
INTRODUCTION

THE MITOCHONDRIAL PRODUCTION OF NITRIC OXIDE (NO)
by a specialized form of nitric oxide synthase (NOS) lo-

calized in the mitochondrial inner membrane was indepen-
dently and simultaneously reported in rat liver mitochondria
by Ghafourifar and Richter (26) and by Giulivi et al. (29, 43).
Later on, other studies further reported mitochondrial NOS
(mtNOS) activity in liver mitochondria and advanced its
physiological function (10, 17, 27, 28, 34, 41). Simultane-
ously, NO production was also reported in brain (7, 34, 36,
40), thymus (15, 16), and heart (20, 25, 31) mitochondria. Re-
cently, Giulivi and co-workers sequenced the 1,429 amino
acids of liver mtNOS that was identified as neuronal NOS
splice variant a (nNOSa) myristylated and phosphorylated in
posttranslational processes (22). This important achievement
establishes mtNOS as a constitutive protein of the inner mito-
chondrial membrane.

Earlier immunochemical studies had recognized a protein,
named mtNOS, reacting with anti–endothelial NOS (anti-

eNOS) antibodies in liver, brain, heart, kidney, and skeletal
muscle mitochondria (3, 4, 32). In more recent studies, in
which the determination of enzymatic activity was comple-
mented with western blot analysis, liver mtNOS was reported
reactive with anti–inducible NOS (anti-iNOS) antibodies (17,
43) and with anti-eNOS antibodies (34); brain mtNOS was
found reactive with both anti-eNOS (34) and anti–neuronal
NOS (anti-nNOS) antibodies (8, 40); and thymus mtNOS was
found reactive with anti-iNOS antibodies (16). Then, there is
an open question concerning the antibody reactivity of the
mtNOS of different tissues.

At present, there is no report on the mtNOS of kidney cor-
tex, a tissue characterized by high energy demands and oxida-
tive phosphorylation, except for the cytochemical study men-
tioned early (3).

Interestingly, mtNOS activity is biologically modulated; it
was reported down-regulated by thyroid hormones in liver
(17) and susceptible to pharmacological regulation in liver,
brain, and heart (8). Enalapril, the well known inhibitor of the
angiotensin-converting enzyme, supplied in chronic treat-
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ments, was reported (a) to increase half-life span and the level
of tissue antioxidant enzymes in mice (21, 23) and (b) to in-
crease mtNOS activity in the rat heart (20); the two effects
constitute a subject that opens a research area (2, 24). Enala-
pril effects are usually more marked in kidney than in other
organs (8).

In this study, we report on the biochemical and functional
activities of kidney cortex mtNOS, including the effect of an
enalapril in vivo treatment. Some measurements were also
performed in rat liver and heart mitochondria for comparative
purposes.

MATERIALS AND METHODS

Mitochondrial preparations

Rats (200–240 g) fed a conventional laboratory diet and
free water were anesthetized (pentobarbital, 50 mg/kg i.p.)
and the kidneys rapidly excised. Renal cortex was separated
from medulla and papilla and homogenized in 0.23 M manni-
tol, 0.07 M sucrose, 1 mM EDTA, 10 mM Tris-HCl (pH 7.4).
The homogenate was centrifuged at 750 g for 10 min and the
supernatant centrifuged at 7,000 g for 10 min; the mitochon-
drial pellet was resuspended and washed in similar condi-
tions. Kidney cortex mitochondria showing respiratory con-
trols of ,4.2 ± 0.2 with succinate as substrate were used for
respiration and hydrogen peroxide (H2O2) production mea-
surements (30). Kidney submitochondrial membranes were
obtained by twice freezing and thawing mitochondrial prepa-
rations and by homogenizing them by passage through a 29G
hypodermic needle (8).

Production of NO

The production of NO by submitochondrial membranes
was determined in a reaction medium consisting of 150 µM
NADPH, 0.2 mM arginine (L-arginine), 0.3 mM CaCl2, 2 µM
Cu,Zn-superoxide dismutase (SOD), 0.3 µM catalase, and
100 mM phosphate buffer (pH 7.4). Mitochondrial protein
was used in the range of 1.5–3.0 mg/ml (8). The spectropho-
tometric determination of mtNOS activity was made by mea-
suring the rate of hemoglobin (HbO2) oxidation to its met de-
rivative and following the reaction at 579–591 nm (e579–591 =
11 mM21 cm21), where 579 nm is the active wavelength and
591 nm is the isosbestic point, in a 356 PerkinElmer (Perkin-
Elmer Instruments, Shelton, CT, U.S.A.) double-beam and
double-wavelength spectrophotometer at 37°C (14). Detec-
tion of NO production by electron paramagnetic resonance
(EPR) was performed in the presence of 20 mM N-methyl-D-
glucamine dithiocarbamate (MGD; Oklahoma Medical Re-
search Foundation, Oklahoma City, OK, U.S.A.) and 2 mM
FeSO4. Submitochondrial membranes were incubated for 10
min at room (25°C) temperature, transferred to Pasteur
pipettes, and the EPR spectra recorded in Bruker ECS 106
ESR spectrometer with an ERY 1025T cavity (Bruker BioSpin
GmbH, Rheinstetten, Germany). EPR settings were as fol-
lows: 20 mW microwave power; 6.175 G modulation ampli-
tude; 164 ms time constant and conversion time; 50 kHz
modulation frequency; 2 2  l04 receiver gain; 150 G sweep;
and 9.81 GHz microwave frequency.

Oxygen uptake and H2O2 production

Respiratory rates and H2O2 production were determined in
coupled mitochondria suspended in 0.23 M mannitol, 0.07 M
sucrose, 20 mM KCl, 1 mM EDTA, 7 mM phosphate buffer, 5
mM MgCl2, 10 mM succinate, and 20 mM Tris-HCl (pH 7.3)
at 30°C. To set state 3 active respiration, 0.1 mM ADP was
added. Respiratory rates were measured with a Clark-type
oxygen electrode. H2O2 production was measured fluoromet-
rically at 365 nm (excitation) and 450 nm (emission) through
the coupled oxidation of the hydrogen donor scopoletin (1
µM) in the presence of 2 U/ml horseradish peroxidase (type
VI-A, Sigma Chemical, St. Louis, MO, U.S.A.) (7, 44).

Cytochrome content

Cytochrome content was determined in a Beckman Coul-
ter DU 7400 spectrophotometer from the 500 to 650 nm spec-
tra of dithionite reduced minus oxidized submitochondrial
membranes with the following wavelengths and extinction
coefficients: cytochromes c + c1, 550–540 nm and 19 mM21

cm21; cytochromes b, 562–575 nm and 22 mM21 cm21; cy-
tochromes a + a3, 605–630 nm and 21 mM21 cm21 (5).

Enalapril treatment

Enalapril was given intraperitoneally to 200–240 g rats at
a dose of 30 mg/kg/day for periods of 7 and 14 days.

Antibodies

The following antibodies were used: polyclonal antibody
(Pab) anti-iNOS [carboxy terminus (C-term), amino acids
(aa) 1,126–1,144], monoclonal antibody (Mab) anti-iNOS
(C-term, clone NOS-IN), Pab anti-nNOS [amino terminus
(N-term), aa 251–270], Pab anti-nNOS (C-term, aa 1,409–
1,429), Mab anti-nNOS (C-term, clone NOS-B1); Pab anti-
eNOS (N-term, aa 596–609), Pab anti-eNOS (C-term, aa
1,185–1,205), and Mab anti-eNOS (C-term, clone NOS-E1)
from Sigma Chemical; and Pab anti-iNOS [NOS-2 (C-19):
sc-649], Pab anti-nNOS [NOS-1 (R-20): sc-648], and Pab
anti-eNOS [NOS-3 (N-20): sc-653] from Santa Cruz Biotech-
nology, Inc. (Santa Cruz, CA, U.S.A.).

RESULTS

Production of NO by mitochondrial membranes of
kidney cortex

Submitochondrial membranes from renal cortex mito-
chondria produce NO as shown in Fig. 1. In the traces, a sta-
ble baseline was recorded before the reaction was initiated by
the addition of NADPH and arginine. The upward deflection
of the trace [see trace (a)] indicates a decrease at 579 nm with
respect to 591 nm, which identifies met-hemoglobin (metHb)
formation and NO generation (HbO2 + NO ® metHb + prod-
ucts). It is worth noting that submitochondrial membranes to-
tally expose the M face of the inner mitochondrial membrane,
where mtNOS is located, with full availability of the sub-
strates and cofactor (NADPH, arginine, and Ca2+). A 2-min
preincubation of the mitochondrial membranes with the NOS
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inhibitor Nv-nitro-L-arginine methyl ester (L-NAME) pro-
duced an almost complete suppression of NO generation, as
shown in trace (b). The rate of NO production is safely calcu-
lated from the rate of metHb formation that is suppressed by
the NOS inhibitor L-NAME; in other words, the slope of trace
(a) minus the slope of trace (b), which in the case of Fig. 1
gives a rate of 0.66 nmol of NO/min/mg of protein and corre-
sponds to a rat treated with enalapril (see below). Trace (c)
shows the effect of an anti-nNOS antibody, which was prein-
cubated with the mitochondrial membranes for 5 min, on the
enzymatic activity of the mtNOS of kidney mitochondria.
The effect of a series of anti-NOS antibodies on mtNOS ac-
tivity is listed in Table 1. Only two Pabs, anti-iNOS and anti-
nNOS, were able to inhibit mtNOS activity effectively.

Up-regulation of kidney, liver, and heart mtNOS
activities by enalapril

Treatment with the drug enalapril increased mitochondrial
NO production by 75%, 40%, and 50% after 7 days, and by
five, four, and four times after 14 days in kidney, liver, and
heart mitochondria, respectively (Fig. 2). The estimated t1/2 of
the response (,8 days) is similar to mitochondrial turnover
and suggests an activation by enalapril of cytosolic factors
that regulate the transcription of specific genes.

The mitochondrial production of NO by kidney and liver
mitochondria was also assayed by EPR in the presence of the
probe MGD-Fe (Fig. 3). The NO signal was detected in kid-
ney and liver mitochondria isolated from enalapril-treated
rats, barely seen in mitochondria isolated from untreated con-

trol rats, and abolished after supplementation of mitochon-
drial membranes from enalapril-treated animals with the NOS
inhibitor L-NAME (Fig. 3).

Kidney mtNOS reacted with anti-iNOS antibodies; rats
treated for 14 days with enalapril showed a 125% increased
amount of mtNOS protein as determined by western blot
analysis and densitometry. The reactive protein moved in the
gels as an 80-kDa polypeptide (Fig. 4).

Inhibition of respiration by intramitochondrial NO

Supplementation of kidney mitochondria in state 3 (active
respiration in the presence of ADP) with the mtNOS substrate
arginine and with SOD slightly decreased the respiration rate
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FIG. 1. Spectrophotometric determination of NO produc-
tion by submitochondrial membranes of rat kidney cortex.
Reaction medium and other conditions are described in Materi-
als and Methods. Mitochondrial protein was present at 1.95
mg/ml and L-NAME at 3 mM. The antibody was Pab anti-
nNOS (C-term, aa 1,409–1,429). The numbers near the traces
indicate the rate of metHb formation in nmol/min/mg of mito-
chondrial protein.

TABLE 1. EFFECT OF ANTI-NOS ANTIBODIES ON THE mtNOS
ACTIVITY OF KIDNEY CORTEX MITOCHONDRIA

mtNOS
activity
(nmol of

NO/min/mg Inhibition Reactivity in
of protein) (percentage) western blot

No addition 0.76 — —
Pab anti-iNOS 0.28 63% Yes

(C-term)
Mab anti-iNOS 0.76 0% ND

(C-term)

Pab anti-nNOS 0.72 5% ND
(N-term)

Pab anti-nNOS 0 100% Yes
(C-term)

Mab anti-nNOS 0.76 0% ND
(C-term)

Pab anti-eNOS 0.76 0% No
(N-term)

Pab anti-eNOS 0.76 0% ND
(C-term)

Mab anti-eNOS 0.76 0% ND
(C-term)

ND, not determined.

FIG. 2. Effect of enalapril (30 mg/kg/day, 7 and 14 days)
on the mtNOS activity of kidney, liver, and heart.
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(4%). It is understood that arginine and SOD have synergic
effects in maximizing the intramitochondrial steady-state level
of NO. Supplementation of the same mitochondrial prepara-
tion with the NOS inhibitor L-NAME and HbO2, a condition
that will minimize intramitochondrial NO levels, slightly in-
creased respiration (8%). Altogether, the difference in respi-
ratory rate between the conditions of maximal and minimal
intramitochondrial NO steady-state concentrations was 12%
[conditions (b) and (a) in Table 2] of the physiological state 3
respiratory rate. This effect is termed the functional activity
of mtNOS in the regulation of mitochondrial respiration
(Table 2) and corresponded to a mtNOS biochemical activity
of 0.14 nmol of NO/min/mg of protein. In the case of kidney
mitochondria isolated from enalapril-treated animals, the ad-
dition of arginine and SOD decreased respiration by 8% and
the addition of L-NAME and hemoglobin increased respira-
tion by 20%; the overall effect, i.e., the functional activity of
mtNOS, amounted to 28% of the physiological state 3 rate of
respiration and corresponded to a mtNOS biochemical activ-
ity of 0.72 nmol of NO/min/mg of protein (Table 2).

Increase of H2O2 production by 
intramitochondrial NO

Addition of arginine and SOD to state 4 kidney mitochon-
dria increased H2O2 production by ,10%, whereas the sup-
plementation of the same preparations with L-NAME de-
creased H2O2 production by 10%; altogether, the difference in

H2O2 production rate between the conditions of maximal and
minimal NO levels, i.e., the functional activity of mtNOS,
0.08 nmol of NO/min/mg of protein, amounted to 20% of the
physiological state 4 rate of H2O2 production (Table 3). When
the same additions were made to kidney mitochondria iso-
lated from enalapril-treated rats, the effects of arginine plus
SOD and of L-NAME on H2O2 generation rates were ,20%
each, and the combined effect, i.e., the functional activity of
mtNOS, 0.28 nmol of NO/min/mg of protein, amounted to
53% of the physiological state 4 rate of H2O2 production
(Table 3).
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FIG. 3. NO production by kidney and liver mitochondrial
membranes as detected by EPR. Kidney and liver: (a) 14
days enalapril-treated rat; (b) control untreated rat; (c) (a) + L-
NAME. Reaction medium and other conditions are described
in Materials and Methods.

FIG. 4. Western blot analysis: mtNOS of kidney and liver
mitochondrial membranes from control (C) and enalapril-
treated (E) rats. mtNOS was recognized by an anti-iNOS
antibody (Santa Cruz Biotechnology).

TABLE 2. EFFECT OF ENALAPRIL ON mtNOS ACTIVITY AND ON

THE REGULATION OF MITOCHONDRIAL RESPIRATION BY NO IN
KIDNEY CORTEX MITOCHONDRIA

mtNOS activity Respiratory
(nmol of rate (ng-at 

NO/min/mg O/min/mg
of protein) of protein)

Control rats 0.14 6 0.02 (100%) 201 6 7
(a) + L-arginine + SOD 193 6 5
(b) + L-NAME + HbO2 219 6 6

mtNOS functional activity (b) 2 (a) 26 6 8*

Enalapril-treated rats† 0.75 6 0.06 (536%) 184 6 68
(a) + L-arginine + SOD 158 6 5
(b) + L-NAME + HbO2 221 6 6

mtNOS functional activity (b) 2 (a) 65 6 8*

Mitochondria in metabolic state 3, with succinate as sub-
strate, were used for respiration measurements.

*p < 0.05 (Student test).
†Enalapril was given for 14 days.

TABLE 3. EFFECT OF ENALAPRIL ON mtNOS ACTIVITY AND ON

THE REGULATION OF THE MITOCHONDRIAL PRODUCTION OF H2O2
BY NO IN KIDNEY CORTEX MITOCHONDRIA

H2O2
production

Condition (mtNOS activity*) (nmol/min/mg of protein)

Control rat (0.16) 0.44 6 0.03
(a) + L-arginine + SOD 0.48 6 0.03
(b) + L-NAME 0.40 6 0.03
(c) + antimycin 0.70 6 0.05

mtNOS functional activity (a) 2 (b) 0.08 6 0.04†

Enalapril-treated rat‡ (0.78) 0.67 6 0.04
(a) + L-arginine + SOD 0.80 6 0.05
(b) + L-NAME 0.52 6 0.04
(c) + antimycin 0.82 6 0.06

mtNOS functional activity (a) 2 (b) 0.28 6 0.06†

Mitochondria in metabolic state 4, with succinate as sub-
strate, were used for H2O2 production measurements.

*In nmol of NO/min/mg of protein.
†p < 0.05 (Student test).
‡Enalapril was given for 14 days.
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Cytochrome content

Cytochrome content was determined in cortex kidney mi-
tochondria isolated from enalapril-treated and control rats to
assay the specificity of the up-regulation of mtNOS by
enalapril. Enalapril-treated rats showed ,33% decreased cy-
tochrome content, which indicates that the up-regulation of
mtNOS activity is a specific effect (Table 4).

DISCUSSION

The experiments reported in this study add kidney cortex
to the list of mammalian organs from which isolated mito-
chondria have been shown to produce NO. In this way, mtNOS
activity has been recognized in liver, brain, heart, skeletal
muscle, thymus, and kidney cortex. Liver mtNOS has been
found to be identical to nNOSa in its 1,429 amino acids, with
two posttranslational modifications, phosphorylation and
myristylation (22). Transcripts corresponding to nNOSa were
found in liver, brain, heart, kidney, skeletal muscle, lung,
testis, and spleen, indicating that these tissues have the capac-
ity to express nNOSa and mtNOS (22). It is then clear that
mtNOS is a constitutive protein of the inner mitochondrial
membrane of mammalian organs.

The antibody reactivity of mtNOS of different organs is not
fully clear at the present time. As stated in the Introduction
and shown in Table 1, there is more than one reactivity toward
NOS antibodies for the mtNOS of some organs. Phosphoryla-
tion and myristylation may contribute to cross reactions and
to loss of the immunoreactivity of mtNOS with anti-nNOS
antibodies in the immune reaction in the solid phase as pointed
out by Elfering et al. (22). Of note, two different Pabs, anti-
nNOS and anti-iNOS, directed toward the reductase domain
at the C-term of the sequence (iNOS aa 1,126–1,144, nNOS
aa 1,409–1,429), were able to inhibit kidney mtNOS activity
in solution (Table 1).

The important question concerning mtNOS, now that it is
established as an inner membrane protein, is which is its
physiological role. The continuous intramitochondrial gener-
ation of NO by mtNOS, provided the availability of intrami-
tochondrial NADPH, arginine, and Ca2+, generates an intra-
mitochondrial NO steady-state concentration that has been
measured (31) and calculated (6, 39) in the range of 30–50
nM NO. Concerning the biological significance of mtNOS
activity, there are currently two main views. In the pathophys-
iological view, NO and peroxynitrite (ONOO2) [the product
of the reaction of NO with superoxide anion (O2

2)], in a rapid

or slow process, generate mitochondrial dysfunction that in
turn leads to apoptosis; the process is considered relevant in
aging and neurodegenerative diseases (11, 16, 24). In the reg-
ulatory view, NO exerts a regulatory role on mitochondrial O2
uptake and H2O2 production. In this latter conception, mtNOS
has a biochemical activity associated with a regulatory func-
tional activity (6, 9, 31, 33). It is clear that the two views are
not contradictory but complementary; the regulatory func-
tional role may occur at physiological levels of NO and the
pathophysiological pathway may be triggered at increased
NO levels, as in inflammation.

Concerning the functional activity of mtNOS in regulating
mitochondrial respiration, it is clear that the phenomenon oc-
curs in vitro with mitochondria isolated from liver, brain, and
kidney in a significant range. Supplementation of respiring
mitochondria with the mtNOS substrate L-arginine decreases
the respiration rate by ,10–30%, depending on the organ.
The effect is observed with mitochondria in metabolic states
4 and 3, and with malate-glutamate or succinate as substrates
(8, 28). Similarly and on the contrary, the addition of mtNOS
inhibitors to respiring mitochondria increases the respiratory
rate by ,20–50%, depending on the type of organ mitochon-
dria (8, 28). In the different types of mitochondria, a marked
effect of L-arginine is usually associated with a low effect of
the NOS inhibitor, and vice versa. The functional activity of
kidney mtNOS in the two conditions of low and high NO, in
regulating mitochondrial state 3 O2 uptake, was 13% and 35%,
respectively, which is remarkable in terms of cell energy sup-
ply. The described effects are explained by the continuous
production of NO by mtNOS and by the inhibition of cy-
tochrome oxidase by NO; NO binds to the enzyme in its re-
duced and oxidized forms in a process that is competitive
with O2 (6, 13, 18, 19, 37, 42). Binding and inhibition are re-
moved by washing or by addition of myoglobin or hemoglo-
bin. The inhibition of mitochondrial respiration by NO can be
expressed as a function of the ratio [O2]/[NO]; half-maximal
inhibition of state 3 respiration is reached at O2/NO ratios of
150–500 (6, 13, 42). For cortex kidney mitochondria, the in-
tramitochondrial NO level is calculated as 40 nM, which at
physiological 20 µM O2 yields an O2/NO ratio of 500 and a
cytochrome oxidase inhibition of 25% (6, 39). The contempo-
rary concept is that mitochondrial and cellular O2 uptakes are
regulated by ADP, O2, and NO and that the rate of cell energy
supply depends on the mitochondrial O2/NO ratio. However,
the quantitative physiological situation is not clear, because
tissue myoglobin and blood hemoglobin are effective NO
scavengers, decreasing the NO steady-state concentrations in
cells and tissues (14).

Concerning the functional activity of mtNOS in regulating
mitochondrial H2O2 production, it is also clear that the phe-
nomenon occurs in vitro with isolated mitochondria. Addition
of arginine to state 4 kidney, liver, and brain mitochondria in-
creases H2O2 production by ,10–30%, whereas the supple-
mentation of the same preparations with NOS inhibitors de-
creases H2O2 production by 10–40% (Table 3) (41). When the
arginine effect is high, the NOS inhibitor effect is low, as de-
scribed for the similar situation concerning cytochrome oxi-
dase. The effects are again explained by the intramitochon-
drial NO steady-state concentrations and, in this case, by the
NO inhibition of ubiquinol–succinate–cytochrome c reduc-
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TABLE 4. CYTOCHROME CONTENT OF CORTEX KIDNEY

MITOCHONDRIA ISOLATED FROM ENALAPRIL-TREATED

AND CONTROL RATS

Enalapril-treated Control

Cytochromes c + c1 0.39 6 0.01 0.59 6 0.03
Cytochromes b 0.21 6 0.02 0.31 6 0.02
Cytochromes a + a3 0.17 6 0.01 0.26 6 0.02

Enalapril was given for 14 days. Cytochrome content is in
nmol/mg of protein.



tase (complex III) activity that enhances H2O2 production
(38) and by the reaction of NO with ubiquinol, yielding
ubisemiquinone that by autooxidation produces O2

2 (38).
The observation by Antunes and Cadenas (1) that H2O2 is

able to exert a tight control of the proliferation–apoptosis
transition in f ibroblasts, where 0.7 µM H2O2 maintains cell
proliferation and H2O2 levels over 1 µM set up apoptosis,
gave the experimental basis to postulate a role of both H2O2
and NO in cell intracellular signaling (1, 11). Both molecules
acting together on a sensitive molecular transducer may con-
stitute a pleiotropic signal, indicating high mitochondrial en-
ergy charge, for the regulatory cascades that modulate cellu-
lar cycle and apoptosis. Specific up-regulation of mtNOS, as
shown here, and up-regulation of antioxidant enzymes are the
two current molecular hypotheses for the beneficial effects of
the inhibitors of the renin–angiotensin system upon normal
aging (2, 24).
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spectively; nNOSa, neuronal nitric oxide synthase splice
variant a; NO, nitric oxide; NOS, nitric oxide synthase; N-
term, amino terminus; O2

2, superoxide anion; Pab, poly-
clonal antibody; SOD, Cu,Zn-superoxide dismutase.

REFERENCES

1. Antunes F and Cadenas E. Cellular titration of apoptosis
with steady state concentrations of H2O2: submicromolar
levels of H2O2 induce apoptosis through Fenton chemistry
independent of the cellular thiol state. Free Radic Biol
Med 30: 1008–1018, 2001.

2. Aviv A. The ROS–RAS link. Editorial comment. J Hyper-
tens 20: i–iii, 2002.

3. Bates TE, Loesch A, Burnstock G, and Clark JB. Immuno-
chemical evidence for a mitochondrially located nitric
oxide synthase in brain and liver. Biochem Biophys Res
Commun 213: 896–900, 1995.

4. Bates TE, Loesch A, Burnstock G, and Clark JB. Mito-
chondrial nitric oxide synthase: a ubiquitous regulator of
oxidative phosphorylation? Biochem Biophys Res Commun
218: 40–44, 1996.

5. Boveris A, Oshino R, Erecinska M, and Chance B. Reduc-
tion of mitochondrial components by durohydroquinone.
Biochim Biophys Acta 245: 1–16, 1971.

6. Boveris A, Costa LE, Poderoso JJ, Carreras MC, and Cade-
nas E. Regulation of mitochondrial respiration by oxygen
and nitric oxide. Ann N Y Acad Sci 899: 121–135, 2001.

7. Boveris A, Alvarez S, Bustamante J, and Valdez LB. Mea-
surement of superoxide radical and hydrogen peroxide
production in isolated cells and subcellular organelles.
Methods Enzymol 349: 280–287, 2002.

8. Boveris A, Lores-Arnaiz S, Bustamante J, Alvarez S,
Valdez L, Boveris AD, and Navarro A. Pharmacological
regulation of mitochondrial nitric oxide synthase. Methods
Enzymol 359: 328–339, 2003.

9. Boyd C and Cadenas E. Nitric oxide and cell signaling
pathways in mitochondrial-dependent apoptosis. Biol Chem
383: 411–423, 2002.

10. Bringold U, Ghafourifar P, and Richter C. Peroxynitrite
formed by mitochondrial NO synthase promotes mito-
chondrial Ca2+ release. Free Radic Biol Med 29: 343–348,
2000. 

11. Brookes P and Darley-Usmar V. Hypothesis: the mitochon-
drial NO signaling pathway and the transduction of ni-
trosative to oxidative cell signals: an alternative function
for cytochrome c oxidase. Free Radic Biol Med 32: 370–
374, 2002.

12. Brown GC and Burutaite V. Nitric oxide, mitochondria and
cell death. IUBMB Life 52: 189–195, 2001.

13. Brown GC and Cooper CE. Nanomolar concentrations of
nitric oxide reversibly inhibit synaptosomal respiration by
competing with oxygen at cytochrome oxidase. FEBS Lett
345: 295–298, 1994.

14. Brunori M. Nitric oxide moves myoglobin center stage.
Trends Biochem Sci 26: 209–210, 2001.

15. Bustamante J, Bersier G, Romero M, Aron-Badin R, and
Boveris A. Nitric oxide production and mitochondrial dys-
function during rat thymocyte apoptosis. Arch Biochem
Biophys 376: 239–247, 2000.

16. Bustamante J, Bersier G, Aron-Badin R, Cymering C, Par-
odi A, and Boveris A. Sequential NO production by mito-
chondria and endoplasmic reticulum during induced apop-
tosis. Nitric Oxide 6: 333–341, 2002.

17. Carreras MC, Peralta JG, Converso DP, Finocchietto PV,
Rebagliati I, Zaninovich AA, and Poderoso JJ. Modula-
tion of liver mitochondrial NOS is implicated in thyroid-
dependent regulation of O2 uptake. Am J Physiol Heart
Circ Physiol 281: H2282–H2288, 2001.

18. Cassina A and Radi R. Differential inhibitory action of ni-
tric oxide and peroxynitrite on mitochondrial electron
transfer. Arch Biochem Biophys 328: 309–316, 1996.

19. Cleeter MWJ, Cooper JM, Darley-Usmar VM, Moncada S,
and Shapira AHV. Reversible inhibition of cytochrome ox-
idase, the terminal enzyme of the mitochondrial respira-
tory chain, by nitric oxide. Implications for neurodegener-
ative diseases. FEBS Lett 345: 50–54, 1994.

20. Costa L, La-Padula P, Lores-Arnaiz S, D’Amico G,
Boveris A, Kurnjek ML, and Basso N. Long-term angio-
tensin II inhibition increases mitochondrial nitric oxide
synthase and not antioxidant enzyme activities in rat heart.
J Hypertens 20: 2487–2494, 2002.

270 BOVERIS ET AL.



21. de Cavanagh EM, Inserra F, Ferder LF, Romano L, Ercole
L, and Fraga CG. Superoxide dismutase and glutathione
peroxidase activities are increased by enalapril in mouse
liver. FEBS Lett 361: 22–24, 1995.

22. Elfering SL, Sarkela TM, and Giulivi G. Biochemistry
of mitochondrial nitric oxide synthase. J Biol Chem 277:
38079–38086, 2002.

23. Ferder LF, Inserra F, Romano N, Ercole L, and Pszenny V.
Effects of angiotensin-converting enzyme inhibition on
mitochondrial number in the aging mouse. Am J Physiol
265: C15–C18, 1993.

24. Ferder LF, Inserra F, and Basso N. Advances in our under-
standing of aging: role of the renin–angiotensin system.
Curr Opin Pharmacol 2: 189–194, 2002.

25. French S, Giulivi C, and Balaban RS. Nitric oxide syn-
thase in porcine heart mitochondria: evidence for low
physiological activity. Am J Physiol Heart Circ Physiol
280: H2863–H2867, 2001.

26. Ghafourifar P and Richter C. Nitric oxide synthase activity
in mitochondria. FEBS Lett 418: 291–296, 1997.

27. Ghafourifar P, Schenk U, Klein SD, and Richter C. Mito-
chondrial nitric oxide synthase causes cytochrome c re-
lease from isolated mitochondria. Evidence for intrami-
tochondrial peroxynitrite formation. J Biol Chem 274:
31185–31188, 1999.

28. Giulivi C. Functional implications of nitric oxide produced
by mitochondria in mitochondrial metabolism. Biochem J
332: 673–679, 1998.

29. Giulivi C, Poderoso JJ, and Boveris A. Production of nitric
oxide by mitochondria. J Biol Chem 273: 11038–11043,
1998.

30. González-Flecha B and Boveris A. Mitochondrial sites of
hydrogen peroxide production in reperfused rat kidney
cortex. Biochim Biophys Acta 1243: 361–366, 1995.

31. Kanai AJ, Pearce LL, Clemens PR, Birder L, Van Bibber
MM, Choi S-Y, de Groat WC, and Peterson J. Identifica-
tion of a neuronal nitric oxide synthase in isolated cardiac
mitochondria using electrochemical detection. Proc Natl
Acad Sci U S A 98: 14126–14131, 2001.

32. Kobzik L, Stringer B, Balligand JL, Reid MB, and Stamler
JS. Endothelial type nitric oxide synthase in skeletal mus-
cle fibers: mitochondrial relationships. Biochem Biophys
Res Commun 211: 375–381, 1995.

33. Koivisto A, Matthias A, Bronnikov G, and Nedergard J.
Kinetics of the inhibition of mitochondrial respiration by
NO. FEBS Lett 417: 75–80, 1997.

34. Lacza Z, Puskar M, Figueroa JP, Zhang J, Rajapakse N,
and Busua DW. Mitochondrial nitric oxide synthase is con-
stitutively active and is functionally upregulated in hy-
poxia. Free Radic Biol Med 31: 1609–1615, 2001.

35. Levonen AL, Patel RP, Brookes P, Go YM, Jo H,
Parthasarathy S, Anderson PG, and Darley-Usmar VM.

Mechanisms of cell signaling by nitric oxide and peroxyni-
trite: from mitochondria to MAP kinases. Antioxid Redox
Signal 3: 215–229, 2001.

36. Lores-Arnaiz S, Coronel MF, and Boveris A. Nitric oxide,
superoxide, and hydrogen peroxide production in brain mi-
tochondria after haloperidol treatment. Nitric Oxide 3:
235–243, 1999.

37. Poderoso JJ, Carreras MC, Lisdero C, Riobo N, Schöpfer
F, and Boveris A. Nitric oxide inhibits electron transfer and
increases superoxide radical production in rat heart mito-
chondria and submitochondrial particles. Arch Biochem
Biophys 328: 85–92, 1996.

38. Poderoso JJ, Carreras MC, Schöpfer F, Lisdero CL, Riobo
NA, Giulivi C, Boveris AD, Boveris A, and Cadenas E. The
reaction of nitric oxide with ubiquinol: kinetic properties
and biological significance. Free Radic Biol Med 26:
925–935, 1999.

39. Poderoso JJ, Lisdero C, Schöpfer F, Riobo N, Carreras MC,
Cadenas E, and Boveris A. The regulation of mitochondrial
oxygen uptake by redox reactions involving nitric oxide
and ubiquinol. J Biol Chem 274: 37709–37716, 1999.

40. Riobo N, Melani M, Sanjuan N, Fiszman NL, Gravielle
MC, Carreras MC, Cadenas E, and Poderoso JJ. The mod-
ulation of mitochondrial nitric oxide synthase activity in
rat brain development. J Biol Chem 277: 42447–42455,
2002.

41. Sarkela T, Berthiaume J, Elfering S, Gybina A, and Giulivi
G. The modulation of oxygen radical production by nitric
oxide in mitochondria. J Biol Chem 276: 6945–6949, 2001.

42. Takehara Y, Kanno T, Yoshioka T, Inoue M, and Utsumi K.
Oxygen-dependent regulation of mitochondrial energy
metabolism by nitric oxide. Arch Biochem Biophys 323:
27–32, 1995.

43. Tatoyan A and Giulivi C. Purification and characterization
of a nitric oxide synthase from rat liver mitochondria. J
Biol Chem 273: 11044–11048, 1998.

44. Valdez LB and Boveris A. Nitric oxide and superoxide rad-
ical production by human mononuclear leukocytes. An-
tioxid Redox Signal 3: 505–513, 2001.

Address reprint requests to:
Prof. Alberto Boveris

Cátedra de Fisicoquímica
Facultad de Farmacia y Bioquímica

Junín 956, 2º piso
1113, Buenos Aires

Argentina

E-mail: aboveris@ffyb.uba.ar

Received for publication October 9, 2002; accepted March 15,
2003.

KIDNEY mtNOS 271



This article has been cited by:

1. Virginia Vanasco, Natalia D. Magnani, María Cecilia Cimolai, Laura B. Valdez, Pablo Evelson,
Alberto Boveris, Silvia Alvarez. 2012. Endotoxemia impairs heart mitochondrial function by decreasing
electron transfer, ATP synthesis and ATP content without affecting membrane potential. Journal of
Bioenergetics and Biomembranes . [CrossRef]

2. Antonio Martínez-Ruiz, Susana Cadenas, Santiago Lamas. 2011. Nitric oxide signaling: Classical, less
classical, and nonclassical mechanisms. Free Radical Biology and Medicine 51:1, 17-29. [CrossRef]

3. Enara Aguirre, Elia López-Bernardo, Susana Cadenas. 2011. Functional evidence for nitric oxide
production by skeletal-muscle mitochondria from lipopolysaccharide-treated mice. Mitochondrion .
[CrossRef]

4. NINO G. DABRUNDASHVILI, EKA B. KVARATSKHELIA, MAIA GAGUA, EKATERINE
MAISURADZE, IRAKLI CHKHIKVISHVILI, ELENE I. ZHURAVLIOVA, DAVID G.
MIKELADZE. 2011. NOBILETIN TRANSIENTLY INCREASES THE PRODUCTION OF NITRIC
OXIDE AND CHANGES THE ACTIVITY OF SUCCINATE DEHYDROGENASE IN HUMAN
BLOOD LYMPHOCYTES. Journal of Food Biochemistry 35:2, 638-649. [CrossRef]

5. Ana Navarro, Alberto Boveris, Manuel J. Bández, María Jesús Sánchez-Pino, Carmen Gómez, Gerard
Muntané, Isidro Ferrer. 2009. Human brain cortex: mitochondrial oxidative damage and adaptive
response in Parkinson disease and in dementia with Lewy bodies. Free Radical Biology and Medicine
46:12, 1574-1580. [CrossRef]

6. Aihua Deng, Tong Tang, Prabhleen Singh, Chen Wang, Joe Satriano, Scott C Thomson, Roland C
Blantz. 2009. Regulation of oxygen utilization by angiotensin II in chronic kidney disease. Kidney
International 75:2, 197-204. [CrossRef]

7. Mordhwaj S. Parihar, Rafal R. Nazarewicz, Erick Kincaid, Urs Bringold, Pedram Ghafourifar.
2008. Association of mitochondrial nitric oxide synthase activity with respiratory chain complex I.
Biochemical and Biophysical Research Communications 366:1, 23-28. [CrossRef]

8. Rafal R. Nazarewicz, Woineshet J. Zenebe, Arti Parihar, Mordhwaj S. Parihar, Michael Vaccaro,
Cameron Rink, Chandan K. Sen, Pedram Ghafourifar. 2007. 12(S)-Hydroperoxyeicosatetraenoic acid
(12-HETE) increases mitochondrial nitric oxide by increasing intramitochondrial calcium. Archives of
Biochemistry and Biophysics 468:1, 114-120. [CrossRef]

9. Ana Navarro , Maria Jesús Sánchez-Pino , Carmen Gómez , Manuel J. Bández , Enrique Cadenas ,
Alberto Boveris . 2007. Dietary Thioproline Decreases Spontaneous Food Intake and Increases Survival
and Neurological Function in Mice. Antioxidants & Redox Signaling 9:1, 131-141. [Abstract] [Full Text
PDF] [Full Text PDF with Links]

10. M EPPERLY, S CAO, X ZHANG, D FRANICOLA, H SHEN, E GREENBERGER, L EPPERLY,
J GREENBERGER. 2007. Increased longevity of hematopoiesis in continuous bone marrow cultures
derived from NOS1 (nNOS, mtNOS) homozygous recombinant negative mice correlates with
radioresistance of hematopoietic and marrow stromal cells. Experimental Hematology 35:1, 137-145.
[CrossRef]

11. Alberto Boveris, Laura B. Valdez, Tamara Zaobornyj, Juanita Bustamante. 2006. Mitochondrial
metabolic states regulate nitric oxide and hydrogen peroxide diffusion to the cytosol. Biochimica et
Biophysica Acta (BBA) - Bioenergetics 1757:5-6, 535-542. [CrossRef]

12. Laura B. Valdez, Tamara Zaobornyj, Alberto BoverisFunctional Activity of Mitochondrial Nitric Oxide
Synthase 396, 444-455. [CrossRef]

13. Juanita Bustamante, Eugenia Di Libero, Mariana Fernandez-Cobo, Nicolás Monti, Enrique Cadenas,
Alberto Boveris. 2004. Kinetic analysis of thapsigargin-induced thymocyte apoptosis. Free Radical
Biology and Medicine 37:9, 1490-1498. [CrossRef]

http://dx.doi.org/10.1007/s10863-012-9426-3
http://dx.doi.org/10.1016/j.freeradbiomed.2011.04.010
http://dx.doi.org/10.1016/j.mito.2011.05.010
http://dx.doi.org/10.1111/j.1745-4514.2010.00407.x
http://dx.doi.org/10.1016/j.freeradbiomed.2009.03.007
http://dx.doi.org/10.1038/ki.2008.481
http://dx.doi.org/10.1016/j.bbrc.2007.11.056
http://dx.doi.org/10.1016/j.abb.2007.09.018
http://dx.doi.org/10.1089/ars.2007.9.131
http://online.liebertpub.com/doi/pdf/10.1089/ars.2007.9.131
http://online.liebertpub.com/doi/pdf/10.1089/ars.2007.9.131
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2007.9.131
http://dx.doi.org/10.1016/j.exphem.2006.09.009
http://dx.doi.org/10.1016/j.bbabio.2006.02.010
http://dx.doi.org/10.1016/S0076-6879(05)96037-0
http://dx.doi.org/10.1016/j.freeradbiomed.2004.06.038


14. Silvia Lores-Arnaiz, Gabriela D’Amico, Analía Czerniczyniec, Juanita Bustamante, Alberto Boveris.
2004. Brain mitochondrial nitric oxide synthase: in vitro and in vivo inhibition by chlorpromazine.
Archives of Biochemistry and Biophysics 430:2, 170-177. [CrossRef]

15. Laura B. Valdez, Tamara Zaobornyj, Silvia Alvarez, Juanita Bustamante, Lidia E. Costa, Alberto
Boveris. 2004. Heart mitochondrial nitric oxide synthase. Effects of hypoxia and aging. Molecular
Aspects of Medicine 25:1-2, 49-59. [CrossRef]

16. Alberto Boveris , Gabriela D'Amico , Silvia Lores-Arnaiz , Lidia E. Costa . 2003. Enalapril Increases
Mitochondrial Nitric Oxide Synthase Activity in Heart and Liver. Antioxidants & Redox Signaling 5:6,
691-697. [Abstract] [Full Text PDF] [Full Text PDF with Links]

17. Pedram Ghafourifar , Carol A. Colton . 2003. Mitochondria and Nitric Oxide. Antioxidants & Redox
Signaling 5:3, 249-250. [Citation] [Full Text PDF] [Full Text PDF with Links]

http://dx.doi.org/10.1016/j.abb.2004.07.012
http://dx.doi.org/10.1016/j.mam.2004.02.008
http://dx.doi.org/10.1089/152308603770379982
http://online.liebertpub.com/doi/pdf/10.1089/152308603770379982
http://online.liebertpub.com/doi/pdfplus/10.1089/152308603770379982
http://dx.doi.org/10.1089/152308603322110823
http://online.liebertpub.com/doi/pdf/10.1089/152308603322110823
http://online.liebertpub.com/doi/pdfplus/10.1089/152308603322110823

