímica Clínica, University Hospital, 
University of Buenos Aires, Córdoba 2351. 1120 Buenos 
Aires, Argentina Tel: 54-11-59508811, Fax: 54-11-
59508811, E-mail: ccarreras@hospitaldeclinicas.uba.ar 
 
http://www.bioscience.org/current/vol12.htm 
 
 
 


