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Mitochondria are specialized organelles that control energy
metabolism and also activate a multiplicity of pathways that
modulate cell proliferation and mitochondrial biogenesis or,
conversely, promote cell arrest and programmed cell death by a
limited number of oxidative or nitrative reactions. Nitric oxide
(NO) regulates oxygen uptake by reversible inhibition of
cytochrome oxidase and the production of superoxide anion
from the mitochondrial electron transfer chain. In this sense, NO
produced by mtNOS will set the oxygen uptake level and
contribute to oxidation-reduction reaction (redox)-dependent
cell signaling. Modulation of translocation and activation of
neuronal nitric oxide synthase (mtNOS activity) under different
physiologic or pathologic conditions represents an adaptive
response properly modulated to adjust mitochondria to different
cell challenges. Exp Biol Med 234:1020-1028, 2009
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Mitochondrial Nitric Oxide Synthase

Mitochondria are the central organelles in cell bioen-
ergetics. During the past 10 years, significant regulatory
effects of nitric oxide (NO) on mitochondrial respiration
became evident as resulting from its high-affinity binding to
cytochrome oxidase, the final electron acceptor of the
mitochondrial electron transfer chain (1-3). Synthesis of
NO from r-arginine and O, is catalyzed by nitric oxide
synthases (NOS) (4). There exist three canonical isoforms:
neuronal (nNOS) or type I, inducible (iNOS) or type II, and
endothelial (eNOS) or type III, and a significant number of
spliced and post-translationally modified variants.

The first reports of the presence of an NOS isoform in
mitochondria were from Bates et al., who demonstrated in
1995 the immunocytochemical localization of nitric oxide
synthase in nonsynaptosomal rat brain and liver mitochon-
dria (5). After that, several groups showed the functionality
of the enzyme present in rat liver mitochondria, its Ca*'-
dependency, its localization at the inner mitochondrial
membrane, and that mtNOS continuously controls mito-
chondrial respiration (6-9).

Because NOS isoforms are encoded by nuclear and not
by mitochondrial DNA, the mitochondrial variant emerged
as one of the canonical NOS synthesized in the cytosol and
afterward targeted to mitochondria.

Considering the complexity of the translocation process
and the submitochondrial localization of the translocated
protein in the different tissues, some controversies arose in
the past about the identity of the mitochondrial NOS. In this
way, some groups reported early the immunocytochemical

1020

Downloaded from http://ebm.rsmjournals.com/ at Albert Einstein College of Medicine on June 21, 2012


http://ebm.rsmjournals.com/

mTNOS AND CELL SIGNALING 1021

Cytosol Mitochondria Cyt  Mit
nNOS expression
P 160 kDa := - ‘
WB: anti-nNOS aa 1380-1429 144 kDa E - [ e - F
130 kDa —Jp- | § —
Brain Heart Muscle Brain Heart Muscle Liver Liver
NOS activity
pmoles Citrulline/min/mg prot) 15016 152 283 21+2 206 3715 306 35i5

Figure 1. mtNOS expression and activity in different rat tissues. Representative Western blot of cytosolic and mitochondrial proteins separated
by SDS/PAGE immunologically detected with an antibody directed to 1380—1429 C-terminal domain of nNOS o. Ca®-dependent NOS activity

was determined by [H]-L-citrulline assay.

localization of eNOS in the inner mitochondrial membrane
of rat brain, kidney, liver, and skeletal muscle (10, 11),
while others found nNOS (12-14) or iNOS (15) by
immunohistochemistry or Western blotting. Nevertheless,
recent evidence confirmed nNOS as the protein completely
incorporated to the inner membrane in a physiologic
context. In an important contribution, Giulivi and coworkers
(16) sequenced rat liver mtNOS and identified the enzyme
as an inner membrane integral protein and as the transcript
of nNOS, splice variant o, myristoylated and phosphory-
lated. Decisive evidence was provided by Kanai er al.
(2001) with the electrochemical determination of the Ca’'-
induced NO release from a single mouse heart mitochond-
rion, a process that was abolished in nNOS —/— knockout
(KO) mice (17). The nNOS KO mouse model utilized by the
authors consisted of deletion of exon 2 of the nNOS gene. In
this model, the nNOS o variant is not expressed, while the
other nNOS variants 3 and vy are present. Thus, the results
indicated that mtNOS in mouse heart was the product
encoded by the nNOS o gene. In this way, our current
studies emphasize the importance of the processing of PDZ
domain in nNOS translocation to mitochondria (18). This
processing should explain the differences observed between
cytosol and mitochondrial nNOS, after its translocation to
the inner mitochondrial membrane. In agreement, Riobd et
al. (2002) described an nNOS variant in rat brain with an
apparent molecular weight of 144 kDa, mainly located in
the inner mitochondrial membrane that is distinct from 157
kDa cytosolic nNOS (12). In this context, Carreras et al.
showed nNOS expression in rat gastrocnemius muscle
mitochondria with an apparent molecular weight of 159 kDa
(14); recently, Finocchietto et al. (2008) confirmed the
decrease of mtNOS expression and activity by direct
electroporation of nNOS siRNA in rat gastrocnemius
muscle (19). Thus, most evidence supports the notion that
mtNOS is mostly a variant of nNOS o that could be
subjected to post-translational modifications that lead to
different apparent molecular weights in the different cell
types and organs (Fig. 1).

In pathologic conditions, such as endotoxemia, we and
others have shown that iNOS can also be present in
mitochondria and contribute to mitochondrial damage
observed in experimental sepsis models (20, 21).

The mechanism of nNOS internalization into mitochon-
dria is still unknown. We have recently observed that
mtNOS is not detected in rat liver and brain mitochondria by
anti-nNOS antibodies against the N-terminal region (aa 1—
100, corresponding to the PDZ domain), while it is detected
by antibodies against internal and C-terminal domains (12,
18). These data suggest that the processing of cytosolic
nNOS isoform during the import to rat liver and brain
mitochondria requires the loss of the PDZ domain that could
account for the reduction of their apparent molecular
weight. Post-translational modifications like Akt-dependent
phosphorylation of Ser 1412 or acylation could regulate
nNOS import into mitochondria. Since nNOS has no N-
terminal presequence for mitochondrial import, it is likely
that internal hydrophobic motifs determine the traffic to the
organelles and that it may be related to the interaction with
cytosolic proteins like caveolin-1 and distrophyn, as well as
chaperones like Hsp90 and Hsp70. In this sense, Hsp90 is
tightly bound to nNOS, protects the enzyme from calpain
degradation (22), and could favor the interaction with Akt as
it has previously been reported for eNOS (23). In several rat
models (such as hypothyroidism, hyperthyroidism, and liver
development), Hsp90 expression is inversely related to
nNOS translocation into mitochondria (24). Similarly, intact
cardiomyocytes isolated from dystrophin-deficient (mdx)
mice are also deficient in cellular endothelial NOS, but
overexpress mtNOS (17).

However, some authors were not able to detect
expression or activity of mtNOS in rat or mice tissues
(25). This controversy may result from the precise
regulation of translocated nNOS content in different
adaptive conditions; mtNOS is low in embryos and
increases during postnatal development, hypothyroidism,
and aging, or at environmental changes like cold exposure
or low O, tension, and it is also modulated by several
hormones (8, 12, 15, 19, 26, 27).

Recently, it has been proposed that a mammalian
ortholog of ArNOS1 (a plant NOS gene) is one of candidates
of mtNOS. The mouse ortholog of At7NOS1 (mAtNOS1) is
localized in the inner mitochondrial membrane in fibroblast
cells (COS1) and several organs of embryonic mouse,
including the brain. However, the functions of mAtNOSI1
for mammalian cells remain largely unknown (28).
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The importance of mtNOS with respect to the other
sources of mitochondrial NO is that:

1. mtNOS operates at physiologic O, tension;

2. mtNOS modulates mitochondrial oxygen utilization
by NO flow directly driven to the electron transfer chain;

3. enzyme content is transcriptionally modulated by
nNOS gene or by post-translational changes;

4. depending on mitochondrial Ca*" content, mtNOS is
constitutively active, differing from other enzymatic or
nonenzymatic sources that provide a burst of NO;

5. clearance of mitochondrial NO is regulated by an
increase of mitochondrial superoxide anion stimulated by
NO itself;

6. mitochondrial NO signaling and NO-derived pro-
duction of oxygen species could depend on a continuous
increase of NO yield rather than on the NO boosted in
endothelium by autacoids or by stimulation of synaptic
NMDA receptors (29).

mtNOS and the Regulation of Oxygen Uptake

The mitochondrial respiratory chain is essential to
obtain energy from nutrients in the form of NADH and
FADH,, reducing O, to H,O and generating a membrane
potential across the inner mitochondrial membrane, which
drives the formation of ATP from ADP. ADP, O,, and more
recently NO, are considered to be the main regulators of this
process (30). NO reversible binds to Cu’"-B center of
cytochrome oxidase and inhibits electron transfer to O, and
respiration in rat skeletal muscle, liver, and heart mitochon-
dria (31-35). Similar effects were described in the perfused
rat heart (36). NO-dependent inhibition of O, uptake is
achieved at low and physiologic NO concentrations (20—40
nM); 50-100 nM NO inhibits by half cytochrome oxidase
activity. In addition, NO exerts its effects on other
mitochondrial components as well; at 0.3-0.5 pmol, NO
inhibits electron transfer between cytochromes b and c;;
moreover, as we reported for the first time, exposure of rat
liver or skeletal muscle mitochondria to NO markedly
increases the production rate of O,  and H,O, (36). At 20—
50 nM NO concentrations, most mitochondrial NO is
utilized in the formation of H,O, (33), relying on the
inhibition of cytochrome oxidase and complex III. At higher
NO concentrations, NO and derived-O,  react, and NO
utilization is mainly driven to ONOO™ formation, a
powerful oxidant and nitrating agent (37). Thus, high
mtNOS content conducts to NO excess and to high harmful
ONOO™ oxidant, and inhibits NADH dehydrogenase
activity at mitochondrial complex I by nitrosylation or
nitration, leading to reduced oxygen uptake, as it was
reported in hypothyroidism (24, 38), and it is a hallmark of
both experimental and clinical neurodegenerative diseases
like Parkinson disease (39).

The regulatory properties of mtNOS on O, uptake have
been explored by our group in different experimental
models. In hypothyroid rats, we reported an increased
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expression and activity of liver mtNOS that was completely
reverted by hormone replacement (24). The activity of
mtNOS correlated with both decreased systemic and
mitochondrial O, uptake that almost returned to control
values when the animals were treated with N®-nitro.L-
arginine (L-NAME) without affecting the thyroid status,
suggesting a relevant role of NO in the hypothyroid
phenotype (Fig. 2). In contrast, rats treated with thyroid
hormone presented lower mtNOS activity and higher
mitochondrial oxygen uptake. Similar changes were ob-
served by our group in rats acclimated to a cold environ-
ment; after a week of exposure to 4°C, liver and muscle
mtNOS increased, allowing high energy intake, which
favored the synthesis of fat insulation, to maintain the body
temperature (27).

Furthermore, Valdez et al. reported that heart mtNOS
expression was selectively regulated by O, availability in
hypobaric conditions and the activity was 20—60% higher in
hypoxic rats than in control animals, depending on age (15).

mtNOS and the Mitochondrial Generation of
Active Oxygen Species

In 1972, Boveris et al. reported that mitochondria
produce oxygen-active species by auto-oxidation of inter-
mediary ubisemiquinone, a transitional oxidation-reduction
reaction (redox) state of membrane ubiquinol (40). About 2—
3% of utilized O, undergoes reduction to one electron by
ubisemiquinone forming O, . The mechanistic basis for the
NO-induced formation of intramitochondrial O,  and
ONOO' includes three cooperative actions: (i) NO inhibits
cytochrome oxidase and increases the reduction levels of the
components of the electron transfer chain, including
ubiquinol and ubisemiquinone, on the substrate side of
cytochrome oxidase; and (ii) NO inhibits the electron
transfer chain in complex III at the cytochrome b-c; region
(2, 1), increasing the levels of ubisemiquinone which, on
auto-oxidation, reduces O, to O, ; and (c) NO reacts
directly with ubiquinol to produce nitroxyl anion and
ubisemiquinone (33, 36, 40, 41).

UQ™ 4+ 09— UQ+ 09~
(reaction 1)
UQH +NO — NO™ + UQH™
(reaction 2)
O~ +NO — ONOO™

(reaction 3)

0y~ + 0y~ + 20 2P Hy,0, + O,

(reaction 4)

Considering the rate constants of reaction 3 and 4 (2 X
10" M sec™! and 2.3 X 10° M~" sec™"), O, participation
in mitochondrial metabolism will depend on NO and Mn-
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Figure 2. mtNOS and the regulation of oxygen uptake. (A) Scheme of NO effects on mitochondrial oxygen uptake and reactive species
formation. (B) Representative Western blots of cytosolic and mitochondrial nNOS at different thyroid status. (C) Effect of the nNOS inhibitor N“-
nitro-L-arginine (.-NAME) in basal metabolic rate and complex | activity of hypothyroid rats. Hypothyroid group represents rats treated with
0.02% methimazole (w/v) in drinking water for 28 days and hypothyroid + L-NAME group represents rats treated with 0.75 mg/ml L-NAME in
drinking water in the last 21 days of methimazole treatment. Data are mean + SEM. * denotes P < 0.05 after one-way analysis of variance and
post hoc Dunnett test. This figure was reproduced in part from the article by Franco et al. in the Journal of Biological Chemistry 281:4779-4786

(24), with permission of the journal.

SOD concentrations, leading mostly to the formation of its
dismutation product H,O, at low NO levels (~80%), while
NO mostly decays by reaction 3, leading to ONOO™
formation. At higher NO levels, ONOO™~ formation
increases, leading to the nitration of proteins and lipids that
represent key biologically relevant redox signaling and
injury events (42). From this view, the modulation of the
activity of mtNOS and the resulting superoxide anion-
derived production, H,O,, and peroxynitrite yield partic-
ipate significantly in life processes. In the last decades,
cumulative evidence has shown that H,O, and the related
oxidative stress level play significant roles in the activation
of signaling pathways to control cell proliferation, differ-
entiation, apoptosis, and senescence. Furthermore, redox
status is clearly related to the activity of growth factors and
to cell transformation and cancer. Our underlying proposal
is that grading expression and activity of mtNOS and the
resultant matrix NO concentration modulates H,O, and
oxidative stress, mediating the transmission of many
intracellular signals, including those related to cell growth
and transformation or to apoptosis (43).

mtNOS, Redox State, and Cell Signaling

It has long been estimated that low levels of reactive
oxygen and nitrogen species can regulate the rate of
proliferation (44, 45). Most cells in adult tissues are
maintained in a quiescent state and reenter the cell cycle
and resume proliferation only in response to tissue injury or

to replace cells lost during normal tissue function (46). Cell
cycle transition from GO to Gl is mediated by cyclin-
dependent kinases that are regulated by redox-sensitive cell
signaling and gene expression cascades. In this context, the
modulation of reactive oxygen and nitrogen species levels
will determine signaling decisions between proliferation,
arrest, and apoptosis.

NO and H,O, are both involved in the modulation of
mitogen-activated protein kinases (MAPKs) and cyclin DI.
MAPKSs, including stress-activated protein kinase/c-Jun N-
terminal kinase (SAPK/JNK), p38 MAPK, and extracellular
signal-related kinases (ERK), are believed to be redox-
dependent biomolecules that modulate cell proliferation,
survival, and apoptosis (47). ERKs stimulate cell prolifer-
ation and induction of active cyclin D1 while p38 SAPK,
transcriptionally downregulates cyclin D1.

Proliferating mammalian cells have different responses
to oxidative stress level, likewise depending on the stress
level (48). During rat liver development, we observed that
the regulation of MAPK cascades was related to the
modulation of mtNOS and subsequent redox changes in
the sequence of proliferating to quiescent cell stages (Fig. 3)
(26). Proliferating phenotypes (corresponding to Embryonic
Days 17-19 and Postnatal Day 2) were characterized by
very low levels of mtNOS activity and expression (almost
not detectable by Western blot analysis), with a resulting
NO-dependent H,O, steady-state concentration ([H,O,]s)
of 107" to 107" M, and high cyclin DI expression
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Figure 3. mtNOS and cell signaling. Scheme of the mechanism of transition of proliferating to quiescence stages during rat liver development.
Inside the scheme, comparative mtNOS activity and H,O, steady-state concentration measurements and calculations from embryonic and adult
mitochondria are included with representative Western blots of liver homogenates with antibodies directed to phosphorylated MAPKs: ERK 1/2
and p38, and cyclin D1. E19 represents liver samples harvested from embryos at 19 days of development and P90 from adult rats (Postnatal

Day 90).

associated with high ERK 1/2 and low p38 MAPK
activities. In contrast, quiescent phenotypes presented an
opposite pattern with NO-dependent [H,0,] of ~107° M.
These differences are sustained by the lower mitochondrial
number per gram of liver tissue in proliferating tissues and
the paralleled lower content of respiratory complexes and
antioxidant enzyme activities.

Moreover, isolated hepatocyte proliferation rate may be
also modulated by NOS inhibitors and H,O, scavengers, or
by MAPK inhibitors or stimulators in cell cultures (26). In
this context, the synchronized increase of mitochondrial
activities, mtNOS, and [H,0,] operate on the balance of
signaling pathways to drive transition from proliferation to
quiescence in rat liver development (36). In accord, an
increase of mtNOS and [H,O,]s follows rat brain and
cerebellum development at the phase of synaptic plasticity
(12). The mitochondrial response is consistent with the
arrest of neuroblast proliferation and with apoptosis, the two
components of structural synaptic plasticity.

Differential effects of H,O, are also detected in
transformed cells. Our group reported increased prolifer-
ation in tumor lung cells PO7 and mammary LMM3 cell
lines at 1 pM H,0O,, whereas cells became arrested without
apoptosis at 50-100 pM H,0, (49); these effects were
abolished by coincubation with catalase inhibitor 3-amino-
1,2,4-triazole (ATZ). In addition, mtNOS expression is
reduced in some tumor cell lines, like M3 and MM3
mammary tumors, while in others, like PO7 lung tumor

cells, expression is high, but mtNOS-specific activity is
markedly lower than in normal tissues. Accordingly,
mitochondrial H,O, production was significantly lower
than control mitochondria as we have observed in
embryonic tissues. In this context, decreased mitochondrial
oxidative phosphorylation, defective tumor mtNOS, and
low NO-dependent H,O, may be a platform to link
persistent tumor growth to embryonic behavior.

A possible role of increased NO production by mtNOS
in the setting of the death program was reported in early rat
thymocyte apoptosis, associated with a loss of mitochon-
drial respiratory control and the release of cytochrome ¢
(50), and in mitochondria-dependent follicle apoptosis
during the ovarian cycle (51).

Pharmacologic induction of oxidative stress and
apoptosis by tamoxifen (an anticancer drug) has been
ascribed to increased mitochondrial Ca*" concentration and
concomitant mtNOS activation in rat liver and human breast
cancer MCF-7 cells (52). Moreover, arachidonic metabolite
12(S)-hydroxyeicosatetraenoic acid (12-HETE), which is
involved in pathologic conditions associated with mitochon-
dria and oxidative stress, induces mtNOS activation and
formation of peroxynitrite and subsequent cytochrome c¢
release and apoptosis (53). Similarly, photodynamic therapy
in combination with a photosensitizer results in a significant
increase in intracellular ROS, mtNOS activation, cyto-
chrome c release, and apoptotic death, attenuated by NO and
singlet oxygen scavengers (54).
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Figure 4. mtNOS and metabolic adaptation. (A) Representative Western blot of disrupted and normal mtNOS and mtNOS activities of
mitochondria isolated from right and left gastrocnemius of the same animal, 36 hrs after electroporation of, respectively, 10 png of siRNA nNOS or
empty pRNAT-U6.1/Neo vector to muscle. Insulin was administered at appropriate times. (B) Metabolic studies including oxygen uptake,
glucose oxidation to CO,, and glycogen synthesis were performed at the same conditions as in A. * P < 0.05 of treatments vs. controls or
between nNOS silenced and not-silenced muscles; ** P < 0.05 between different times of insulin administration. This figure was reproduced in
part from the article by Finocchietto et al. in PLoS ONE 3(3):e1749 (19), with permission of the author.

In this context, induction of apoptosis may require fine
biochemical interplay between oxygen and nitrogen species;
the mechanism could be important in the step control and
elimination of transformed cells (55).

Modulation of mtNOS by Hormones: Thyroid
Hormones and Insulin

Thyroid Hormones. Thyroid status is crucial for
energy homeostasis, and its physiologic role in growth and
cell differentiation has been extensively studied. Thyroid
hormone effects are exerted on mitochondria of specific
target tissues, like liver and skeletal muscle, while oxidative
metabolism of other organs, like brain, are not affected (56)
Thyroid hormones modulate respiratory functions at two
levels: (i) modifying mitochondrial inner membrane com-
position and permeability and (ii) influencing respiratory
gene expression. Thyroid status affects mitochondrial
cytochrome content. Particularly, cytochrome a-a; is
strongly regulated; in hypothyroidism, it is decreased by
80%, whereas in hyperthyroidism, it is increased by 130%
(57). Changes in properties and composition of mitochon-
drial membranes, particularly in cardiolipin content, lead to
variations of redox enzyme activities (58, 59) and in proton
leak (60).

Considering NO effects on O, uptake, we analyzed the
effects of thyroid status on mtNOS content (8, 24). At low
levels of 3,3',5 triiodothyronine (T3) in hypothyroidism,

nNOS mRNA increased by threefold and nNOS trans-
location to mitochondria was favored with concomitant
increase of mtNOS expression and activity.

Two main effects emerged by the mitochondrial
confinement of nNOS in hypothyroidism. First, decreased
mitochondrial O, consumption was more sensitive to L-Arg
and to the NOS inhibitor N monomethyl L-arginine (L-
NMMA), indicating the modulation of O, uptake by
mtNOS. Second, high matrix NO resulted in high O, and
H,O, yields and to formation of peroxynitrite. Mitochon-
drial redox contribution to the activation of MAPK cascades
was also confirmed in the hypothyroid model. Low Ts-
dependent mtNOS activation resulted in high oxidant
production (H,O, and peroxynitrite) with concomitant
activation of p38MAPK and inactivation of ERK 1/2. As
shown before, this MAPK pattern is consistent with cell
cycle arrest and inhibition of cell proliferation, a hallmark of
hypothyroidism. A similar effect of an NOS inhibitor (N*-
nitro-L-arginine methyl esther, L-NAME) or T3 replacement
in tuning hypothyroid cell signaling back to control status
indicates that differential MAPK activation and cyclin D1
expression should not depend on thyroid hormone them-
selves, but on the relative production of mitochondrial NO,
hydrogen peroxide, and peroxynitrite, at the different T3
levels.

In addition, an extensive nitration of mitochondrial
complex I proteins in this model was associated with a
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markedly reduced rate of electron transfer to ubiquinol
acceptor, which contributes to perpetuating the process (33).
Complex I derangement and decreased basal metabolic rate
were reverted by previous administration of L-NAME to the
hypothyroid rats. These findings suggest that most O,
consumption inhibition in hypothyroidism is the conse-
quence of complex I inhibition by NO-ONOO™ over-
produced by increased translocated nNOS (mtNOS). It is
interesting that T3 deficiency stimulates nNOS gene
expression, which suggests the existence of a tonic gene
inhibition relying on the effects of T; receptor dimers on the
transcriptional machinery.

The notion that spatial confinement is essential to
nNOS signaling is supported here by differential modulation
of O, uptake and nNOS distribution, depending on thyroid
status; this notion could be extended to other cell-adaptive
responses.

Insulin Metabolic regulation is largely dependent on
mitochondria, which play an important role in energy
homeostasis by metabolizing nutrients and producing ATP
and heat. Genetic and environmental factors, including
exercise, diet, aging, and stress, affect both mitochondrial
function and insulin sensitivity. Importantly, mitochondrial
dysfunction has been associated with insulin resistance in
skeletal muscle, as well as in other tissues, including liver,
fat, heart, vessels, and pancreas.

It was recently reported that in the metabolic syndrome
with hyperinsulinemia, mitochondrial dysfunction facilitates
muscle fat accumulation (61) and accelerates its progres-
sion. Considering NO as a typical mitochondrial modulator,
we previously demonstrated that insulin-operated signaling
pathways modulate mitochondrial respiration via NO to
alternatively release complete glucose oxidation or to drive
glucose storage to glycogen. We confirmed that NO
produced by translocated nNOS (mtNOS) is the insulin-
signaling molecule that controls mitochondrial oxygen
utilization (19).

Accumulating evidence implicates the insulin-acti-
vated, phosphatidylinositol-3’-kinase (PI3K)—dependent
Ser/Thr Akt/protein kinase B (PKB) as a regulator of
glucose transport, glycolysis, and suppression of gluconeo-
genesis, cell survival, and cell-cycle progression (62). In
mice mitochondria, mtNOS is phosphorylated in an Akt-
sensitive domain at Ser'*'?. Recent reports suggest that
Aktl and Akt2 have distinct functions in cellular regulation
and metabolism, with Akt 2 performing an important
metabolic function (63). In this way, we confirmed that
insulin determines in sifu phosphorylation of mtNOS by
Akt2 with an hyperinsulinemic-normoglycemic noninvasive
clamp model, showing that this effect relies on p-Akt2—
selective phosphorylation of mitochondrial nNOS after the
kinase translocation to the organelles (19). A rapid trans-
location of p-Akt2 to the mitochondria and the consequent
phosphorylation of target GSK-30/B (64) by insulin-
phosphatidyl inositol 3-kinase (PI3K), resulting in nNOS
activation (+4-8 fold), without protein expression changes,
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high NO yield, and the concomitant decrease of mitochon-
drial oxygen uptake and resting metabolic rate (—25% to
—60%).

By disrupting mtNOS, the direct comparative electro-
poration of siRNA nNOS or empty vector on gastrocnemius
muscle in the legs of the same animal confirmed the in vivo
insulin metabolic effects leading to higher oxygen uptake
and complete glucose oxidation and restricted glycogen
synthesis by one half (Fig. 4). However, silencing nNOS
does not appear to modify glycogen synthetase activity or
muscle glucose uptake per se, and thus, the glycogen
synthesis rate is presumed to mainly rely on the availability
of substrate.

It is surmised that modulation of O, uptake by
mitochondrial NO serves a variety of biological purposes,
such as adjusting the oxidative rate to O, available or setting
up the energy threshold for cell proliferation or apoptosis.

Otherwise, persistent activation of mtNOS and increase
of mitochondrial NO likewise contribute to mitochondrial
damage. In this context, a number of different NO-based
mitochondrial mechanisms can contribute to insulin resis-
tance as well. First, a reduction in ATP levels due to
inhibition of electron transfer can restrict the phosphoryla-
tion of insulin receptor substances (IRS) and the trans-
location of GLUT4 to the cell membrane. Second,
accumulation of NADH due to NO-dependent complex I
inhibition (63) negatively modulates glyceraldehide-3—
phosphate dehydrogenase, citrate synthase, and o-ketoglu-
tarate dehydrogenase. Finally, increased muscle glycogen
and fat deposition can contribute per se to resistance and to
increased insulin requirements (64).

It is believed that mtNOS activation leads to insulin
resistance and mitochondrial dysfunction and represents a
common pathophysiologic etiology for many chronic
diseases.
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