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Chapter 4
Biochemistry and Physiology of Heart 
Mitochondrial Nitric Oxide Synthase

Tamara Zaobornyj, Darío E. Iglesias, Silvina S. Bombicino, 
Ivana A. Rukavina-Mikusic, and Laura B. Valdez

Abstract Heart mitochondria are the major source of reactive oxygen and nitrogen 
species and play a central role in cell energy provision and signaling. The NO pro-
duced by cardiac mtNOS is allowed to interact restrictedly with the co-localized 
effectors. NO exerts a high affinity, reversible and physiological inhibition of cyto-
chrome c oxidase activity. A second effect of NO on the respiratory chain is accom-
plished through its interaction with ubiquinol-cytochrome c oxidoreductase. The 
ability of mtNOS to regulate mitochondrial O2 uptake and O2

− and H2O2 produc-
tions is named mtNOS functional activity. Several situations, including chronic 
hypoxia and ischemia-reperfusion, modify heart mtNOS activity or expression. The 
regulation of heart mtNOS by distinctive mitochondrial environments includes the 
effects of Ca2+, O2, L-arginine, NADPH, mitochondrial membrane potential (Δψ) 
and the metabolic states. Together, this enzyme seems to be critical during the adap-
tation of heart mitochondria to changes in cellular bioenergetics.

Keywords Heart mitochondrial NOS • mtNOS functional activity • Nitric oxide • 
Membrane potential • Hydrogen peroxide • Mitochondrial complexes I, III and IV

1  Introduction

Mitochondria supply the cells with both the energy and the signals that coordinate 
cell death and survival [1]. Indeed, heart mitochondria produce the potentially toxic 
products of the partial reduction of oxygen: superoxide anion (O2

−), hydrogen per-
oxide (H2O2), and hydroxyl radical (HO•) and signaling and regulatory molecules, 
as nitric oxide (NO) and H2O2 [2–5]. A fine control of mitochondrial respiration is 
critical to meet the energy demand of cardiac muscle [6–8]. During the progression 
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of heart disease, the loss of mitochondrial function leads to cell injury, cell dysfunc-
tion and death [8]. The signaling functions of NO in the heart depend on its produc-
tion by the specific NO synthase (NOS) isoforms compartmentalized within cellular 
microdomains, and its interactions with several biomolecules involved in down-
stream signaling pathways. The strategic localization of heart mitochondrial nitric 
oxide synthase (mtNOS) in the organelles in charge of cellular energy metabolism 
allows for a tight control of different processes whereby mitochondria play pivotal 
roles [9, 10].

2  Nitric Oxide Regulates Mitochondrial Respiration 
and Superoxide Anion and Hydrogen Peroxide 
Productions

Even though NO is a highly diffusible molecule, the distances that this free radical 
reaches are short due to its high reactivity with several species which include heme 
groups, O2

− and thiols [9]. As a result, the NO produced by cardiac mtNOS is 
allowed to interact restrictedly with the co-localized effectors. It is well known that 
NO activates soluble guanylatecyclase (sGC), which leads to the production of the 
second messenger 3,5′-cyclic guanosine monophosphate (cGMP) [8]. However, 
certain functions of NO in signaling and regulation of cardiac function are per-
formed through cGMP-independent pathways including those that involve mito-
chondria (Fig. 4.1).

First, NO competes with O2 for the binding site at the binuclear center of cyto-
chrome c oxidoreductase or complex IV. This leads to a high affinity and reversible 
inhibition of the enzyme [11–13]. This effect was unraveled using a mathematical 
model based in experimental data and described different effects of NO in the mito-

Fig. 4.1 Effects of NO in mitochondria
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chondrial metabolic states [14, 15]. The mitochondrial NO steady-state concentra-
tions in tissues, in the 50–350 nM range [6] are in the same range that produces an 
effective (50 %) inhibition of cytochrome oxidase activity [6, 7, 12–15]. The rate of 
respiration depends on O2 concentration and on the O2/NO ratio [6, 7]. In other 
words, the biological effect of a given NO concentration will depend on the simul-
taneous O2 concentration; a lower PO2 increases and extends the effects of NO [6, 
7]. Additionally, another important effect of NO on mitochondrial respiratory chain 
is accomplished through the interaction of NO with respiratory complex III, 
ubiquinol- cytochrome c oxidoreductase [16, 17]. The activity of succinate- 
cytochrome c reductase (complexes II-III) was inhibited by about 50 % in the pres-
ence of about 1.3 μM NO released from the NO donors S-nitrosoglutathione 
(GSNO) or spermine-NONOate, while the activity of succinate-Q reductase (com-
plex II) resulted unaffected [17]. These results indicate that NO specifically inhibits 
complex III activity. Interestingly, complexes II-III activity was also decreased (36 
%) when submitochondrial particles (SMP) were incubated with mtNOS substrates 
and cofactors, suggesting that the inhibition is also produced by endogenous 
NO. Through its interaction with components of the electron-transfer chain, NO 
functions not only as a physiological inhibitor of cell respiration, but it also enhances 
the generation of reactive oxygen species [16, 17] and thereby triggers various 
mechanisms underlying the survival or death of the cells. A hyperbolic increase in 
O2

− and H2O2 production rates by heart SMP was observed with a maximal effect at 
500 μM GSNO [17]. Moreover, H2O2 production by heart coupled mitochondria 
was increased by 70 % when mitochondria were exposed to the NO donors [17].

The activity of heart mtNOS can be assessed indirectly through the two main 
effects that NO exert on the mitochondrial respiratory chain functions: the inhibi-
tion of O2 consumption and the enhancement of H2O2 production. This mtNOS 
activity has been termed mtNOS functional activity [18] and it is determined by the 
difference in the rates of O2 uptake or H2O2 production in isolated mitochondria in 
two different conditions. One of them is the condition where NO steady-state con-
centration is the highest, i.e. in the presence of sufficient L-arginine and SOD, con-
dition in which active O2 consumption is reduced and H2O2 production is enhanced. 
The second condition is by the contrary, when NO steady-state level is the lowest, 
condition in which active O2 consumption is increased and H2O2 production is 
decreased. This latter situation is achieved in the absence of NOS substrates or 
cofactors and in the presence of a NOS inhibitor or a NO scavenger, e.g. oxyhemo-
globin. Thus, supplementation of heart mitochondria with L-arginine and SOD 
decreases the respiration rate by 15–20 %, while supplementation of the mitochon-
drial preparation with a NOS inhibitor (L-NAME) and hemoglobin increases O2 
consumption by 10–15 %. Concerning H2O2 production, the addition of L-arginine 
and SOD enhances H2O2 production by 15–20 % in heart mitochondria, whereas the 
supplementation of the same preparation with L-NAME and hemoglobin declines 
H2O2 generation by 10–15 %. Thus, the changes in mtNOS functional activity 
clearly reveal variations in mitochondrial NO production rates and NO steady-state 
concentration [18]. For instance, the myocardial stunning observed in perfused 
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 rabbit heart after 15 min ischemia and 30 min reperfusion, is characterized by a 
decreased mtNOS activity and an impaired mtNOS functional activity [19].

3  Other Effects of NO and NO-Derived Species 
on Mitochondrial Functions

Other effects of NO in mitochondria-cytosol signaling are conveyed via nitrosation 
of proteins [20]. In nitrosation reactions, NO reversibly reacts with the nucleophilic 
centers in thiol residues contained within a specific consensus sequence of amino 
acids [21] of a broad array of low molecular weight compounds or proteins [21, 22]. 
When mitochondria are treated with NO donors, complex I is S-nitrosated resulting 
in a significant inhibition of this respiratory complex, an effect that can be reversed 
by light or reagents containing thiol groups [23]. It has been suggested that a tran-
sient reversible inhibition of the mitochondrial electron transfer minimizes ischemia- 
reperfusion injury, and that the blockade of electron transfer at complex I preserves 
respiration during reperfusion [24]. Studies have shown that complex I inhibition by 
nitrosation protects mitochondria during hypoxia and reoxygenation and cardio-
myocytes during ischemia-reperfusion [25–27]. Nitric oxide also reacts with O2

− 
that is formed by the mitochondrial respiratory chain during normal or pathological 
oxygen metabolism, yielding ONOO− [28]. This reaction occurs with a second 
order rate constant of about 2 × 1010 M−1 s−1 and its rate is controlled by the diffu-
sion of the reactants [29]. Peroxynitrite influences cardiac contractility and, in some 
cases, produces effects that are markedly different from those of NO [30, 31]. This 
NO congener may hinder mitochondrial functions and cause cell death. The switch 
from reversible inhibition of cellular respiration by NO to the pathological inhibi-
tion of mitochondrial function by the NO-derived ONOO− has been observed in 
many physiopathological conditions, in which intramitochondrial NO and O2

− 
steady-state concentrations are enhanced. Pathological concentrations of NO are 
likely to affect respiration by mechanisms that are qualitatively different from those 
observed during reversible physiological regulation. Increased ONOO− steady-state 
concentration together with mitochondrial malfunctioning are hallmarks of heart 
hypoxia-reperfusion injury [19, 30, 31].

In addition, NO may act on other mitochondrial targets. It has been reported that 
NO increases oxidative phosphorylation efficiency [32], activates mitoKATP chan-
nels [33], regulates mitochondrial matrix pH and Ca2+ buffering capacity [34], trig-
gers mitochondrial biogenesis [35] and modulates the mitochondrial permeability 
transition pore (MPT)) formation [36]. The regulation of mitochondrial Ca2+ accu-
mulation by NO may provide means by which mtNOS can influence mitochondrial 
metabolism as well as survival [37]. Nitric oxide triggers mitochondrial biogenesis 
in several cell types and tissues, including those obtained from heart, through a 
cGMP-dependent mechanism [35]. The cell injury and death observed after reoxy-
genation of the tissue are in accordance with several reports showing that NO can 
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prevent or accelerate mitochondrial permeability transitions [38]. This depends on 
whether NO concentrations are physiological or supraphysiological and whether 
O2

− is generated simultaneously [39, 40]. In this regard, heart mtNOS plays an 
important role suggesting relevance of mtNOS in yet another important mitochon-
drial function.

4  Heart mtNOS Activity and Identity

Different groups have used various experimental approaches and reported the pres-
ence of mtNOS in the heart. A summary of the publications is included in Table 4.1. 
The first study showing the presence of a NOS isoenzyme located in mitochondria 
used the silver enhanced gold immunolabelling method and showed that about 85 % 
of the heart mitochondria were positive for the eNOS label [41]. After that, the stud-
ies of cardiac mtNOS have used various methods: immunohistochemistry [41, 42], 
spectrophotometry [19, 39, 43–51], radiometry [52, 53], fluorometry [40, 54–56], 
chemiluminescence [53] and electrochemistry [57]. Heart mtNOS has been studied 

Table 4.1 mtNOS activity or expression in heart mitochondria

Methodology
Sensitivity
[NO] (M) References

Espectrophotometric (HbO2 oxidation) 1 × 10−11/10−12 Costa et al. [43]
Boveris et al. [39]
Saavedra-Molina et al. 
[44]
Valdez et al. [45]
Gonzales et al. [46]
Zaobornyj et al. [47]
Fellet et al. [48]
Boveris et al. [49]
La Padula et al. [50]
Zaobornyj et al. [51]
Valdez et al. [19]

Radiometric ([3H]L-citrulline/[14C]
L-citrulline))

1 × 10−7 Zanella et al. [52]
Zenebe et al. [53]

Microsensor (porphyrinic and amperometric) 1 × 10−7 Kanai et al. [57]
Fluorometric (DAF-2, DAF2-DA, DAF-FM) 10−9 Lopez-Figueroa et al. 

[54]
Zanella et al. [55]
Zorov et al. [56]
Dedkova and Blatter [40]

Chemiluminescence Zenebe et al. [53]
Immunohistochemistry Bates et al. [41]

Hotta et al. [42]
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using isolated cardiac mitochondria [19, 39, 43–51] and through functional experi-
ments in which mitochondrial membrane potential-dependent NO production was 
measured in cardiomyocytes [40, 49]. Kanai and co-workers [57] showed elegantly 
the presence of a NOS activity in mouse cardiac mitochondria by measuring, in a 
single individual mitochondrion, the NO production that followed to Ca2+ addition 
to the reaction medium, by using a porphyrinic microsensor. Moreover, Boveris 
group [19, 39, 43, 45, 47, 49] reported a heart mtNOS activity of 0.8–1.5 nmol NO 
× min-1 × mg protein-1 using the oxyhemoglobin (HbO2) assay. Heart mitochondrial 
NO production accounts for about 60 % of total cellular heart NO generation, sug-
gesting a central role of the mitochondrially produced NO in cardiomyocytes [51, 
58]. Confocal microscopy using fluorescent probes for coupled mitochondria and 
for NO indicated the presence of NO in mitochondria [40, 55]. Other studies have 
detected mitochondrial NO release using a direct spin trapping technique with elec-
tron paramagnetic resonance spectrometry [59]. The physiological NO release from 
heart mitochondria has been calculated as 1.8 nmol NO × min-1 × mg protein-1, 
considering the simultaneous oxidation of 3 mol of NADH (malate-glutamate) and 
1 mol of succinate within the matrix, and taking into account that heart mitochon-
dria oscillate between a NO-inhibited state 3 (47 %) and state 4 (53 %) [58]. In these 
conditions, NO release accounts for about 3 % of heart O2 consumption.

Up to date, the immunochemical nature of heart mtNOS isoform is a subject 
under debate. The 51–57 % homology reported for nNOS, iNOS, and eNOS; and 
the cross-reactivity of isoform-specific anti-NOS antibodies, as well as the possible 
overexpression of iNOS and eNOS in experimental models could provide an expla-
nation for the conflicting results [60]. However, the most convincing data implicate 
nNOS as the primary candidate for the NOS isoenzyme targeted into mitochondria 
[57, 60, 61]. In 2002, the sequence of rat liver mtNOS was reported as the α splice 
variant of the nNOS isoform, with post-translational modifications: acylation with 
myristic acid at the N-terminal and phosphorylation at the C-terminal region [61]. 
In the study of Kanai et al. [57], the NO production of an individual mouse cardiac 
mitochondrion was measured with a microsensor placed at the cytoplasmic face of 
the mitochondrial outer membrane. The sensor detected a NO signal in mitochon-
dria isolated from eNOS-/- or iNOS-/- animals, while no signal was detected in 
mitochondria from nNOS-/- mice. In our laboratory, we have detected an increase 
in heart mtNOS expression after the exposure of rats to high altitude, using anti- 
nNOS and anti-iNOS antibodies [51]. Moreover, a decrease in heart mtNOS expres-
sion during the regression of the cardioprotection conferred by hypoxia was reported 
using anti-nNOS and anti-iNOS [50].

5  Regulation of Heart Mitochondrial NOS

Several situations can regulate heart mtNOS activity or expression. As an example, 
treatment with enalapril increased the production of NO by heart mitochondria [39, 
62]. Interestingly, a receptor for angiotensin was found in inner mitochondrial 
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membrane and it was suggested that the renin-angiotensin system directly regulates 
mitochondrial NO production [63]. We have reported that rats submitted to chronic 
hypoxia showed about 60 % enhanced heart mtNOS activity [47]. This up- regulation 
was associated with a preservation of heart contractility upon aging or after an isch-
emic insult. Concordant results were observed when rats were exposed to natural 
high altitude [46, 51]. Again, heart mtNOS activity and expression were specifically 
increased after exposure [51] and this enhancement showed a similar pattern to the 
one observed for hematocrit. Another study performed by us showed a decline of 
about 30 % in mitochondrial NO production after ischemia-reperfusion, without 
modification of mtNOS expression, together with a decrease of 30 % in mitochon-
drial complex I activity [19]. This latter mitochondrial dysfunction was named by 
Boveris et al. “complex I syndrome” in which complex I and mtNOS are partially 
inactivated associated with protein nitration and oxidative damage to proteins and 
phospholipids [64]. Localization of NO production within mitochondria provides a 
reciprocal regulation between mtNOS and the intramitochondrial medium (Fig. 
4.2). Indeed, heart mtNOS activity depends on intramitochondrial Ca2+ concentra-
tion [40, 65]; the blockade of mitochondrial Ca2+ uniporter inhibits mitochondrial 
NO production. In energized mitochondria, elevation of extramitochondrial Ca2+ 
stimulates mtNOS activity and decreases respiration. Interestingly, results from our 
laboratory showed that energized and coupled heart mitochondria produce NO 
without supplementation with Ca2+ [66], indicating that the concentration of Ca2+ in 
the preparation may be sufficient to sustain a basal mtNOS activity. Concerning the 
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Fig. 4.2 Diagram showing the location of mtNOS within mitochondrion. Specific regulation of 
mitochondrial NO production occurs by the intramitochondrial levels of Ca2+, O2, L-arginine, argi-
nases, and NADPH and by mitochondrial metabolic state and Δψ
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mtNOS activity determined in heart mitochondrial membranes, NO production was 
80 % lower in the absence of Ca2+ in the reaction medium. Taking into account that 
heart mitochondrial matrix and cytosol Ca2+ concentrations are different [65–68], 
the existence of a Ca2+-dependent NOS within mitochondria has significant conse-
quences in terms of the differential regulation of this enzyme.

The mtNOS, as cytoplasmic NOS isoforms, requires O2, L-arginine, and certain 
cofactors to produce NO. The study of NO production by heart mitochondrial mem-
branes as a function of L-arginine concentration showed a hyperbolic response, 
with an apparent KM value of about 35 μM [69]. Of note, rather lower intracellular 
levels of L-arginine and the presence of arginase-I and arginase-II activity in heart 
mitochondria have been reported [70]. The activity of mtNOS may be impaired 
under the conditions whereby L-arginine concentration within the heart mitochon-
dria is diminished. As the content of NADP(H) in heart mitochondria is around 
0.4 mM [71, 72], about 80 % of this nucleotide is in the reduced state (NADPH) and 
since NOS has a relatively low KM value for NADPH (0.1–1 μM) [73], the intrami-
tochondrial NADPH concentration is high enough to sustain mtNOS activity under 
physiological conditions.

The mitochondrial NO production is regulated by the metabolic state [49, 58, 
66]. During the transition from resting (state 4) to active (state 3) respiration, heart 
mitochondrial NO release decreases about 60 %. The rate of NO release by mito-
chondria represents 10 % of the corresponding O2 consumption in state 4 and only 
1.5 % in state 3 [58]. This is consistent with the idea that mitochondrial respiration 
is more sensitive to exogenous NO in state 3 than in state 4 [12–15, 58, 66]. In addi-
tion, heart mitochondrial NO release shows an exponential dependence on the mito-
chondrial membrane potential (Δψ). This dependence is more pronounced in the 
physiological range of Δψ (150 to 180 mV), where small changes in the Δψ pro-
duce noticeable variations of mitochondrial NO release [58, 60]. To date, several 
studies have shown that abolishing Δψ inhibits NO production by mtNOS activity, 
indicating a tight regulatory interplay between mitochondrial Δψ and NO produc-
tion. Moreover, data from our laboratory have showed that heart inside out submi-
tochondrial particles produce NO supported by succinate-dependent reversed 
electron flow in the respiratory chain, indicating a functional association between 
mtNOS and complex I proteins [74].

6  Conclusions

Nitric oxide is an essential molecule in the regulation of heart function in general, 
and of a range of key processes implicated in cardiac energy metabolism in particu-
lar. The presence of mtNOS in the mitochondria of high-energy utilizing cells, such 
as cardiomyocytes, indicates a precise regulation of metabolic pathways in which 
these organelles are involved. Heart mtNOS allows NO to optimize the balance 
between cardiac energy production and utilization, and to regulate oxygen and 
nitrogen free radical productions and Ca2+ homeostasis. Furthermore, heart mtNOS 
is regulated by physiological, pathological, and pharmacological situations. 

T. Zaobornyj et al.



45

Moreover, a spatially restricted localization of NO within mitochondria permits the 
regulation of NOS activity by the local environment within individual organelles. 
Thus, this enzyme seems to be critical during the adaptation of heart mitochondria 
to changes in cellular bioenergetics.

Acknowledgments This work was supported by research grants from the University of Buenos 
Aires (UBACYT 20020110100140, 20020130100731), Agencia Nacional de Promoción Científica 
y Tecnológica (PICT 2014-0964), and Consejo Nacional de Investigaciones Científicas y Técnicas 
(PIP 11220110100444).

References

 1. Darley-Usmar V (2004) The powerhouse takes control of the cell: the role of mitochondria in 
signal transduction. Free Radic Biol Med 37:753–754

 2. Boveris A, Oshino N, Chance B (1972) The cellular production of hydrogen peroxide. General 
properties and effect of hyperbaric oxygen. Biochem J 128:707–716

 3. Boveris A, Cadenas E (1975) Mitochondrial production of superoxide anion and its relation-
ship to the antimycin insensitive respiration. FEBS Lett 54:311–314

 4. Boveris A, Cadenas E (1982) Production of superoxide radicals and hydrogen peroxide in 
mitochondria. In: Oberley LW (ed) Superoxide dismutase. CRC Press, Boca Raton, pp 15–30

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

 6. Boveris A, Costa LE, Cadenas E, Poderoso JJ (1999) Regulation of mitochondrial respiration 
by adenosine diphosphate, oxygen, and nitric oxide. Meth Enzymol 301:188–198

 7. Boveris A, Costa LE, Poderoso JJ et al (2000) Regulation of mitochondrial respiration by 
oxygen and nitric oxide. Ann N Y Acad Sci 899:121–135

 8. Aon MA, Cortassa S, Marbán E, O’Rourke B (2003) Synchronized whole cell oscillations in 
mitochondrial metabolism triggered by a local release of reactive oxygen species in cardiac 
myocytes. J Biol Chem 278:44735–44744

 9. Wink DA, Mitchell JB (1998) Chemical biology of nitric oxide: insights into regulatory, cyto-
toxic, and cytoprotective mechanisms of nitric oxide. Free Radic Biol Med 25:434–456

 10. Zaobornyj T, Ghafourifar P (2012) Strategic localization of heart mitochondrial NOS: a review 
of the evidence. Am J Physiol Heart Circ Physiol 303:1283–1293

 11. Brown GC, Cooper CE (1994) Nanomolar concentrations of nitric oxide reversibly inhibit 
synaptosomal respiration by competing with oxygen at cytochrome oxidase. FEBS Lett 
356:295–298

 12. Cleeter MW, Cooper JM, Darley-Usmar VM et al (1994) Reversible inhibition of cytochrome 
c oxidase, the terminal enzyme of the mitochondrial respiratory chain, by nitric oxide. 
Implications for neurodegenerative diseases. FEBS Lett 345:50–54

 13. Takehara Y, Nakahara H, Inai Y et al (1996) Oxygen-dependent reversible inhibition of mito-
chondrial respiration by nitric oxide. Cell Struct Funct 21:251–258

 14. Antunes F, Boveris A, Cadenas E (2004) On the mechanism and biology of cytochrome oxi-
dase inhibition by nitric oxide. Proc Natl Acad Sci U S A 101:16774–16779

 15. Antunes F, Boveris A, Cadenas E (2007) On the biologic role of the reaction of NO with oxi-
dized cytochrome c oxidase. Antioxid Redox Signal 9:1569–1579

 16. Poderoso JJ, Carreras MC, Lisdero C et al (1996) Nitric oxide inhibits electron transfer and 
increases superoxide radical production in rat heart mitochondria and submitochondrial parti-
cles. Arch Biochem Biophys 328:85–92

4 Biochemistry and Physiology of Heart Mitochondrial Nitric Oxide Synthase



46

 17. Iglesias DE, Bombicino SS, Valdez LB, Boveris A (2015) Nitric oxide interacts with mito-
chondrial complex III producing antimycin-like effects. Free Radic Biol Med 89:602–613

 18. Valdez LB, Zaobornyj T, Boveris A (2005) Functional activity of mitochondrial nitric oxide 
synthase. Meth Enzymol 396:444–455

 19. Valdez LB, Zaobornyj T, Bombicino S et al (2011) Complex I syndrome in myocardial stun-
ning and the effect of adenosine. Free Radic Biol Med 51:1203–1212

 20. Stamler JS, Lamas S, Fang FC (2001) Nitrosylation, the prototypic redox-based signaling 
mechanism. Cell 106:675–683

 21. Sun J, Xin C, Eu JP et al (2001) Cysteine-3635 is responsible for skeletal muscle ryanodine 
receptor modulation by NO. Proc Natl Acad Sci U S A 98:11158–11162

 22. Scharfstein JS, Keaney JF Jr, Slivka A et al (1994) In vivo transfer of nitric oxide between a 
plasma protein-bound reservoir and low molecular weight thiols. J Clin Invest 94:1432–1439

 23. Borutaite V, Budriunaite A, Brown GC (2000) Reversal of nitric oxide-, peroxynitrite- and 
S-nitrosothiol-induced inhibition of mitochondrial respiration or complex I activity by light 
and thiols. Biochim Biophys Acta 1459:405–412

 24. Burwell LS, Nadtochiy SM, Tompkins AJ et al (2006) Direct evidence for S-nitrosation of 
mitochondrial complex I. Biochem J 394:627–634

 25. Nadtochiy SM, Burwell LS, Ingraham CA et al (2009) In vivo cardioprotection by S-nitroso- 
2-mercaptopropionyl glycine. J Mol Cell Cardiol 46:960–968

 26. Chen Q, Moghaddas S, Hoppel CL, Lesnefsky EJ (2006) Reversible blockade of electron 
transport during ischemia protects mitochondria and decreases myocardial injury following 
reperfusion. J Pharmacol ExpTher 319:1405–1412

 27. Shiva S, Sack MN, Greer JJ et al (2007) Nitrite augments tolerance to ischemia/reperfusion 
injury via the modulation of mitochondrial electron transfer. J Exp Med 204:2089–2102

 28. Radi R, Cassina A, Hodara R et al (2002) Peroxynitrite reactions and formation in mitochon-
dria. Free Radic Biol Med 33:1451–1464

 29. Kissner R, Nauser T, Bugnon P et al (1997) Formation and properties of peroxynitrite as stud-
ied by laser flash photolysis, high-pressure stopped-flow technique, and pulse radiolysis. 
Chem Res Toxicol 10:1285–1292

 30. Mihm MJ, Bauer JA (2002) Peroxynitrite-induced inhibition and nitration of cardiac myofi-
brillar creatine kinase. Biochimie 84:1013–1019

 31. Katori T, Donzelli S, Tocchetti CG et al (2006) Peroxynitrite and myocardial contractility: 
in vivo versus in vitro effects. Free Radic Biol Med 41:1606–1618

 32. Clerc P, Rigoulet M, Leverve X, Fontaine E (2007) Nitric oxide increases oxidative phos-
phorylation efficiency. J Bioenerg Biomembr 39:158–166

 33. Sasaki N, Sato T, Ohler A et al (2000) Activation of mitochondrial ATP-dependent potassium 
channels by nitric oxide. Circulation 101:439–445

 34. Ghafourifar P, Richter C (1999) Mitochondrial nitric oxide synthase regulates mitochondrial 
matrix pH. Biol Chem 380:1025–1028

 35. Nisoli E, Clementi E, Paolucci C et al (2003) Mitochondrial biogenesis in mammals: the role 
of endogenous nitric oxide. Science 299:896–899

 36. Brookes PS, Salinas EP, Darley-Usmar K et al (2000) Concentration-dependent effects of 
nitric oxide on mitochondrial permeability transition and cytochrome c release. J Biol Chem 
275:20474–20479

 37. Dedkova EN, Blatter LA (2005) Modulation of mitochondrial Ca2+ by nitric oxide in cultured 
bovine vascular endothelial cells. Am J Physiol Cell Physiol 289:C836–C845

 38. Crompton M (1999) The mitochondrial permeability transition pore and its role in cell death. 
Biochem J 341:233–249

 39. Boveris A, Lores-Arnaiz S, Bustamante J et al (2002) Pharmacological regulation of mito-
chondrial nitric oxide synthase. Meth Enzymol 359:328–339

 40. Dedkova EN, Blatter LA (2009) Characteristics and function of cardiac mitochondrial nitric 
oxide synthase. J Physiol 587:851–872

T. Zaobornyj et al.



47

 41. Bates TE, Loesch A, Burnstock G, Clark JB (1996) Mitochondrial nitric oxide synthase: an 
ubiquitous regulator of oxidative phosphorylation? Biochem Biophys Res Commun 
218:40–44

 42. Hotta Y, Otsuka-Murakami H, Fujita M et al (1999) Protective role of nitric oxide synthase 
against ischemia-reperfusion injury in guinea pig myocardial mitochondria. Eur J Pharmacol 
38:37–48

 43. Costa LE, La-Padula P, Lores-Arnaiz S et al (2002) Long-term angiotensin II inhibition 
increases mitochondrial nitric oxide synthase and not antioxidant enzyme activities in rat 
heart. J Hypertens 20:2487–2494

 44. Saavedra-Molina A, Ramirez-Emiliano J, Clemente-Guerrero M et al (2003) Mitochondrial 
nitric oxide inhibits ATP synthesis. Effect of free calcium in rat heart. Amino Acids 
24:95–102

 45. Valdez LB, Zaobornyj T, Alvarez S et al (2004) Heart mitochondrial nitric oxide synthase. 
Effects of hypoxia and aging. Mol Aspects Med 25:49–59

 46. Gonzales GF, Chung FA, Miranda S et al (2005) Heart mitochondrial nitric oxide synthase is 
upregulated in male rats exposed to high altitude (4,340 m). Am J Physiol Heart Circ Physiol 
288:H2568–H2573

 47. Zaobornyj T, Valdez LB, La Padula P et al (2005) Effect of sustained hypobaric hypoxia during 
maturation and aging on rat myocardium. II. mtNOS activity. J Appl Physiol 98:2370–2375

 48. Fellet AL, Balaszczuk AM, Arranz C et al (2006) Autonomic regulation of pacemaker activity: 
role of heart nitric oxide synthases. Am J Physiol Heart Circ Physiol 291:H1246–H1254

 49. Boveris A, Valdez LB, Zaobornyj T, Bustamante J (2006) Mitochondrial metabolic states regu-
late nitric oxide and hydrogen peroxide diffusion to the cytosol. Biochim Biophys Acta 
1757:535–542

 50. La Padula P, Bustamante J, Czerniczyniec A, Costa LE (2008) Time course of regression of the 
protection conferred by simulated high altitude to rat myocardium: correlation with mtNOS. J 
Appl Physiol 105:951–957

 51. Zaobornyj T, Valdez LB, Iglesias DE et al (2009) Mitochondrial nitric oxide metabolism dur-
ing rat heart adaptation to high altitude: effect of sildenafil, L-NAME, and L-arginine treat-
ments. Am J Physiol Heart Circ Physiol 296:H1741–H1747

 52. Zanella B, Giordano E, Muscari C et al (2004) Nitric oxide synthase activity in rat cardiac 
mitochondria. Basic Res Cardiol 99:159–164

 53. Zenebe WJ, Nazarewicz RR, Parihar MS, Ghafourifar P (2007) Hypoxia-reoxygenation of 
isolated rat heart mitochondria causes cytochrome c release and oxidative stress: evidence for 
involvement of mitochondrial nitric oxide synthase. J Mol Cell Cardiol 43:411–419

 54. Lopez-Figueroa MO, Caamano C, Morano MI et al (2000) Direct evidence of nitric oxide 
presence within mitochondria. Biochem Biophys Res Commun 272:129–133

 55. Zanella B, Calonghi N, Pagnotta E et al (2002) Mitochondrial nitric oxide localization in H9c2 
cells revealed by confocal microscopy. Biochem Biophys Res Commun 290:1010–1014

 56. Zorov DB, Kobrinsky E, Juhaszova M, Sollott SJ (2004) Examining intracellular organelle 
function using fluorescent probes: from animalcules to quantum dots. Circ Res 95:239–252

 57. Kanai AJ, Pearce LL, Clemens PR et al (2001) Identification of a neuronal nitric oxide syn-
thase in isolated cardiac mitochondria using electrochemical detection. Proc Natl Acad Sci U 
S A 98:14126–14131

 58. Valdez LB, Boveris A (2007) Mitochondrial nitric oxide synthase, a voltage-dependent 
enzyme, is responsible for nitric oxide diffusion to cytosol. Front Biosci 12:1210–1219

 59. Boveris A, Valdez LB, Alvarez S et al (2003) Kidney mitochondrial nitric oxide synthase. 
Antioxid Redox Signal 5:265–271

 60. Valdez LB, Zaobornyj T, Bombicino SS et al (2011) Regulation of heart mitochondrial nitric 
oxide synthase (mtNOS) by oxygen. In: Cadenas S, Palau F (eds) Mitochondrial pathophysiol-
ogy. Transworld Research Network, Kerala, pp 29–42

 61. Elfering SL, Sarkela TM, Giulivi C (2002) Biochemistry of mitochondrial nitric oxide syn-
thase. J Biol Chem 277:38079–38086

4 Biochemistry and Physiology of Heart Mitochondrial Nitric Oxide Synthase



48

 62. Boveris A, D’Amico G, Lores-Arnaiz S, Costa LE (2003) Enalapril increases mitochondrial 
nitric oxide synthase activity in heart and liver. Antioxid Redox Signal 5:691–697

 63. Abadir PM, Foster DB, Crow M et al (2011) Identification and characterization of a functional 
mitochondrial angiotensin system. Proc Natl Acad Sci U S A 108:14849–14854

 64. Boveris A, Carreras MC, Poderoso JJ (2010) The regulation of cell energetics and mitochon-
drial signaling by nitric oxide. In: Ignarro L (ed) Nitric oxide. Elsevier Academic Press, 
London, pp 441–482

 65. Dedkova EN, Ji X, Lipsius SL, Blatter LA (2004) Mitochondrial calcium uptake stimulates 
nitric oxide production in mitochondria of bovine vascular endothelial cells. Am J Physiol Cell 
Physiol 286:C406–C415

 66. Valdez LB, Zaobornyj T, Boveris A (2006) Mitochondrial metabolic states and membrane 
potential modulate mtNOS activity. Biochim Biophys Acta 1757:166–172

 67. Dedkova EN, Wang YG, Ji X et al (2007) Signalling mechanisms in contraction-mediated 
stimulation of intracellular NO production in cat ventricular myocytes. J Physiol 
580:327–345

 68. Dedkova EN, Blatter LA (2008) Mitochondrial Ca2+ and the heart. Cell Calcium 44:77–91
 69. Alvarez S, Boveris A (2004) Mitochondrial nitric oxide metabolism in rat muscle during endo-

toxemia. Free Radic Biol Med 37:1472–1478
 70. Steppan J, Ryoo S, Schuleri KH et al (2006) Arginase modulates myocardial contractility by a 

nitric oxide synthase 1-dependent mechanism. Proc Natl Acad Sci U S A 103:4759–4764
 71. Chance B, Williams GR (1956) The respiratory chain and oxidative phosphorylation. Adv 

Enzymol 17:65–134
 72. Boveris A, Stoppani AO (1970) Inhibition of electron and energy transfer in mitochondria by 

19-nor-ethynyltestosterone acetate. Arch Biochem Biophys 141:641–655
 73. Yui Y, Hattori R, Kosuga K et al (1991) Purification of nitric oxide synthase from rat macro-

phages. J Biol Chem 266:12544–12547
 74. Bombicino SS, Iglesias DE, Zaobornyj T, Boveris A, Valdez LB. (2016) Mitochondrial nitric 

oxide production supported by reverse electron transfer. Arch Biochem Biophys. 607: 8–19

T. Zaobornyj et al.


	Chapter 4: Biochemistry and Physiology of Heart Mitochondrial Nitric Oxide Synthase
	1 Introduction
	2 Nitric Oxide Regulates Mitochondrial Respiration and Superoxide Anion and Hydrogen Peroxide Productions
	3 Other Effects of NO and NO-Derived Species on Mitochondrial Functions
	4 Heart mtNOS Activity and Identity
	5 Regulation of Heart Mitochondrial NOS
	6 Conclusions
	References


