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Abstract

Aims: Obesity arises on defective neuroendocrine pathways that increase energy intake and reduce mitochon-
drial metabolism. In the metabolic syndrome, mitochondrial dysfunction accomplishes defects in fatty acid
oxidation and reciprocal increase in triglyceride content with insulin resistance and hyperglycemia. Mitochon-
drial inhibition is attributed to reduced biogenesis, excessive fission, and low adipokine-AMP-activated protein
kinase (AMPK) level, but lateness of the respiratory chain contributes to perturbations. Considering that nitric
oxide (NO) binds cytochrome oxidase and inhibits respiration, we explored NO as a direct effector of mito-
chondrial dysfunction in the leptin-deficient ob/ob mice. Results: A remarkable three- to fourfold increase in
neuronal nitric oxide synthase (nNOS) expression and activity was detected by western blot, citrulline assay,
electronic and confocal microscopy, flow cytometry, and NO electrode sensor in mitochondria from ob/ob mice.
High NO reduced oxygen uptake in ob/ob mitochondria by inhibition of complex IV and nitration of complex I.
Low metabolic status restricted b-oxidation in obese mitochondria and displaced acetyl-CoA to fat synthesis;
instead, small interference RNA nNOS caused a phenotype change with fat reduction in ob/ob adipocytes.
Innovation: We evidenced that leptin increases mitochondrial respiration and fat utilization by potentially
inhibiting NO release. Accordingly, leptin administration to ob/ob mice prevented nNOS overexpression and
mitochondrial dysfunction in vivo and rescued leptin-dependent effects by matrix NO reduction, whereas leptin–
Ob-Rb disruption increased the formation of mitochondrial NO in control adipocytes. We demonstrated that in
ob/ob, hypoleptinemia is associated with critically low mitochondrial p-AMPK and that, oppositely to p-Akt2, p-
AMPK is a negative modulator of nNOS. Conclusion: Thereby, defective leptin–AMPK pathway links mito-
chondrial NO to obesity with complex I syndrome and dysfunctional mitochondria. Antioxid. Redox Signal. 15,
2395–2406.

Introduction

Obesity results from an imbalance between energy
intake and expenditure, and this imbalance has brought

about a pandemic responsible for increased morbidity and
mortality rates in western society (19).

Insulin resistance is an important feature of obesity and the
metabolic syndrome (MS). In these conditions, increased fatty
acids are mobilized from adipose tissue and ectopically accu-
mulated in liver, skeletal muscle, and b cells, resulting in dys-
regulated glucose metabolism, lipid induced insulin resistance,
inflammation, increased reactive oxygen species production,

and decrease in mitochondrial biogenesis. This phenotypic
expression is linked to inactivation of leptin–AMP-activated
protein kinase (AMPK) and p-AMPK-PCG1a pathways (43).

Innovation

Obesity is a severe pandemia associated with leptin
deficiency or resistance. It is shown here that leptin-
deficient obesity is contributed by high mitochondrial
nitric oxide synthase at low AMP-activated protein kinase
level with nitric oxide-induced adipose mitochondrial
dysfunction.
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Leptin regulates the balance of energy by stimulating
neuropeptide Y neurons to promote satiety; in addition, leptin
plays a peripheral role in increasing the metabolic rate and
energy consumption (11, 35). Leptin resistance is a prominent
feature in obese subjects with hypometabolism and also
characterizes MS; hyperleptinemia itself contributes to the
development of leptin resistance (26). A well-known model of
MS is the ob/ob mouse that carry a premature stop codon in
the Lep gene, which forms truncated mRNA and results in
inactive leptin; pure leptin deficiency is rare in humans (34).
Mitochondria in ob/ob mice have an abnormally high matrix
volume and fewer cristae than normal mouse mitochondria.
These characteristics are accompanied by reduced oxygen
uptake and adenosine triphosphate (ATP) production (2),
uncoupled oxidative phosphorylation, low mitochondrial
complex activity, and increased nitration-nitrosylation of
mitochondrial proteins (16, 17).

Nitric oxide (NO) is a typical modulator of oxidative
metabolism by reversibly inhibiting the Cu2 + -Fe center of
cytochrome oxidase (1, 4, 6) (Supplementary Fig. S1A; Sup-
plementary Data are available online at www.liebertonline
.com/ars). We have previously shown that NO inhibition in
mitochondria increases the mitochondrial production of su-
peroxide anion and hydrogen peroxide (41) to yield perox-
ynitrite (ONOO- ), a nitrating-nitrosylating compound resulting

from the direct reaction between NO and superoxide anion
(42, 44) (Supplementary Fig. S1). Additionally, we recently
reported that neuronal nitric oxide synthase (nNOS) translo-
cates into mitochondria (5, 8–10, 18) and that the resultant
mitochondrial nitric oxide synthase (mtNOS) is allosterically
and positively regulated in skeletal muscle by the mitochon-
drial insulin/p-Akt2 pathway (14). Therefore, in the present
study, we hypothesized that leptin deficiency and insulin
resistance induces mitochondrial dysfunction through mito-
chondrial NO excess that contributes to the general mecha-
nism of insufficient activation of the AMPK signaling
pathways and to obesity.

Results

High NO yield in ob/ob mitochondria

Considering NO inhibitory effects on mitochondrial respi-
ration (6, 41) and obese mitochondrial dysfunction as result-
ing from increased oxidative and nitrative damage (16), the
first step toward understanding the mechanisms of hypo-
leptinemia was to assess NO level in the ob/ob mice. A re-
markable increase in nNOS expression was detected here in
ob/ob epididymal white adipose tissue (WAT) (Fig. 1A). Using
quantitative real-time polymerase chain reaction (PCR), a
fourfold increase in nNOS gene transcriptional activity was

FIG. 1. Leptin deficiency induces high neuronal nitric oxide synthase (nNOS) and nitric oxide (NO) in ob/ob adipose
tissue. (A) Differential nNOS expression in white adipose tissue (WAT) from control C57BL/6 and ob/ob mice before and after
in vivo treatment with leptin; purified mitochondria were treated with 50 lg/ml proteinase K. Bars reflect densitometries in
arbitrary units (A.U.; mean – standard error of the mean [SEM], n = 6); *p < 0.05 versus control by analysis of variance and
Dunnett’s test. (B) Comparative nNOS mRNA expression was quantified by quantitative real-time–polymerase chain reaction
of adipocyte lysates; mean – SEM, n = 3, *p < 0.05 versus control. (C) Left: Immunoelectron microscopy of adipose tissue shows
intramitochondrial gold particles linked to a monoclonal anti-nNOS ab (1:400) in adipose ob/ob tissue; right, immune staining
show decrease of the signal in ob/ob treated with leptin. No signal was detected in absence of ab (not shown); bar = 400 nm. (D)
Modulation of mitochondrial NO by leptin is represented by flow-cytometric histograms in isolated and purified ob/ob
adipose organelles stained with 4-amino-5-methylamino-2¢,7¢-difluorofluorescin diacetate (DAF-FM); on the right, bars rep-
resent median peak fluorescence of the populations (mean – SEM, n = 5); *p < 0.05 versus control.
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detected, and the resultant nNOS protein was proportionally
distributed between the cytosol ( + 160%) and mitochondria
( + 270%), indicating active nNOS trafficking into the organ-
elles (13) (Fig. 1B, C); inducible NO synthase or endothelial
nitric oxide synthase (eNOS) was not detected. Administra-
tion of leptin to ob/ob mice in vivo for 4 days abrogated the
nNOS overexpression in WAT (Fig. 1A, B). Increased nNOS
trafficking in ob/ob mice was revealed by immune electron
microscopy of WAT and also it was reduced after leptin ad-
ministration (Fig. 1C). Translocated nNOS efficiently in-
creased matrix NO yield in the adipose tissue. According to
nNOS expression, flow cytometry analysis of isolated or-
ganelles stained with the NO indicator 4-amino-5-methyla-
mino-2¢,7¢-difluorofluorescin diacetate (DAF-FM) confirmed
higher steady-state NO concentrations in WAT of ob/ob re-
spect to wt mice ( + 200% – 24%, p < 0.0001), a result similarly
reverted by in vivo leptin administration (Fig. 1D).

To search for a link between fat content and mitochondrial
NO, we explored adipocytes with confocal microscopy.
Control C57BL/6 wt adipocytes exhibit discrete NO level in
peripherically distributed mitochondria. Instead, ob/ob adi-
pocytes had significant NO colocalization within marginal

mitochondria and increased cell volume because of high fat
accumulation (Fig. 2). We then challenged ob/ob adipocytes
with nNOS small interference RNA (siRNA); transfection was
*40% efficient and exhibited no intrinsic activity in ob/ob
adipocytes. nNOS expression was reduced by 60% with re-
spect to the empty vector. The loss of mitochondrial NO by the
silencing of nNOS resulted in a decrease in cell volume
(*27%) and fat content and in a more homogeneous mito-
chondrial distribution (see Supplementary Figures).

Increase of cytosol and, particularly, of mitochondrial NO
yield in ob/ob with respect to control samples was as well
detected by measuring nNOS activity ( + 2–3-fold in cytosol
and + 3–4-fold in mitochondria from adipose and liver tissues
respectively; Table 1). NO release by isolated liver mito-
chondria was also significantly higher in ob/ob mice than in
controls ( + 4-fold; Table 1).

In accord, high nNOS levels were also detected in non-
adipose tissue from ob/ob mice (Supplementary Fig. S2A, B), but
inducible NO synthase or eNOS was not found in mitochon-
dria (not shown). Comparatively, skeletal muscle and liver
mitochondria from ob/ob mice had less ex vivo NO than WAT
but still significantly more than controls (values as
mean – standard error of the mean [SEM]; WAT: + 250% – 22%;
skeletal muscle: + 131% – 14%; and liver: + 66% – 9%; n = 7;
p < 0.0001) (Fig. 3A); DAF fluorescence was almost abolished in
the ob/ob mitochondria after incubation with the NOS inhibitor
l-NG-methyl-l-arginine (l-NMMA), and fluorescence was not
detected in control organelles with substantially less mtNOS
activity, as detected by electron microscopy (Supplementary
Fig. S2B, C).

High NO is the cause of ob/ob mitochondrial dysfunction

To identify high matrix NO as an endpoint of mitochon-
drial dysfunction and obesity in leptin deficiency, we ex-
plored O2 uptake in ob/ob WAT and liver mitochondria in the

FIG. 2. Differential fat content correlates with mito-
chondrial NO steady-state concentration in the adipocyte
phenotypes. Adipocytes were obtained from fat pads with
collagenase. The images show confocal microscopic images
of isolated wt C57BJ/6 and ob/ob adipocytes stained with
Mitotracker and DAF-FM. In the right lane, the nNOS
knockdown in ob/ob adipocytes is shown. Ob/ob cells were
transfected with 10 lg nNOS small interference RNA (siR-
NA), and 24 h later, deficient adipocytes have lost NO and
fat. Images are representative of 2–3 experiments. Phase is
single channel gray color mode. White arrows, mitochondria;
white bar, 30 lm; F, fat.

Table 1. Production of Nitric Oxide in the ob/ob Mice

(A) NOS activitya

Adipose tissue Liver

Cytosol Mitochondria Cytosol Mitochondria

Control 38 – 3 73 – 1 47 – 2 37 – 3
ob/ob 69 – 1b 220 – 2c 117 – 5b 154 – 4c

aActivity was measured by the conversion of 3[H]l-arginine to
3[H]l-citrulline and expressed in pmol NO/(min$mg of protein).

bp < 0.02; cp < 0.001; n = 4.
NOS, nitric oxide synthase.

(B) Ex vivo nitric oxide release by isolated mitochondriaa

Liver

Mitochondria

Control 6 – 1
ob/ob 27 – 2b

aActivity was measured with the NO sensor ISONOP 3020 and
expressed in pmol NO/(min$mg of protein).

bp < 0.02; n = 3.
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presence of NOS substrate l-arginine (l-Arg) and NOS in-
hibitor l-NMMA (Fig. 3B). Effects of NO on mitochondrial
oxidative rate are approximately linear up to 0.6 lM NO (42).
In these conditions, the sum of percentage variations of O2

uptake with substrate and inhibitor reflects the NO steady-
state concentration (mtNOS functional activity index) (14).
mtNOS functional activity index was increased by one- to
fourfold in ob/ob mice, being proportional to tissue DAF
fluorescence in Figure 3A (in %; mean – SEM, WAT: controls
42 – 3 and ob/ob 160 – 12, n = 3; liver: controls 22 – 2 and ob/ob
53 – 4, n = 6, p < 0.05). In addition, we found that ob/ob mito-
chondrial complex I activity was reduced by 50%–75% in

WAT, muscle, and liver (Fig. 3C). Complex IV activity was
reduced by about the same magnitude, but only in the mito-
chondria from ob/ob WAT and muscle. Cytosolic nNOS may
as well contribute to nitration of mitochondrial complexes. It
is, however, noteworthy that in ob/ob, NO is preferently dri-
ven to mitochondria (Table 1).

A key point of this study is whether the excess of mito-
chondrial NO and ONOO - anion causes the dysfunction in
ob/ob mice (17) by the nitration of mitochondrial components
(44). We therefore tested whether the decrease in complex I
and IV activity in the absence of nNOS substrate or inhibitor
represents stable modifications of mitochondrial components
by nitrative stress in ob/ob mice (Supplementary Fig. S1).
Western blotting with an anti-3-nitrotyrosine antibody re-
vealed intense nitration at complex I in ob/ob mitochondria
from WAT, liver, and muscle (Fig. 3D).

The nitration of WAT complex I in ob/ob mice that is asso-
ciated with low complex I activity (the ‘‘complex I syndrome’’)
(5, 16) was almost completely prevented by prior leptin ad-
ministration (Fig. 4A). The maintenance of a normal electron
transfer rate by leptin is in agreement with the normalization
of basal metabolic rate of WAT in the ob/ob mice (Fig. 4B).
Complex I is made up of > 40 components, and the most ni-
trated components detected in ob/ob were the 75-kDa NDUFSI
and the 39-kDa NDUFA9, which facilitate electron transfer
from NADH to flavin adenine dinucleotide (Fig. 4C) (22).
Likewise, reestablishment of complex I by leptin modifies the
mitochondrial phenotype. Mitochondria from ob/ob mice are
larger and had fewer cristae than controls, and this phenotype
was reversed by leptin administration (Fig. 4D).

Leptin drives fatty acid metabolism through
mitochondrial NO

To identify a functional signal link between leptin and mi-
tochondrial NO, we knocked down the expression of the leptin
receptor in normal adipocytes by transfection with ObRb siR-
NA. ObRb-deficient adipocytes with leptin resistance became
enlarged and exhibited colocalization of NO with mitochon-
dria, and lipid-confluent vacuoles were similar to ob/ob cell
phenotype (Fig. 5A). Accordingly, leptin addition to adipo-
cytes abolished the NO signal and concomitantly reduced cell
lipid content. This fat reduction and the resulting cell shrinkage
(37) were similar to that obtained by silencing nNOS and were
accompanied by the relocation of mitochondria from the pe-
riphery to the center of the cells (Fig. 5A). Next, we compared
the effects of leptin and mitochondrial NO on fat metabolism in
the studied cells (Fig. 5B). Under basal conditions, 3[H]palmitic
acid uptake was similar between normal and ob/ob adipocytes;
however, uptake was augmented in control cells upon leptin
treatment. In addition, palmitic acid uptake was increased in
ob/ob adipocytes treated with leptin or transfected with nNOS
siRNA alone or in combination with leptin treatment (Fig. 5B).
The basal rate of palmitic oxidation was similar between con-
trol and ob/ob cells, thus revealing a marked reduction in the
rate of b-oxidation in the deficient adipocytes under conditions
of high fatty acid availability. Adipocytes expressing ObRb
siRNA and high NO had a reduced rate of palmitic acid oxi-
dation (10%–20% of the basal value) with or without leptin.
Conversely, nNOS deficiency and/or leptin administration
tripled the rate of palmitic oxidation in ob/ob adipocytes, thus
indicating the presence of a common mechanism for relieving

FIG. 3. High NO reduces oxygen uptake and nitrates ob/
ob mitochondria in metabolic tissues. (A) Flow-cytometric
histograms with mitochondria isolated and purified from
WAT muscle and liver stained with DAF-FM; bars represent
median peak fluorescence of the populations (mean – SEM,
n = 5); *p < 0.05 versus control. (B) State 3 O2 uptake of puri-
fied mitochondria from controls and ob/ob mice measured at
220 lM O2, with malate/glutamate and adenosine diphos-
phate (n = 3–8); inset shows liver measurements with leptin
treatment. (C) Electron transfer rate of mitochondrial com-
plexes was spectrophotometrically measured in submito-
chondrial particles. *p < 0.05 versus wt C57BL/6. (D) Nitrated
proteins in mitochondrial complexes isolated by electro-
phoresis from metabolically active tissues were identified
using an anti-3-nitrotyrosine antibody. *p < 0.05 versus wt
C57BL/6.
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the NO-dependent inhibition of b-oxidation. This inhibition
and the resultant nonoxidized acetyl-CoA were evidenced by a
concomitant increase in fatty acid synthesis by nNOS knock-
down or leptin treatment (Fig. 5B).

Leptin restored the glycemic control and increased the
metabolic rate of ob/ob mice (Supplementary Fig. S3A, B).
Administration of leptin or NOS inhibitor l-NGnitroarginine
methylester arginine (l-NAME) similarly interrupted the
weight gain of ob/ob mice: at the end of the experiment (12
days), the weight difference between untreated and treated
ob/ob mice was 23 – 2 g or *207 cal (9 cal/g), whereas the
difference in food intake was 34.6 – 3 g (3 cal/g) or 107 cal,
demonstrating that *50% of cumulated fat is due to mito-
chondrial dysfunction (Supplementary Fig. S3C, D).

Phospho-AMPK inhibits NOS within mitochondria

Leptin activates 5¢-AMPK in skeletal muscle (33) and WAT
(32) through the tumor suppressor LKB1 protein kinase (46).
AMPK is a heterotrimeric enzyme that senses the energy status
of the cell (7, 33) and functions as a regulator of cellular me-
tabolism (20, 28, 48). AMPK also promotes fatty acid oxidation
(37) and high O2 utilization in response to a reduction in the
ATP/AMP ratio by phosphorylating key enzymes of the in-
termediary metabolism (37, 47). In addition, AMPK and NO
have opposite effects on respiration (28, 42). Thus, we investi-
gated AMPK as the link between the effects of leptin and

inhibition of mitochondrial nNOS. First, we observed that
p-AMPK is normally expressed in the mitochondria of C57BL/
6 wt mice. Conversely, ob/ob mitochondria are almost devoid
of mitochondrial and cytosolic p-AMPK in WAT and liver,
whereas the kinase is present in the cytosol in its nonpho-
sphorylated form (Fig. 6A). Leptin increased the levels of cy-
tosolic and mitochondrial p-AMPK in WAT and liver tissue of
the obese mouse group (Fig. 6A). These data were also sup-
ported here by the ex vivo findings that recombinant p-AMPK
enters the energized ob/ob mitochondria, whereas unpho-
sphorylated AMPK is not able to enter the organelles (Fig. 6B).
In this context, p-AMPK import was promptly followed by a
significant reduction in the NO-DAF signal in mitochondria
(Fig. 6C). nNOS has consensus sequences for AMPK and can be
phosphorylated by this kinase. Stephens et al. have reported a
parallel effect of p-AMPK on the phosphorylation of muscle
nNOSl and acetyl-CoA-carboxylase in human skeletal muscle
(47). We observed that phosphorylation by p-AMPK inhibits
nNOS activity by increasing the K¢ for l-Arg from 19.8 to
37.8 lM. Thus, the effect of P-AMPK on nNOS kinetics is op-
posite to that of p-Akt2 (K¢ = 12.3 lM) (14) (Fig. 6D).

The ob/ob phenotype is due to a low
p-AMPK/pAkt2 ratio

We previously reported that hyperinsulinemia increases
mitochondrial p-Akt2, which activates the neuronal mtNOS

FIG. 4. Leptin protects ob/ob mi-
tochondria from NO nitration of
complex I and structural changes.
(A) On the left, staining of mito-
chondrial complexes from adipose
tissue in controls and obese mice
with Coomassie blue (1D) is shown.
In the middle, complex I nitration
from ob/ob as detected with an anti-
3-nitrotyrosine antibody and re-
versed by in vivo leptin administra-
tion is shown. On the right, 2D
sodium dodecyl sulfate of complex I
isolated of three ob/ob and three
controls is shown. Blue native elec-
trophoresis of the nitrated band in
Figure 3D was utilized to detect ni-
tration of complex I components. (B)
Complex I activity of adipose tissue
from mitochondria of controls and
ob/ob mice treated with leptin
in vivo. *p < 0.05 versus wt C57BL/6.
(C) Leptin restored oxygen uptake
of 5–10 mg sliced adipose tissue
polarographically measured in
phosphate-buffered saline (pH 7.4)
with 5 mM glucose under normal
atmosphere at 37�C (n = 4). Bars are
mean – SEM; n = 7; *p < 0.05 versus
controls. (D) Electron microscopy
shows structural differences in
WAT mitochondria from normal,
ob/ob, and ob/ob after leptin treat-
ment (representative of three
experiments; F, fat; arrows, mito-
chondria; bar = 1 lm).
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isoform by phosphorylating Ser1412 in the C-terminal domain
with subsequent mitochondrial NO release (15). In the present
study, the decrease of p-AMPK in the adipocytes of ob/ob mice
was accompanied by a reciprocal increase of p-Akt2 and p-
nNOS1412, the active NO-producing mitochondrial isoform;
the imbalance was corrected by in vivo leptin administration
(Fig. 7A). An antagonistic relationship between p-AMPK and
p-Akt2 has been reported, wherein p-AMPK dephosphory-
lates Akt2 and reduces Akt2 activity (25), and conversely, Akt
phosphorylates AMPK at Ser485 and reduces AMPK activity
(21). We observed here that the absence of p-AMPK in ob/ob
mice is accompanied by a reciprocal increase in p-Akt2 in
adipose cell lysates and mitochondria. In these mice, mito-
chondrial NOS is highly phosphorylated at Ser1412, an effect
that is dependent on the presence of p-Akt2. Similarly, ex-
perimental inhibition of AMPK by expressing an siRNA tar-
geting the catalytic AMPK or by the pharmacological
inhibitors Ara-A or CC increased p-Akt2/NO and fat occu-
pancy and changed normal adipocytes into ob/ob-like cells
(Fig. 7A). Conversely, transfection of ob/ob mice with Akt2

siRNA or supplementation with the AMPK stimulators AI-
CAR and A769662 decreased p-Akt2/NO and reversed the ob/
ob phenotype by limiting fat accumulation. In all cases, the p-
AMPK/p-Akt2 ratio linked kinase predominance to the
metabolic status of the cells (Fig. 7C).

Discussion

Several lines of evidence support the existence of mito-
chondrial dysfunction in insulin-resistant states (50). In this
condition, energy failure is attributed to insufficient biogen-
esis (24), excessive mitochondrial fission (49), and reduced
amounts of adiponectin in the visceral adipocytes (23). In
general, these alterations involve defective AMPK phos-
phorylation (sensitive to leptin–LKB axis) and poor AMPK-
dependent activation of PCG-1 coactivator, a masterpiece in
mitochondrial repopulation (24).

The relationship between NO and mitochondrial function
is centered upon the modulation of the oxidative rate (Sup-
plementary Fig. S1) (1, 42). We demonstrate herein that

FIG. 5. Leptin drives fat metabo-
lism through mitochondrial NO in
adipocytes. (A) Mitochondria were
detected by confocal microscopy, as in
Figure 2. First lane shows control adi-
pocytes. In the second lane, control ad-
ipocytes were transfected with 10 lg
Ob-Rb siRNA. An increase of mito-
chondrial NO was achieved 24 h later.
In the third lane, the image shows NO
signal in mitochondria from ob/ob cells
(arrows), and in the fourth lane, the
signal was abolished by 100 ng/ml
leptin. (B) The regulation of fatty acid
metabolism by leptin and NO was
compared in normal and ob/ob adi-
pocytes by scintillation counting. For
fatty acid uptake, cells were incubated
with 1 lCi/ml 3[H]-palmitic acid; b-
oxidation was measured with 1 lCi/
ml 14[C]-palmitic acid and fatty acid
synthesis was measured with
0.67 lCi/ml 1–14[C]-acetic acid. Bars
are means – SEM (n = 8); *p < 0.05 ver-
sus controls; white bar = 30 lm.
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overexpression and translocation of nNOS to mitochondria
plays a key role in mitochondrial dysregulation of MS linked
to leptin deficiency and insulin resistance. NO increases su-
peroxide anion to yield ONOO - (41, 42). Thereby, electron
transfer inhibition by NO in ob/ob depended in part on COX
inhibition and in part on complex I inhibition mostly because
of significant nitration of 39- and 75-kDa components.
Although NO can increase mitochondrial biogenesis (36),
organelles with extensive nitrosative damage are probably
not renovated because of critical downregulation of biogen-
esis by low adiponectin and AMPK levels (43). The possibility
that diabetes is associated with increased nitrosative stress is
supported by recent detection of increased nytrotirosine
plasma levels in type 2 diabetes patients. Nitrotyrosine for-
mation is detected in diabetic patients during an increase of
postprandial hyperglycemia (38).

As shown here by different methods, mitochondrial NO
detection increases by fourfold at abnormal leptin–insulin
signaling. Subcellular localization of NO synthases is an im-
portant regulatory mechanism for NO signaling. Spatial
confinement of the different NO synthase isoforms allows NO
to have independent and even opposite effects (3). In parallel
to mitochondrial nNOS activation, hyperglycemia induces
vascular dysfunction by inactivation of eNOS isoform leading
to reduced NO availability. As such, local regulation of ef-

fector molecules is a central mechanism by which NO exerts
biological activity (3).

It is noteworthy that increased mitochondrial NO should
favor pyruvate, acetylCoA, and NADH accumulation. By
resetting the electron transfer rate, mitochondrial NO controls
the partition between substrate oxidation (b-oxidation and
glucose oxidation) and substrate deposit and accumulation
(fatty acid, triacylglycerol, and glycogen synthesis; Fig. 8). By
applying NO reduction of respiratory rate of 10 lmol O2/
(mg$min) or 1.73 mol O2/day (as observed in ob/ob in Fig. 3B)
to a young lean mice with 4 g fat and *30 mg mitochondria/g
fat, and considering the stoichiometry of b-oxidation, we es-
timate that 72.5 g palmitate should not be oxidized at adult-
hood, allowing to *60 g fat accumulation. This assumption
agrees with the measured weight difference between 9-
month-old ob/ob and lean mice (53 g; Supplementary Fig.
S3D). In accord, release of the NO inhibition by siRNA nNOS
reproduced leptin effects and encompassed O2 utilization of
available adipose acetyl-CoA to maximal b oxidation rate and
minimal fatty acid synthesis (Fig. 5B).

Matrix NO and mtNOS are tightly linked by insulin, leptin,
and thyroid hormones to different metabolic processes. We
demonstrate here that leptin modulates mitochondrial effects
of NO by different mechanisms. First, leptin deficiency in-
creases transcriptional activity of nNOS gene. We previously

FIG. 6. Leptin–AMP-dependent
kinase (AMPK)–mitochondrial
NOS axis in the origin of obesity.
(A) Western blotting of AMPK and
p-AMPK in WAT and liver from
the ob/ob mice (n = 6). (B) To test
kinase internalization, 50 lg/ml of
ob/ob WAT mitochondria was trea-
ted with proteinase K as in Figure 1
and exposed to 2 lg recombinant p-
AMPK or dephosphorylated
AMPK for 30 min in vitro; western
blot shows the effects p-AMPK on
the p-Akt2 level and the conse-
quent phosphorylation of nNOS in
Ser1412 in mitochondria (n = 3). (C)
Modulation of mitochondrial NO in
the isolated and purified ob/ob or-
ganelles exposed to exogenous re-
combinant rp-AMPK and
nonphosphorylated rAMPK. C,
control mitochondria (n = 3). (D)
Cooperative nNOS kinetics with l-
arginine (l-Arg) after phosphory-
lation with recombinant p-Akt2
and p-AMPK and 2 mM ATP (cir-
cles, nonphosphorylated; squares, p-
Akt2; triangles, p-AMPK; n = 3);
NOS activity was measured with
0.1 lM [3H]l-arginine by triplicate.
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reported that hypothyroidism similarly induces a high
expression of nNOS (9, 16); as a certain degree of hypothy-
roidism is present in ob/ob, it could contribute to transcrip-
tional effects of leptin deficiency. Second, NOS activity
is controlled by the leptin–p-AMPK pathway in mitochondria
(Figs. 6 and 7). By reducing mtNOS activity and NO yield,
leptin and p-AMPK accelerate fatty acid oxidation, causing an
antiobese effect; the decreased fat accumulation is contributed
by AMPK phosphorylation of acetyl-CoA-carboxylase (28, 47)
and inhibition of fatty acid synthetase in adipose, muscle, and
liver tissues (37). In addition to leptin, the stimulatory effects
on AMPK and mitochondrial respiration are supported by
adiponectin (25). In contrast, Akt2 promotes lipogenesis by
different effects related to insulin. Prolonged insulin effects
produce muscle mitochondrial dysfunction by activating
nNOS via p-Akt2 (14). In the present study, we have shown
that obesity with mitochondrial dysfunction in ob/ob mice is
associated with high p-Akt2 and phospho-nNOS levels in the
mitochondria (Figs. 5 and 6). Other insulin effects can con-
tribute to fat deposition in the liver, such as inhibition of

peroxisome proliferator activated receptor gamma coacti-
vator1-alpha and reduction of 3¢5¢-cAMP (27).

Finally, it is worth noting here that the balance between
p-AMPK and p-Akt2 controls NO production (Fig. 7)
and significantly affects mitochondrial physiology and pa-
thology. This balance determines the physiological oxygen
uptake and metabolic rate in different conditions of energy
intake and expenditure (Fig. 8). In addition, the persistent
NO-dependent production of superoxide leads to oxidation of
proteins and lipids and to the nitration of complex I with
progressive mitochondrial dysfunction (complex I syndrome)
(5), a hallmark of MS and diabetes (2, 30). Moreover, NO and
O2 species activates inflammatory pathways, a secondary ef-
fect consistent with persistently low-level inflammation of fat
tissues.

Obesity and diabetes are multifactorial entities with con-
siderable interrelationship between the metabolic partici-
pants. Mitochondrial NO could be a common final effector
of leptin–insulin signaling pathways. Considering the im-
pending advance of obesity, regulation of nNOS trafficking

FIG. 7. Mitochondrial AMPK/
Akt2 ratio sets NO level and adi-
pocyte phenotype. (A) Expression
of p-Akt2 in ob/ob adipocytes de-
void of p-AMPK; western blots
were performed using specified
antibodies. (B) Control adipocytes
were transfected with 10 lg AMPK
siRNA or incubated with AMPK
inhibitors Ara-A (1 mM) or CC
(50 lM); ob/ob adipocytes were
transfected with 10 lg Akt2 siRNA
or supplemented with AMPK
stimulators 769662 (300 lM) or AI-
CAR (1 mM); in all cases, cells were
analyzed by confocal microscopy as
in Figure 2. White bar = 30 lm. (C)
Western blot shows p-AMPK/p-
Akt2 ratio; all data are representa-
tive of triplicate samples in two
experiments.
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may be applied to therapeutic approaches for these metabolic
disorders.

Methods

Mice

Male ob/ob and C57BL/6 wt mice (6–9 months old) from
Jackson Labs were divided in groups into three treatment
groups: no intervention, mouse recombinant leptin (1 mg/kg
intraperitoneal for 4 days) (39) (Sigma Chemical Co.), or
l-NAME in the drinking water. NIH criteria for animal re-
search were followed and protocols were approved by the
university hospital. Mitochondria were isolated from homog-
enized tissue by differential centrifugation and further purifi-
cation was done with Percoll gradients (15). The purity of
isolated mitochondria was confirmed by flow cytometry and
mitotracker staining, with > 98% of the particles being positive
with respect to the unstained population, thus indicating
minimal contamination with other subcellular fractions (Sup-
plementary Fig. S4A). Only trace amounts of cytosolic proteins
( < 5% lactic dehydrogenase) were detected in the isolated mi-
tochondria, indicating a low index of contamination. Expres-
sion of nNOS, AMPK-a, p-AMPK (Thr 172), Akt2, and p-Akt2
(Thr 308) was assessed by specific immunoblotting.

Mitochondrial NO production

NO production in isolated mitochondria was measured by
flow cytometry using 10 lM DAF-FM and 0.5 lM Mito-
Tracker Red 580 in 1 · phosphate-buffered saline (PBS) with
3 mM l-NMMA. Fluorescence was measured with an Ortho
Cytoron Absolute Flow Cytometer ( Johnson & Johnson) (29).

Total WAT RNA was extracted with Trizol, and real-time
PCR was performed in standard conditions.

Systemic O2 consumption

Systemic O2 consumption was measured in an open circuit
with an O2 analyzer and CO2 analyzer set in series (40).
Consumption was calculated at room air temperature and
barometric pressure by measuring flux through the chamber
and expired fraction of effluent O2 and CO2. Expired gases
were normalized to standard temperature/pressure and dry
weight, and O2 uptake was normalized to lean body mass (as
ml O2/min body mass2/3).

Tissue and mitochondrial O2 utilization and electron
transfer activity

O2 uptake was polarographically measured with a Clark-
type electrode (13). According to pioneer studies of Chance,
mitochondria can be analyzed in different states. In the
presence of substrate and O2, state 4 O2 uptake was de-
termined with 6 mM malate/6 mM glutamate; malate
oxidation to oxalacetate provides electrons to be ulti-
mately transferred to O2. Addition of glutamate was used
to avoid interferences given by concomitant succinate
oxidation (12). State 3 O2 uptake was measured by the
further addition of 0.2 M adenosine diphosphate. The
respiratory control ratio (state 3/state 4) ranged from 4
(adipose) to 7 (liver). To assess the effects of NO, mito-
chondria were incubated with 0.3 mM l-Arg alone or with
3 mM l-NMMA for 5 min at 37�C. The percentage of mito-
chondria functional activity was calculated as the % of re-
duction of state 3 O2 uptake with l-Arg plus the % of increase
of state 3 O2 uptake with l-NMMA (14). Complex I activity
(NADH: ubiquinone reductase) was measured in submito-
chondrial particles (15) by the rotenone-sensitive reduction
of 50 lM 2,3-dimethoxy-6-methyl-1,4-benzoquinone with
1 mM KCN and 200 lM NADH as the electron donor.
Measurements were collected at 340 nm with a Hitachi
U3000 spectrophotometer (Hitachi). The activity of com-
plexes II–III was determined by cytochrome c reduction at
550 nm. Cytochrome oxidase activity (complex IV) was de-
termined by cytochrome c oxidation at 550 nm (e550, 21 mM–1

cm–1); the reaction rate was measured as the pseudo-first
order reaction constant (k¢) and expressed as k¢/(min$mg of
protein) (15).

Blue native polyacrylamide gel electrophoresis

Blue native polyacrylamide gel electrophoresis was carried
out according to Schägger (45). Samples were loaded onto a
nondenaturing 4%–15% gradient gel, using the previously
described electrophoresis buffers and conditions.

Primary fat cell isolation

Fat pads were sliced into 3-mm pieces and resuspended in
buffer with 5 mM glucose, 2.5% bovine serum albumin, and
0.5 mg/ml collagenase (Sigma Chemical Co.) (31). Fat was
digested for 45–60 min, and the released adipocytes were
harvested by centrifugation. Cells in the upper phase were
collected, washed, and resuspended in 0.15 M PBS.

FIG. 8. Model illustrating the regulation of body weight
by mitochondrial NO. Endocrine–paracrine effects of insulin
and leptin depend on the relative activation and translocation
to mitochondria of phosphorylated AMPK and Akt2. At low
or no NO levels (high p-AMPK/p-Akt2 ratio), the electron
transfer chain is released and acetyl-CoA is mostly oxidized.
At high NO levels (low p-AMPK/p-Akt2 ratio), cytochrome
oxidase is inhibited and acetyl-CoA is displaced to synthesize
fatty acids, which causes fat accumulation and obesity.
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siRNA transfection of white adipose cells

Adipocytes were transfected with siRNAs targeting nNOS
(GenScript), OB-Rb (sc: 36116; Santa Cruz Biotechnology)
(Supplementary Fig. S4B), Akt2 (Santa Cruz Biotechnology),
or AMPK a1 (sc: 29674; Santa Cruz Biotechnology) using Li-
pofectamine (Invitrogen) in Opti-MEM medium. Transfected
cells were incubated at 37�C in a CO2 incubator for 18–24 h
with or without 100 ng/ml (submaximal leptin dose in ob/ob
adipocytes; Supplementary Fig. S4B). The sequence of the
nNOS siRNA was designed according to the structure of
mouse nNOS g.i. 16258811, as shown in Supplementary Fig-
ure S4D.

Translocation of AMPK to mitochondria
and modulation of nNOS

Two milligrams of mitochondrial protein was incu-
bated with 2 mM ATP, 2 mM NADH, and a recombinant
cAMP protein kinase catalytic subunit protein (ab 56268;
Abcam, Inc.) or a dephosphorylated isoform. The resulting
mixture was incubated with acid phosphatase for 30 min and
then centrifuged at 10,000 g for 10 min to separate mito-
chondria. The pellets were resuspended and incubated with
50 lg/ml proteinase K, and western blots were performed
with different antibodies. Flow-cytometric analysis of iso-
lated mitochondria incubated with phosphorylated or non-
phosphorylated AMPK kinase and dyed with DAF-FM was
performed. To test the effects of mitochondrial NOS on a
related adipocyte phenotype, p-AMPK was experimentally
decreased in controls with the compounds CC or Ara-A or
increased in ob/ob cells by supplementation with AICAR or
compound 769662, or by transfection with Akt2 siRNA. The
effects of these compounds were then analyzed by confocal
microscopy.

NOS activity in vitro and in vivo

NOS activity in cytosol and mitochondrial fractions of liver
and adipose tissues from control and ob/ob mice was deter-
mined by conversion from 3H l-Arg to 3H l-citrulline (14) in
50 mM potassium phosphate buffer, pH 7.4, in the presence of
100 lM l-Arg, 0.1 lM [3H]-l-arginine (NEN), 0.1 mM
NADPH, 0.3 mM CaCl2, 0.1 lM calmodulin, 10 lM tetra-
hydrobiopterin, 1 lM flavin adenine dinucleotide, 1 lM flavin
mononucleotide, 50 mM l-valine, and 1 mg/ml protein. Spe-
cific activity was calculated by subtracting the remaining ac-
tivity in the presence of the NOS inhibitor 5 mM l-NMMA or
2 mM ethylene glycol tetraacetic acid.

In vitro assay was performed with recombinant His-tagged
nNOS protein purified from Escherichia coli bacteria that had
been transiently transfected with a pcDNA 3.1 vector con-
taining the nNOS cDNA sequence. NOS activity of the puri-
fied protein alone or in the presence of active human
recombinant Akt2 (phosphorylated at Ser473 and Thr308) or
active human recombinant AMPKa1 (phosphorylated at
Thr172) was evaluated by citrulline assay (14).

Production of NO by isolated mitochondria in liver was
corroborated by potenciometric recording with an NO-
sensitive electrode (ISO-NOP 3020; World Precision Instru-
ments). Determinations were done in 50 mM potassium
phosphate/valine buffer (pH 7.4) with 100 mM l-Arg, 10 lM
superoxide dismutase mimetic manganese(III) tetrakis

4-benzoic acid)porphyrin (9) (Cayman Chemical), 5 mM suc-
cinate, and 1 mM CaCl2.

Fatty acid metabolism

Adipocytes were incubated with [3H]palmitic acid, and
samples were counted to measure fatty acid uptake. For
b-oxidation, isolated adipocytes were distributed into tubes
containing Whatman filter paper soaked in NaOH and
200 nCi/ml [14C]palmitic acid. The tubes were sealed and
incubated for 2 h; then, 10 N HCl was added to release
[14C]CO2, which was detected by scintillation counting of the
filter paper. Fatty acid synthesis was evaluated using a
scintillation counter (Winspectral 1414; Wallac) to measure
the incorporation of [1-14C] acetyl-CoA into lipids extracted
with chloroform:methanol (2:1 ratio). Radioactive chemicals
were purchased from Perkin Elmer Life and Analytical
Sciences.

Confocal microscopy

Ob/ob and control adipocytes previously transfected with
siRNA nNOS and siRNA Ob-Rb, respectively, were incubated
with 10 lM DAF and 50 nM Mitotracker for 45 min at 37�C in a
CO2 incubator. Then, 103 cells were fixed in 4% paraformal-
dehyde in 0.15 M PBS (pH 7.4) and mounted on glass slides
using Vectashield mounting medium. The staining was ex-
amined with a fluorescence microscope equipped with
a confocal laser scanning system (29) (Nikon C1; Nikon
Instruments, Inc.).

Immunoelectron microscopy

Purified mitochondria were fixed with paraformaldehyde–
glutaraldehyde and embedded in LR White. Immu-
nocytochemistry was performed using anti-C-terminal nNOS
(1095–1289), and grids were counterstained with 1% uranyl
acetate. Nonspecific background was blocked with nor-
mal goat serum in PBS. The positive control was per-
formed against the 39-kDa subunit of complex I (inner
membrane marker), and the negative control was performed
in the absence of a primary antibody. Specimens were ob-
served using a Zeiss EM-109-T transmission electron micro-
scope.

Statistics

Values are reported as mean – SEM. Data were compared
by analysis of variance, Dunnett’s post hoc test, and two-tailed
Student’s t-test, and significance was accepted at p < 0.05.
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AMPK¼AMP-dependent kinase
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side
ATP¼ adenosine triphosphate

CC¼AMPK inhibitor compound C, dorsomorphin
DAF-FM¼ 4-amino-5-methylamino-2¢,7¢-difluoro-
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eNOS¼ endothelial nitric oxide synthase
H2O2¼hydrogen peroxide
l-Arg¼ l-arginine

l-NAME¼ l-NGnitroarginine methylester arginine
l-NMMA¼ l-NG-monomethyl-l-arginine

MS¼metabolic syndrome
mtNOS¼mitochondrial nitric oxide synthase

nNOS¼neuronal nitric oxide synthase
NO¼nitric oxide

Ob/ob¼ leptin-deficient mice
ObRb¼ leptin receptor b

ONOOE¼peroxynitrite
siRNA¼ small interference RNA

WAT¼white adipose tissue
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