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Modern data on biochemical patterns of nitric oxide biosynthesis in mammal cells from L-arginine in 
normoxic conditions is described.  The attention of the authors is given to the results of the recent years on 
the structure and regulation features isoforms of NO-synthase. The emphasis is put on the latest conception 
of the compartmentalization of certain isoforms of these enzymes in cells and on the possibility of the directed 
transport of nitric oxide in the vascular wall. The central place in the review is devoted to issues on the endog-
enous formation of NO in mitochondria and its potential physiological significance. Our own results on the 
identification of NO in mitochondria of the uterine smooth muscle, biochemical characteristics of this process 
and NO possible role in Са2+ transport regulation by organelles are presented and discussed.
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I n foreign scientific literature and, partly, in na-
tional periodicals, there are numerous review 
papers devoted to various aspects of the for-

mation and biological activity of nitric oxide and 
its derivatives (nitric active forms). In view of this, 
in the presented article the authors tried to provide 
general ideas about the biosynthesis regularities and 
the role of NO in a cell in the most summarized ver-
sion, primarily focusing on the problems that have 
become relevant in the last period of research, such 
as compartmentalization of certain isoforms of 
NO-synthase in cells and the possibility of directed 
transport of nitric oxide in the vascular wall. Par-
ticular attention is paid to the less highlighted and 
investigated problem – mitochondria own synthesis 
of nitric oxide and its possible functional activity in 
this compartment. Available material relates only to 
the synthesis of NO from L-arginine in the presence 
of O2 and does not include important issues on re-
ductase activity in hypoxic conditions and the func-
tioning of the nitric oxide cycle in the mammalian 
organism. Numerous works by prof. Reutov V. P. 

and, for example, a review article in Ukrainian are 
devoted to these problems [1].

Nitric oxide (NO) is a structurally simple low 
molecular amphiphilic free radical molecule. In bio-
systems NO has a relatively short time of existence 
(up to 5 sec depending on microenvironment) and 
can migrate at short distances from the generation 
sites what is determined by the rate of oxidation [2]. 
This limitation of diffusion implies the specificity of 
NO effect in individual cell compartments due to the 
colocalization of target proteins with NO sources in 
a multiprotein complex of signalosomes.

Synthesis of NO in a cell is provided by the 
family of isoforms of NO-synthase (NOS), which, 
with the participation of NADPH as an electron 
source and the presence of O2, carry out a five-elec-
tron two-stage oxidation of the L-arginine guanidine 
group with the formation of NO and L-citrulline 
[2‑7]. 

NO is an almost universal messenger and regu-
latory molecule. NO signaling is carried out in three 
main mechanisms: (1) activation of soluble guanylate 
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cyclase (sGC) through binding to its heme group 
(thus forming a Fe2+-nitrosyl complex), which leads 
to the formation of cGMP, which in turn stimulates 
protein kinase G, PKG; the concentration of NO re-
quired for the activation of sGC is within the range 
of 80-250 nM [2, 5, 10, 11]; (2) S-nitrosylation: active 
forms of nitrogen – NO+, NO-, N2O3, NO2 reversib
ly nitrosilate thiol groups of target protein cysteins; 
there is a view that in the cardiovascular system 
most of the NO effects are mediated precisely by 
S-nitrosylation and are cGMP-independent [2, 5, 8, 
10-12]; (3) the formation of peroxynitrite (ONOO‑), 
primarily due to the diffusion-controlled reaction 
between NO and superoxide anion (•O2

-) with sub-
sequent nitration of the tyrosine and tryptophan 
residues in proteins, leading to the engagement of 
mitogen-activated protein kinases, protein kinase 
C isoforms, transcription factor NF-κB, etc., in the 
process of signaling [2, 5, 9, 12]. NO targets include 
an extremely wide range of proteins, including the 
major metabolic enzymes and transcription factors 
[2, 4-7]. The termination of NO/sGC/cGMP/PKG di-
rection signal, which is key for the implementation 
of the functional activity of nitric oxide, is enabled 
by the family of phosphodiesterases (PDE 5, 6, 9) 
[13, 14].

Nitric oxide affects the flow of numerous cel-
lular processes. Depending on the concentration, it 
regulates the transcription of genes and the transla-
tion of mRNA (by changed of transcriptional factor 
activity), predetermines and modulates post-transla-
tional modifications of proteins (such as nitrosyla-
tion, ADP-ribosylation), has cytostatic and cytotoxic 
properties [15]. The inhibition of potential-dependent 
Ca2+ channels and the activation of Ca2+-dependent 
K+ channels of the plasma membrane, along with the 
stimulation of Ca2+,Mg2+-ATPases of plasmalemma 
and endo/sarcoplasmic reticulum in a number of 
objects, including the smooth muscle of the internal 
organs and vessels, is carried out by S‑nitrosylation 
of functionally important cysteine residues of trans-
port proteins and provides a decrease in Ca2+ con-
centration in the cytoplasm [2, 8, 16, 17].

NO is a key player in many physiological pro-
cesses: it regulates the tone and permeability of 
blood vessels, reduces the aggregation of blood cells 
and their adhesion to the vascular wall, participates 
in the functioning of nervous, endocrine, immune 
systems [2, 13, 18-20].

To date, it has been found that NO modulates 
energy, metabolic and transport processes in mito-

chondria. The inner membrane of mitochondria is 
an effective target of nitrocompounds, since the en-
zymes localized therein contain high levels of thiol 
residues, iron-sulfur centers, heme groups, and the 
membrane itself is the site of the formation of su-
peroxide anion [13, 21-23]. Nitric oxide is capable 
of regulating the activity of mitochondria electron 
transport chain, reversibly suppressing cytochrome 
c-oxidase, and controlling the value of mitochondrial 
matrix pH [13, 21, 24]. At low nanomolar concen-
trations NO limits the intensity of respiration and 
oxidative phosphorylation, which is a physiologically 
significant reaction [5, 7, 25]. NO regulates Ca2+ ho-
meostasis in mitochondria and, accordingly, Ca2+-de-
pendent processes, primarily the activity of a range 
of dehydrogenases [26-28]. NO/cGMP-dependent 
decrease of electric potential on the inner membrane 
of mitochondria, which influences the intensity of 
electrophoretic Ca2+-accumulation, is described [5]. 
NO/cGMP system regulates the synthesis of ATP by 
mitochondria [4, 5]. Nitric oxide stimulates the bio-
genesis of mitochondria in tissues of various types 
and, in particular, increases the expression of sir-
tuin-1, which together with 5′-AMP protein kinase 
(AMPK) regulates peroxisome proliferator-activated 
receptor-γ coactivator-1α (PGC-1α) which is a regu-
lator of mitochondrial biogenesis [5, 24, 29, 30]. 

Excessive production of NO against the back-
ground of the intensification of superoxide anion for-
mation in mitochondria is accompanied by the gene
ration of substantive amounts of peroxynitrite, the 
damage of the components of the electron transport 
chain, the irreversible depolarization of organelles, 
and the development of mitochondrial dysfunction, 
which may be the cause of apoptosis [5, 9, 18]. The 
reaction between NO and •О2

- is considered an im-
portant factor in reducing the bioavailability and 
physiological activity of nitric oxide in mitochon-
dria. Peroxynitrite causes oxidative damage, nitra-
tion and S-nitrosylation of biomolecules – proteins 
[9, 28], lipids, DNA [18, 31], irreversible inactiva-
tion of Mn2+-containing superoxide dismutase [32], 
matrix aconitase [33], and decreases the content of 
reduced glutathione [12]. Nitrosative stress induced 
by ONOO- leads to non repair breaks and other DNA 
damage with subsequent activation of the transcrip-
tion factor p53 and poly-ADP-ribosopolymerase [31, 
34-36]. The examples provided show that both nor-
mal functioning and cell death depend to a large ex-
tent on the level of NO production and the intensity 
of the generation of active forms of oxygen precisely 
in mitochondria [5, 7, 24, 37].
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Consequently, the unique biological role of 
NO has for many years attracted the attention of re-
searchers to the problem of regulation of nitric oxide 
biosynthesis and the relationship between NO – mi-
tochondria entirely due to the extremely important 
role of the latter in the metabolic and regulatory pro-
cesses in a cell. A significant part of the presented 
review is devoted to this important issue as well as 
to the selected results of the personal research.

NO synthase isoforms. NOS enzyme 
(EC 1.14.13.39) exists in dimer form built of two 
identical subunits that are structurally and func-
tionally divided into two main domains: C-terminal 
reductase and N-terminal oxygenase domains. The 
reductase domain has a high homology with the cy-
tochrome P450 reductase and contains binding sites 
for NADPH, FAD and FMN (for one molecule of 
each); the oxygenase domain interacts with the pros-
thetic heme group, the cofactor BH4 (6 (̂ )-5,6,7,8-tet-
rahydrobiopterin) and the substrate L-arginine. 
There is a calmodulin-binding domain between 
these two structures (Fig. 1) [3, 38-40].

There are 3 NOS isoforms that differ in struc-
ture and functions. Endothelial NOS (eNOS/NOS 
III, the subunit with a weight of 134 kDa) and neu-
ronal NOS (nNOS/NOS I, the canonical subunit with 
a weight of 160 kDa) are constitutively expressed 
by Ca2+-dependent enzymes; there is evidence that 
eNOS can also be activated at low concentrations of 

Ca2+ in the medium. Inducible NOS (iNOS/NOS II, 
the subunit with a weight of 130 kDa) is expressed 
in most cells only after being induced by proinflam-
matory cytokines, bacterial lipopolysaccharides, 
γ-irradiation, and its activity is independent of in-
tracellular Ca2+ (activates at the nonphysiologically 
low cation concentration of about 40 nM), since 
calmodulin is firmly bound at the appropriate site 
due to the specific amino acid sequence of the latter 
[4, 38]. Although all three main types of NOS are 
characterized by high homology, in some cases, each 
isoform shows somewhat different structural fea-
tures that correspond to its specific function in vivo 
(Fig. 1) [4, 18, 38, 41]. The names of the isoforms 
(endothelial, neuronal) originate from the primary 
source of the identification and, to a large extent, do 
not reflect the actual tissue distribution.

nNOS is expressed in central and peripheral 
neurons, as well as in the epithelial cells of lungs, 
in skeletal muscle, uterine tissues, stomach, kidneys, 
pancreas [4, 17, 20, 42]. The enzyme is highly con-
servative, 93% of amino acid composition in rat and 
human tissues are identical [4, 43]. There are several 
splice variants of nNOS: nNOSα, nNOSβ, nNOSγ, 
nNOSμ, nNOS-2 [3, 6, 44]. nNOSα and nNOSμ, 
which are the most abundant in tissues, contain a 
PDZ domain on the N-terminus (a sequence of 220 
amino acid residues) that can directly interact with 
PDZ-motifs of other proteins, which determines the 

Fig. 1. Domain structure of human nNOS, eNOS and iNOS. The autoinhibitory loop within the FMN regions 
of nNOS and eNOS are shown
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subcellular localization and enzyme activity [45, 46]. 
The presence of the PDZ domain is unique for nNOS 
isoforms [38]. In cardiomyocytes and skeletal mus-
cle, the splice variant of nNOSμ is expressed. This 
form of enzyme includes a unique (34 amino acids) 
insertion between the calmodulin and FMN-binding 
sites [3, 30, 40, 45, 47]. Ca2+-transport ATPase of 
the plasma membrane (isoform 4b available in the 
smooth muscle cells) binds in the C-terminal region 
to the PDZ domain of nNOSμ and acts as a nega-
tive NO synthesis regulator. Also, the interaction 
of nNOS with the cytosolic part of the adrenergic 
and glutamate receptors [2, 3, 39], α-syntrophin-
dystroglycan complex of skeletal muscle sarcolem-
ma, phosphofructokinase, etc. is shown [2, 38, 39, 
48, 49]. In cardiomyocytes, nNOS can bind to the 
ryanodine receptor and xanthine oxidoreductase on 
the surface of the sarcoplasmic reticulum [2].

In the N-terminal region of nNOS, a binding 
site for an 89-amino acid protein PIN (NOS protein 
inhibitor) was found. PIN inhibits NOS, causing its 
monomerization. It also suppresses the NADPH-oxi
dase activity of all three isoforms. The PIN is iden-
tified as a light chain of myosin and dynein, which 
may indicate its alternate role as an axonal transport 
protein for nNOS [3, 30, 50-52].

The most important functions of nNOS include 
modulation of the synapse plasticity in CNS, cen-
tral regulation of blood pressure, the tone of smooth 
muscles of the internal organs, in particular by gene
rating NO in the nitrergic nerve endings, control of 
the blood supply to skeletal muscle fibers [4, 30, 39, 
43, 53].

eNOS was first identified in endothelial cells, 
it controls blood pressure and has vasoprotective, 
hemostatic and antiatherosclerotic effects. This iso-
form is found in the tissues of lungs and trachea, 
cardiomyocytes, platelets, brain neurons, syncytio-
trophoblasts and kidney epithelial cells [20]. eNOS 
expression increases in conditions of hypoxia media
ted by the transcription factor HIF, as well as in ex-
perimental models of wound healing, post-ischemic 
states, and in the case of the rise of the vascular wall 
shear stress, where the transcription factor KLF2 
is involved (Kruppel like factor). An increase in 
vascular pressure may result in a boost of eNOS 
expression with the involvement of NF-κB as well 
[38, 54-56]. The endothelial isoform is localized in 
caveolae but is also found in the Golgi apparatus and 
the outer mitochondrial membrane [10, 13, 29, 57]. 
The caveolar association of eNOS is provided by 
specific covalent modifications. Initially, a myristic 

acid is cotranslationally and irreversibly attached to 
the N-terminal glycine residue. Myristoylated eNOS 
is directed to the Golgi apparatus, where the N-ter-
minal 2 cysteine residues are palmitoylated (Fig. 1). 
Acylation enables association with caveolae of the 
plasma membrane [3, 38, 58]. Interaction with the 
protein caveolin, the structural-organizing compo-
nent of caveolae, inhibits the activity of eNOS by 
sterically blocking the interaction with calmodulin. 
Ca2+/CaM enzyme binding, the interaction with the 
previously phosphorylated on tyrosine Hsp 90, phos-
phorylation of Ser-1177 residue, dephosphorylation 
of Thr-495 stimulates its activity [4, 10, 13]. Over the 
years, the list of serine/threonine/tyrosine residues of 
different domains has been expanded and refined, as 
well as protein kinases/protein phosphatases, which 
have a regulatory effect on eNOS (Fig. 2) [13, 39, 
59-61]. In particular, activatory phosphorylation is 
provided by kinase families depending on the nature 
of the regulatory influence: Akt/PKB, PKA, PKG, 
AMPK, Ca2+-CaMK II, etc. [3, 4, 9, 17, 62, 63]. This 
process is triggered by insulin, VEGF, acetylcholine, 
bradykinin, estrogens, excessive pressure on the en-
dothelium during hypertension, and so on [2, 5, 10]. 
Agonists of eNOS are ATP, neurotransmitters – ace-
tylcholine and histamine, growth factors (growth 
factor of vascular endothelium, VEGF), hormones 
(insulin, 17β-estradiol [17]), lipids, kinins [2, 5, 10, 
13, 17].

Colocalization of the cationic transporter of L-
arginine (САТ1), eNOS and caveolin-1 in endothelial 
cells promotes the access of the substrate to eNOS 
and optimizes the biosynthesis of NO [39, 64, 65]. 

Cysteine residues are important for eNOS func-
tioning. The reverse S-nitrosylation by the product of 
the reaction is accompanied by the decrease in en-
zymatic activity. Two highly conservative cysteine 
residues of the reductase domain may also be the 
object of S-glutathionation, which, under oxidative 
stress conditions, reversibly reduces the enzyme 
activity and increases the generation of •O2

- in the 
reductase domain [2, 4, 15, 30].

Another eNOS and NO cell activity modula-
tor – thrombospondin 1 (TSP1) –  has recently been 
found. This protein appears in the extracellular 
space during tissue damage and binds to CD47 plas-
malemma receptor, which causes a down-regulation 
of signal transduction from acetylcholine receptors, 
VEGF, inhibition of eNOS and sGC [13, 15, 66, 67].  

iNOS was first detected in macrophages, also 
identified in lymphocytes, neutrophils, eosinophils, 
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Fig. 2. Regulation of eNOS activity in caveolae. Myristoylation and palmitoylation (depicted as two green 
lines) target it to the plasma membrane. Interaction with caveolin inhibits eNOS activity, whereas heat shock 
protein (Hsp) 90 and Ca2+/CaM activate its. Akt/PKB, PKG, PKA and others kinases phosphorylate and acti-
vate eNOS. eNOS interacting protein (NOSIP) and eNOS traffic inducer (NOSTRIN) participate in transloca-
tion of eNOS away from the caveolae to intracellular targets, which results in diminished eNOS activity

it generates NO in large quantities (micromolar con-
centrations), which has a cytotoxic effect on microor-
ganisms and tumor cells [4, 20, 43]. Due to the high 
affinity of NO for protein-bound iron, it effectively 
interacts with iron-sulfur clusters of mitochondrial 
electron transport chain complexes, cis-aconitase 
and ribonucleotide reductase, inhibiting these key 
enzymes of bioenergetics and proliferation in tar-
get cells [4, 39, 43]. Nitric oxide produced by mac-
rophages in ultrahigh concentrations also causes 
single-strand breaks and fragmentation of DNA [4, 
18, 43]. iNOS  expression is initiated by such proin-
flammatory cytokines as TNF-α, INF-γ, IL-1β, bac-
terial lipopolysaccharides, and shortwave radiation. 
This process is controlled by the transcription factor 
NF-κB and JAK/STATs signaling pathway [2, 5, 20, 
43, 59].

The compartmentalization of various isoforms 
of NO-synthase in cells and the biochemical features 
of the action of nitric oxide in different compart-
ments are clearly illustrated in the case of cardio-
myocytes [25]. The molecular basis for the opposite 
action of NO is the selective interaction of eNOS and 
nNOS with caveolae and sarcoplasmic reticulum. 
In cardiomyocytes, eNOS is localized in caveolae 
of sarcolemma and T-tubules, where it is associa
ted with a specific for myocytes protein caveolin-3 
[3, 9, 13, 58, 68]. The colocalization of eNOS with 
β-adrenergic receptors and Ca2+ channels results in 
Ca2+-dependent eNOS-generated production of NO, 

which remains within the diffusion distance from its 
molecular targets. Suppressing, probably by direct 
nitrosylation, the activity of L-type Ca2+ channels 
in caveolae, nitric oxide limits the flow of Ca2+ to 
the myoplasm, protecting cardiomyocytes from cal-
cium overload. Such eNOS location allows NO to 
inhibit β-adrenergic stimulation and inotropic effects 
of catecholamines. nNOS immunoprecipitates with 
ryanodine receptors – Ca2+ channels of sarcoplasmic 
reticulum [9, 13, 39, 69]. NO generated by this iso-
form, possibly also by direct nitrosylation, activates 
channels responsible for Ca2+ release from reticu-
lum, which stimulates actomyosin interaction and 
regulates the cyclic contractile activity of the myo-
cardium (sarcoplasmic reticulum consistently accu-
mulates and releases Ca2+ in immediate proximity 
to myofilaments). Localized in the myoplasm, іNOS 
is transiently expressed in the myocardium during 
the immune response to stress or under pathophysio
logical conditions, such as ischemia-reperfusion, 
sepsis, heart failure. NO produced by this isoform 
also stimulates the release of Ca2+ from the sarco-
plasmic reticulum through ryanodine-sensitive chan-
nels [2, 7, 9, 13].

Macrophages have both inducible and constitu-
tive NOS [70, 71]. Endothelial cells, which have a 
constitutive eNOS, actively express iNOS during the 
action of proinflammatory cytokines [13, 17].

The overwhelming majority of experimental 
data suggests the existence of a special NOS iso-

G. V. Danylovych, T. V. Bohach, Yu. V. Danylovych
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form – mtNOS in the mitochondria, which is a splice 
variant of nNOS-α. mtNOS-generated NO provides 
a reciprocal regulation between NO biosynthesis in 
this compartment and the concentration of intrami-
tochondrial Ca2+, L-arginine, pH, O2 partial pressure, 
and the oxidation-reduction state of mitochondria [7, 
21, 29, 30, 35, 68].

Besides the specific spatial localization in cells 
of different NOS isoforms with defined functions, 
there is also a phenomenon of directed and regula
ted NO transport in the vascular wall – the so-called 
“myoendothelial  gap junction” or “myoendothelial 
corridor”. Being synthesized in eNOS in the en-
dothelium, nitric oxide diffuses to smooth muscle 
syncytia, activating sGC in myocytes and nitrosyla
ting target proteins. It turned out that this process 
of paracrine regulation is controlled, and there is a 
myoendothelial gap junction located between the 
two tissues. It facilitates the interaction between the 
endothelium and smooth muscle in small vessels [2, 
13, 15, 25]. In the “corridor” eNOS, sGC and other 
proteins are colocalized, that limits the diffusion of 
NO and reduces the intensity of the action of oxygen 
active forms as its scavengers. Myoendothelial junc-
tion contains a significant amount of hemoglobin, 
which interacts affinitively with nitrogen oxide. In 
the reaction with NO, oxyhemoglobin forms meth-
emoglobin and nitrate anion. Methemoglobin is re-
duced by cytochrome b5-reductase. This mechanism 
is able to limit the bioavailability of NO in the vascu-
lar wall [2, 13, 15, 25, 72]. Connexin hemichannels 
Cx37, Cx40 and Cx43 are an important structure 
localized in the myoendothelial junction [73, 74]. 
During the action of catecholamines on the vascu-
lar smooth muscle cells, the concentration of inosi-
tol 1,4,5-trisphosphate (ІР3), which diffuses into the 
endothelium following the concentration gradient, 
increases. S-nitrosylation with nitric oxide activates 
the mentioned channels. IP3 causes the growth of 
Ca2+ concentration in the endothelial cells, caus-
ing the activation of Ca2+-dependent S-nitrosoglu-
tathione reductase, which results in the denitrosyla-
tion and closing of the connexin hemichannels. In 
addition, these mechanisms provide the Ca2+-de-
pendent synthesis of NO in the endothelium in re-
sponse to stimulation of α1-adrenergic receptors in 
smooth muscle cells [15, 72].

NO biosynthesis consists of two consecutive 
monooxygenase reactions of L-arginine oxidation, 
1.5 moles of NADPH and 2 moles of O2 are con-
sumed to form 1 mole of L-citrulline. This process 

involves the initial hydroxylation of L-arginine with 
the formation of NG-hydroxy-L-arginine, which also 
acts as a substrate for NOS, the following oxidation 
is accompanied by the formation of L-citrulline and 
NO [3, 4, 38, 40].

Electron transfer is carried out from the reduc-
tase domain of one subunit to the oxygenase domain 
of another (Fig. 3). The monomers of all isoforms are 
not able to bind BH4 and L-arginine and do not cata-
lyze the formation of L-citrulline/NO. The isolated 
reductase domain is capable of transferring electrons 
from NADPH through flavin rings to artificial sub-
strates cytochrome c and ferricyanide. This ability 
also persists in the nNOS monomer, indicating that 
the transport of electrons does not depend on the 
dimer structure. At the same time, the dimerized 
oxygenase domain oxidizes NG-hydroxy-L-arginine. 
Thus, the two domains perform catalytically diffe
rent functions [3, 40].

The binding of calmodulin controls the electron 
transport from the reductase to the oxygenase do-
main, as well as to the reductase domain [3, 38]. De-
pendency on Ca2+ is the only fundamental difference 
between constitutive and inducible isoforms, which 
is due to the complex formation between Ca2+ and 
calmodulin. Enzymes are not active at a Ca2+ con-
centration of about 100 nM; nNOS and eNOS are 
stimulated with an increase in the level of intracel-
lular Ca2+: there is a semi-maximal activity at 200-
400  nM, the maximum activity occurs at about 
500 nM of Ca2+ [4, 43]. The noted feature of the con-
stitutive isoforms may also be associated with the 
functioning of the autoinhibiting sequence located in 
their FMN binding site, but not found in the iNOS. 
nNOS and eNOS contain 40-50 amino acids in the 
FMN subdomain, which form an autoinhibitory loop 
that blocks the interaction with calmodulin at low 
Ca2+ concentrations and inhibits the transport of 
electrons from FMN to heme in the absence of Ca2+/
calmodulin [3, 39, 41, 75].

Heme is the only coenzyme absolutely neces-
sary for the formation of the active dimer of consti-
tutive isoforms, but also plays a significant role in 
iNOS dimerization. With the help of X-ray crystal-
lography, it was found that heme binds to enzymes 
through a proximal cysteine-thiolate ligand [3, 38, 
40, 76]. Formation of this bond is a key step in the 
process of dimerization. The investigation of the 
fluorescence dynamics of nNOS-bound flavins re-
vealed that the heme prosthetic group is also impor-
tant for the interaction between the reductase and 
oxygenase domains (Fig. 3).
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The results of the crystallographic analysis in-
dicate that the localization of ВН4 is in the plane of 
NOS native dimer [38, 76]. Constitutive isoforms 
dimerize in the absence of BH4, while the iNOS re-
quires its presence. NOS association in the active 
dimer includes an interaction with ВН4, which helps 
to form a specific “pocket” that contains binding 
sites for heme and L-arginine [40, 76]. The close 
proximity of ВН4 to heme, as well as flavins in the 
domain-domain plane, indicates the possible role 
of tetrahydrobiopterin in the transport of electrons. 
With the help of EPR-spectroscopy, it was shown 
that BH4 transports electrons in the oxygenase do-
main, providing optimal for L-arginine oxidation re-
dox state of the iron of the heme prosthetic group. In 
this reaction, a trihydrobiopterin radical is formed, 
which is then reduced by the flavins of the reduc-
tase domain.  When the availability of ВН4 becomes 
limited, electron transfer from the flavins turns to 
be not associated with L-arginine oxidation, -Fe2+-
O-O-complex of the heme dissociates, and super-
oxide anion is produced in the oxygen domain [3, 
13, 77, 78]. The intensity of NO formation is closely 
correlated with intracellular ВН4 concentration, in 
particular, endothelial dysfunction is accompanied 
by the decrease in the level of reduced BH4 in en-

Fig. 3. Functionally active NOS homodimer. The mutual location of coenzymes is schematically illustrated, 
the binding sites of O2 and L-arginine are marked. The direction of electron transport (two electrons) from 
NADPH, the dotted line, and the activation process of O2 can be seen

dothelial cells [2, 17, 79]. The intracellular level of 
ВН4 is regulated by the activity of its biosynthesis 
de novo and controlled by GTP-cyclohydrolase [4, 
35, 77, 80, 81].

All of the NOS isoforms contain a Zn-cysteine 
cluster (Zn-Cys4), which ensures the stabilization of 
the dimer, its releasing converts the active enzyme 
into a monomer without catalytic activity [4, 76, 82].

NOS substrate, L-arginine, is synthesized in 
the urea cycle, and also comes into cells from the 
blood plasma [2]. In plasmalemma, transporters for 
cationic amino acids CAT1, CAT2a (smooth muscle 
cells of vessels) and CAT2b (cardiomyocytes) that 
transfer L-arginine to cytosol are identified [2, 43, 
83, 84]. Km for L-arginine of transporters reaches 
100-150 μM, which corresponds to its concentration 
in plasma [65].

L-arginine is a cationic amino acid, which is 
involved in a range of physiological processes: a 
necessary precursor of L-ornithine, L-proline, poly-
amines, agmatine, creatine, proteins [85, 86]. L-ar-
ginine is metabolized by several enzymes: arginine/
glycine aminotransferase, arginine decarboxylase, 
NOS, arginase I and II [2, 87, 88]. L-arginine con-
centration in the plasma of mammals and humans 
is 100-200 μM, in pathological conditions it can be 
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reduced to 60 μM, and in cytosol – to 0.1-1 mM (nor-
ma) [65, 87, 89]. On the other hand, the Michaelis 
constant for L-arginine of eNOS is about 3 μM [90]. 
Endothelial cells do not depend on L-arginine inflow 
from the extracellular medium because they can ef-
fectively convert L-citrulline into L-arginine, as 
well as obtain L-arginine via proteolysis. Thus, the 
availability of the substrate is never a limiting factor 
for the functioning of the NOS in normal conditions. 
However, an excess of extracellular L-arginine acti-
vates NOS or stimulates the synthesis of NO, despite 
the presence of such intracellular L-arginine concen-
trations that provide maintaining of maximum NOS 
activity based on the values of Km. This phenomenon 
has been called the “arginine paradox” [17, 65, 87, 
91], which, in addition to the above, underlies the 
positive therapeutic effect of L-arginine injection in 
patients with cardiovascular pathologies. The rea-
son for this phenomenon is seen in competition for 
the arginase substrate, as well as in the substantial 
increase in the content of endogenous NOS inhibi-
tors (first of all of the asymmetric dimethylarginine) 
during the mentioned diseases [65, 85-87].

Arginase hydrolyzes L-arginine to ornithine 
and urea. In mammalian cells, two types of argina
ses are identified, which are encoded by different 
genes. Arginase I is localized in the cytoplasm, while 
arginase II is a mitochondrial enzyme [2, 88, 92]. 
NG-hydroxy-L-arginine, the intermediate product of 
NO synthesis, is a competitive reversible inhibitor of 
arginase [85, 87, 88, 91, 93, 94]. The arginase affin-
ity to L-arginine is three orders of magnitude lower 
(Km = 1-5 mM) than for NOS (Km = 2-20 μM), but 
the maximum activity (Vmax) is 1000 times higher 
for arginase than for NOS [65, 85-88, 91]. Endothe-
lial cells express arginase, which can compete with 
eNOS for L-arginine, and in case of its high activity, 
deplete eNOS of its substrate [5].

The increase in expression of arginase with the 
subsequent weakening of NO synthesis during car-
diovascular diseases is shown, while pharmacologi-
cal inhibition of arginase improves NO production. 
In addition, arginase can inhibit NO generation by 
iNOS through the urea formation [85, 87].

Another reason for the “arginine paradox” 
may be the growth of the content of the endogenous 
NOS inhibitor – the asymmetric dimethylarginine, 
the product of the enzymatic degradation of pro-
teins, which contain arginine methylated residues. 
Its concentration in plasma rises during endothelial 
dysfunctions and cardiovascular diseases [2, 5, 83, 

88] and may be the effect of increased angiotensin II 
level in such patients [95].

Products of NO-synthase reaction. nNOS and 
eNOS can form not only NO, but also •O2

-. These 
products react with each other to form ONOO- [3, 
38]. The possibility of two products formation by 
constitutive isoforms of NOS is a consequence of 
certain differences in the functioning of the two 
subunits. nNOS purified dimer consists of one BH4-
binding subunit and one free from BH4 unit due to 
the different affinity of certain sites to the cofactor 
and to the phenomenon of negative cooperativity, 
therefore only one of them will accept BH4 in a wide 
range of its concentrations (up to 1 μM) [38]. This 
is important for the result of the catalytic reaction, 
because NOS functions exclusively as NO-synthase 
only at a high content of ВН4. A model has been 
proposed in which •O2

- is produced at tetrahydrobio
pterin concentrations which are less than 10-9 M, 
peroxynitrite is formed at 10-9-10-6 M concentrations 
of the latter, and nitric oxide is synthesized above 
10-6 M BH4 [96, 97]. Consequently, in conditions of 
lack of this cofactor, NOS is able to produce •O2

- or 
H2O2. This feature is essential for endothelial dys-
function; in particular, atherogenesis is accompanied 
by the decrease in the content of reduced BH4 during 
the action of oxidized lipoproteins, resulting in the 
reduction in the intensity of NO formation and in-
creased production of other active oxygen metabo-
lites. In addition, BH4 can act as a trap for superoxi
de anion. That is why ВН4 therapy is considered as a 
perspective approach to restoration of NO bioavaila
bility in vascular wall [18, 35, 68, 79].

At low concentrations of L-arginine or its ab-
sence, the constitutive NOS, primarily nNOS, also 
catalyze one-electron oxygen reduction with the for-
mation of •O2

- and H2O2, which may be explained by 
the lack of interfacing between electron transport in 
the enzyme and the oxidation of L-arginine guani-
dine group [38].

One of the major catalytic differences between 
NOS isoforms is the rate of NADPH oxidation. 
When there is lack of substrate, nNOS continues 
to transport electrons to heme and oxidize NADPH 
with high speed, while eNOS and iNOS perform it 
much slower. The fact is that nNOS heme iron has a 
significantly higher reduction potential than iNOS; 
the latter should first bind the substrate and BH4 to 
achieve the same value of this parameter [38].

At saturating concentrations of L-arginine 
and subsaturating concentrations of ВН4, NO and 
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•О2
- are simultaneously produced in ВН4-containing 

and ВН4-free subunits, respectively. These two com-
pounds form ONOO-, whose content will also be de-
termined by the level of reduced glutathione and the 
activity of superoxide dismutase [38].

Considering the central role of mitochondria 
in energy maintaining of cell functioning, in deter-
mining its fate under endogenous and exogenous 
stress influences, and also taking into account mod-
ern concepts of mitochondria as a key element in 
biochemical processes of endothelial dysfunction 
during cardiovascular diseases, type II diabetes, 
neurodegenerative pathologies etc. (“mitochondrial 
diseases”), considerable attention in the modern 
literature is given to the problem of the relationship: 
NO – mitochondria. Nitric oxide has a leading role 
in regulating the functional activity of mitochondria, 
which, on the one hand, contain systems of their own 
NO biosynthesis, and on the other hand, are an ef-
fective target for active nitrogen forms. It is possible 
that NO is a key link in maintaining the optimal con-
centration of Ca ions, both in the myoplasm and in 
the mitochondrial matrix. There is evidence that low 
physiological NO concentrations can have a protec-
tive effect on mitochondria, in particular, to prevent 
excessive generation of active forms of oxygen [5, 9, 
18, 69].

Identification and biochemical properties 
of mtNOS. It is known that mitochondria are the 
primary cell targets for NO. There is no doubt that 
biochemistry and molecular physiology of mito-
chondria, which combine the processes of oxygen 
consumption, oxidative phosphorylation, lipid ca-
tabolism, heme biosynthesis, maintenance of Ca2+ 

homeostasis, production of active forms of oxygen 
and apoptosis, are largely controlled by nitrogen oxi
de [26].

The first publications of the results on mito-
chondria own NO production began to appear ap-
proximately in 1995. In 1997 P. Ghafourifar and 
C. Richter demonstrated the existence of function-
ally active mitochondrial NOS (common abbrevia-
tion – mtNOS) in rat liver mitochondria. The en-
zyme in the presence of L-arginine formed NO and 
L-citrulline and was Ca2+-dependent. L-arginine 
analogs, NG-monomethyl-L-arginine (L-NMMA) 
and NG-nitro-L-arginine (L-NA) inhibited the en-
zyme. mtNOS activity was associated with the inner 
mitochondrial membrane. In intact energized by suc-
cinate mitochondria, the enzyme was constitutively 
active, it depended on the intensity of mitochondrial 

respiration and was under the control of the mem-
brane potential [98].

In 1998, C. Giulivi and A. Boveris with co-au-
thors [99] showed NO production in rat liver mito-
chondria with direct, reliable, precision independent 
methods: electron-paramagnetic resonance, using 
spin trap technique (dithiocarbamate derivatives) 
and two-wavelength spectrophotometry of oxidized 
hemoglobin. Investigations were performed on puri-
fied preparations of mitochondria (intact, permeabi-
lized organelles, submitochondrial particles) and the 
crude fraction of mtNOS; an apparent Km for L-ar-
ginine was also determined, namely 5-7 μM, which 
was close to that of nNOS [99-101]. The authors con-
cluded that the greatest activity of the enzyme is in-
herent to the inner mitochondrial membrane. It was 
assumed that endogenously synthesized NO may af-
fect the energetics of organelles, the consumption of 
O2 and the formation of free oxygen radicals.

In studies on permeabilized with digitonin 
myocytes of the heart ventricle, using DAF-2 (4,5-di-
aminofluorescein diacetate) NO-sensitive fluorescent 
probe and the specific for mitochondria dye Mi-
toTracker Red CMXRos, E. Dedkova and L. Blatter 
showed that in the presence of L-arginine and the 
increment of Ca2+ concentration in the cytoplasm, 
there is a dose-dependent rise in NO production in 
mitochondria. The collapse of the membrane poten-
tial in the presence of the protonophore CCCP, the 
blockage of Ca2+-uniporter of the inner mitochon-
drial membrane with Ru360, the use of rotenone or 
antimycin A – the inhibitors of electron transport 
chain, in combination with oligomycin resulted in 
inhibition of NO synthesis in mitochondria [68].

There is evidence that energized mitochon-
dria are capable of producing NO in the absence of 
NADPH, L-arginine and exogenous Ca2+ in incuba-
tion medium [7, 42, 101]. The intramitochondrial 
concentration of NADPH is 1.04-1.78 mM, which 
significantly exceeds the respective value of KNADPH 
for mtNOS (0.1-1 μM) [98]. The concentration of L-
arginine in the mitochondrial matrix corresponds to 
150-310 μM and is substantially higher than Km for 
L-arginine (5 μM for liver mitochondria [99, 102], 
35 μM – for cardiomyocytes). Thus, the concentra-
tions of L-arginine, Ca2+ and NADPH are not rate-
limiting NO synthesis factors in mitochondria [7, 92, 
102]. The lack of L-arginine in the matrix and the 
corresponding decrease in mtNOS activity may be 
due to the increased activity of arginase II in mito-
chondria, which competes with the enzyme for sub-
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strate [86, 88]. In the inner membrane of mitochon-
dria, a basic amino acid transporter (SLC25A29) was 
identified that functions as a uniporter and provides 
access of L-arginine to mitochondrial arginase II 
and NOS (Km = 0.42 mM) [92, 103].

Apparent Km for O2 of mtNOS of cardiomyo-
cytes is 40 μM. Thus, under physiological con-
ditions, when the concentration of O2 is within 
5-20  μM, the mtNOS activity does not reach the 
maximum values [19].

When there was lack of L-arginine or BH4 in 
the conditions of stimulation of Ca2+ accumulation 
by organelles, NO formation was significantly lower, 
but at the same time, there was a rise in the produc-
tion of oxygen active forms [68]. 

Сonducted by us experiments on freshly iso-
lated rat uterine myocytes, using a fluorescent dye 
DAF-FM (this probe was less sensitive to the action 
of a laser light), MitoTracker Orange CM-H2TMRos 
and the method of laser confocal microscopy, 
demonstrated the colocalization of these dyes and, 
accordingly, the possibility of NO formation in mi-
tochondria [104] (Fig. 4).

Liver mtNOS, solubilized and purified by af-
finity chromatography method, synthesized 250-
350  nmol of NO/min/mg of a protein, Km for L-
arginine was 3 μM, the enzyme was inhibited by 
L-NMMA. A detailed analysis of the amino acid 
composition of mtNOS found that the protein struc-
ture corresponds to the nNOS primary sequence 
[105].

The identity of mtNOS and nNOS also proves 
the results on the inhibition of the enzymatic activi
ty: a relatively specific blocker of nNOS (4S)-N-(4-
amino-5[aminoethyl]aminopentyl)-N′-nitroguanidi
ne and the calmodulin antagonist W-7 inhibited 
the formation of NO in the mitochondria of car-
diomyocytes, while the inhibitors eNOS – 1-N5-(1-
iminoethyl)ornithine (1-NIO) and iNOS – N-(3-ami-
nomethyl) benzylacetamidine, 2HCl (1400W) were 
ineffective [68]. 

Currently, mitochondrial localization of NOS 
is reliably shown in various mammalian organs and 
tissues: liver [102, 105], heart [9, 18, 68], brain [103], 
kidneys [106], skeletal muscle diaphragm [6, 107] 
and thymus [108].

To sum up, experimental data indicates that 
mtNOS is continuously expressed in mitochondria, 
it is a membrane-bound enzyme and its biochemical 
properties resemble constitutive NOS, particularly 
the neuronal isoform.

Structure and regulation of mtNOS. The 
enzyme is a splice variant of a full-chain nNOSα, 
different from the already identified, with a molecu-
lar weight of 144 kDa. It has two post-translational 
modifications: N-terminal myristoylation of Thr or 
Ser and C-terminal phosphorylation of Ser-1412 resi-
due [9, 18, 28, 42, 59, 100, 109]. Immunocolocaliza-
tion of mtNOS with mitochondrial markers (succi-
nate dehydrogenase, cytochrome c-oxidase) further 
strengthens the evidence of its placement precisely 
in the inner mitochondrial membrane. The mtNOS 
myristoylation is necessary to direct the enzyme into 
mitochondria or to anchor it to the membrane. The 
phosphorylation of the C-terminal Ser residue regu-
lates mtNOS activity [7, 30, 42, 109].

Immune-electron microscopy methods and im-
munoprecipitation techniques show the interaction 
of mtNOS via the PDZ domain with the subunit Va 
of cytochrome c-oxidase, which is dependent on 
Ca2+. Other studies have found that proteins of the 
complex I of the electron transport chain immuno-
precipitate with intramitochondrial NOS [7, 19, 21, 
59, 109, 110].

mtNOS activity is maximal during optimal 
electron transport chain work, specifically com-
plex I, which serves as a source of electrons for the 
functioning of the enzyme; the inactivation of com-
plex I limits mtNOS activity [111, 112].

The rate of NO formation depends on the meta-
bolic state of mitochondria. The current concept 
of metabolic states of mitochondria and respirato-
ry control is based on the rate of O2 absorption by 
isolated organelles. The high rate of O2 consump-
tion and ATP production is observed in the case of 
adding respiratory substrates and ADP during the 
metabolic state 3. The absence of ADP causes low 
rate of O2 absorption, ATP is not synthesized, and 
the inner mitochondrial membrane is hyperpolarized 
(metabolic state 4) [113]. 

During the transition from the state 4 to the 
state 3, NO synthesis in mitochondria slows down by 
almost 60%. NO release exponentially depends on 
the value of the inner membrane electrical potential 
[114]. Agents that reduce or destroy the membrane 
potential (uncouplers and protonophores) diminish 
NO synthesis, while the addition of oligomycin, 
which hyperpolarizes the inner mitochondrial mem-
brane, leads to the generation of maximum amounts 
of NO. Thus, it is possible to talk about the regula-
tion of mtNOS activity by membrane potential with-
in its physiological values [7, 101].
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Fig. 4. Variants of colocalization of DAF-FM and MitoTracker Orange CM-H2TMRos fluorescent probes in 
two myocytes, immobilized and spread on a treated with poly-L-lysine glass surface. The results of the iden-
tical distribution of dyes of arbitrary optical cell sections are presented: red color – MitoTracker Orange 
CM-H2TMRos (500 nM), green – DAF-FM (10 μM), blue – specific to the nucleus dye Hoechst 33342 (50 μM)
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Recently, using the panel of modifiers of the 
electron transport chain on the fraction of isolated 
mitochondria of the rat uterine smooth muscle, we 
obtained the following results [115]. In the absence 
of exogenously added respiratory substrates, isolated 
mitochondria produce NO at the expense of internal 
reserves; this process is significantly enhanced un-
der conditions of mitochondrial energizing and their 
inner membrane hyperpolarization together with 
the addition of respiratory substrates or oligomycin 
(Fig. 5). Instead, in the state of effective oxidative 
phosphorylation (state 3), NO synthesis decreases. 
Inhibition of certain complexes of the respiratory 

chain by rotenone and antimycin A, as well as dis-
sipation of the electrochemical gradient after the ad-
dition of protonophore СССР, leads to the same con-
sequences. Biosynthesis of nitric oxide by smooth 
muscle mitochondria is a Ca2+-dependent process 
since it is inhibited by ruthenium red – a Ca2+-uni-
porter blocker of their inner membrane (Fig. 5).

It should be noted that the decrease of NO pro-
duction during the transition from the state 4 to the 
state 3 is the opposite of what one would expect from 
the slight matrix acidification and the pH dependen
cy on the activity of mtNOS. The dependency of NO 
products on the internal mitochondrial pH (in the 
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range of 5.5-8.5) has a bell-shaped character with a 
maximum point at pH 7.4 [101]. Taking into account 
matrix pH value at about 7.5 in the state 3 and about 
7.8 in the state 4 [116], mtNOS activity should be 
higher in the first case. These results indicate that a 
larger synthesis of NO in the state 4 is not associated 
with pH changes. There is a view that mtNOS activi
ty is regulated precisely by an electric, not a proton, 
component of the membrane potential on the inner 
mitochondrial membrane [101, 117].

Therefore, our results clearly demonstrate and 
correspond with the conceptions that nitric oxide 
biosynthesis by mitochondria depends significantly 
on their level of energy, the magnitude of the elec-
trical potential and the intensity of the input of the 
exogenous Ca2+ into matrix.  

Functional role of NO in mitochondria. 
Stationary concentration of NO in the mitochondrial 
matrix is measured using microsensor technology 
in the nanomolar range, while intact organelles are 
capable of producing NO at significantly higher mi-
cromolar concentrations. This indicates that a sub-
stantial part of the formed nitric oxide reacts with 
mitochondrial targets: •O2

-, heme and protein thiol 
groups [7, 102].

In mitochondria, nitric oxide can perform seve
ral key functions: inhibition or induction of biogene
sis, respiration control and oxidative phosphoryla-
tion; NO affects the Δψ of the inner mitochondrial 
membrane, and regulates the activity of Ca2+ trans-
port systems, the functioning of the permeability 
transition pore (PTP), etc. [24, 26, 29, 30, 59, 118]. 
Moreover, NO controls the expression of several 
Krebs cycle enzymes [47]. The key role of mtNOS 
may be regulation of the processes of cell ATP syn-
thesis. Mitochondrial NO is involved in the mecha-
nisms, which are at the basis of the determination of 
cell survival or death strategy [7, 59, 109]. 

Oxygen consumption and regulation of the 
electron transport chain. At low physiological con-
centrations (nanomolar), NO regulates the effective-
ness of oxidative phosphorylation and affects matrix 
pH [7]. At normal oxygen partial pressure, NO re-
duces O2 absorption in mitochondria and inhibits 
mitochondrial respiration in various tissues. Nitric 
oxide reversibly binds to and suppresses the activity 
of electron transport chain complexes, complex IV 
is considered to be the most sensitive target [9, 112]. 
Endogenously synthesized NO, reducing the activity 
of cytochrome c-oxidase, decreases the consumption 

Fig. 5. Dependency of mtNOS activity on the presence in mitochondria of respiratory substrates, 0.5 mM 
ADP, electron transport chain inhibitors (5 μM of rotenone, 1 μg/ml of antimycin A, 1 μg/ml of oligomycin), 
10 μM of the protonophore CCCP and the inhibitor of Ca2+ transport to mitochondria – 10 μM ruthenium 
red. Incubation medium (mM): 20 Нереs (pH 7,4, 37 °C), 2 K+ phosphate buffer (pH 7.4, 37 °C), 120 KCl, 5 
pyruvate, 5 succinate, 0.05 L-arginine, 0.1 Ca2+, 0.01 NADPH, 0.01 tetrahydrobiopterin, aliquot of the mito-
chondria fraction contained 100 μg of protein; 1 on the axis of “relative units of fluorescence” – endogenous 
synthesis of nitric oxide by isolated mitochondria, M ± m, n = 5; the results of flow cytometry, according to 
the changes in fluorescence of NO-sensitive probe DAF-FM. States 1, 3, 4 – mitochondria respiration states 
by Chans, particularly: 1 – almost no respiration, 4 – low respiration, mitochondria hyperpolarization, high 
energy state; 3 – effective respiration, complete conjugation between respiration and oxidative phosphoryla-
tion, АТР synthesis
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of oxygen, which allows the optimal functioning of 
cell enzymes with low affinity to O2 [26, 114]. At the 
physiological level of O2, mitochondrial respiration 
in the state 3 is more sensitive to exogenous NO than 
in the state 4 [7, 114, 117].

Respiratory chain complexes have different 
sensitivity to nitric oxide. A relatively prolonged ac-
tion of 0.5-1 μM of NO selectively and reversibly 
inhibits NADH dehydrogenase activity of mito-
chondrial complex I by S-nitrosylation of important 
thiol residues in intact cells and isolated organelles 
[19, 59, 109]. Nitric oxide at concentrations of 0.3-
0.5 μM inhibits the transport of electrons between 
cytochromes b and c1 in the respiratory chain com-
plex III, possibly interacting with Fe-S centers [59, 
119]. In experiments on mitochondria of cardiomyo-
cytes, skeletal muscle, liver, synaptosomes, it has 
been shown that NO reversibly binds to cytochrome 
c-oxidase already at 10-20 nM concentrations of NO 
in the matrix; nitric oxide nitrosylates the iron of 
heme subunit a-a3, also interacts with the copper-
containing center, which leads to the inhibition of 
electron transfer to O2. Semi-maximal inhibition of 
cytochrome c-oxidase occurs at 50-100 nM of NO 
[19, 59]. When cytochrome c-oxidase is inhibited, 
the level of reduced components of the electron 
transport chain, in particular, ubisemiquinone, in-
creases. Complex II, considering the content of 
iron-sulfur centers, can also be a potential target of 
NO. All of the above processes can raise the rate of 
•O2

- and H2O2 production in mitochondria [19, 30, 59, 
119]. At the same time, the result of NO-induced in-
hibition of the electron transport chain is the partial 
depolarization of the inner mitochondrial membrane, 
which may have a protective effect, reducing the in-
tensity of oxygen active forms generation. In our 
studies on rat uterine smooth muscle cells through 
use the laser confocal microscopy method and the 
potential-sensitive probe of 3,3′-dihexyloxacarbo-
cyanine, a decrease in the electrical potential of the 
inner membrane of mitochondria during the action 
of 0.1 mM of sodium nitroprusside (widely used NO 
donor) by about 17% is demonstrated [120].

Changes in the intensity of oxidative phospho-
rylation under NO action are an important factor in 
O2 consumption regulation between cells in the walls 
of large vessels and in tissues at different distances 
from capillaries. The cells that are close to the blood-
stream are more supplied with L-arginine and O2, 
which in turn stimulate mtNOS and NO production. 
Nitric oxide limits the consumption of O2 by well-

oxidized cells, forcing O2 to diffuse to more distant 
from the blood flow sites [6, 118].

Nitric oxide at high concentrations leads to a 
series of harmful effects in mitochondria: irreversib
le inhibition of the respiratory chain, increased 
production of oxygen active forms, mitochondrial 
membrane depolarization, cytochrome c release 
into the cytosol (occurs either due to mitochondria 
membrane potential loss, or due to the nitrosylation 
of cytochrome c tyrosine residue), nitrosylation of a 
number of mitochondrial proteins [6, 9, 21, 35, 59, 
121]. The described pathological phenomena, which 
result in the collapse of mitochondrial energetics 
and the development of apoptosis, have been called 
mitochondrial dysfunction. The latter, according to 
modern ideas, can cause endothelial dysfunction, too 
[82, 122]. The amplified generation of superoxide an-
ion and peroxynitrite induces BH4 oxidation, which 
leads to the “uncoupling” of mtNOS: it transforms 
from the NO-generating to the superoxide-producing 
enzyme, resulting in a further disorder of electron 
transport chain normal functioning. Peroxynitrite ni-
trates tyrosine residues of its components and plays a 
key role in apoptosis [6, 9, 18, 109, 123].

Formation of ultra-high NO quantities in the 
cell, for example, under conditions of inflammation 
and iNOS expression increment, leads to competi-
tion between NO and O2 for mitochondria metal pro-
teins, resulting in NO-dependent hypoxia (nitroxia). 
In mitochondria under these conditions high levels 
of active forms of nitrogen and oxygen are observed, 
which irreversibly inhibit the electron transport 
chain, block ATP synthesis, have cytotoxic effects 
[5, 6, 21, 109, 123]. 

Ca2+ homeostasis in mitochondria as an ob-
ject of NO regulatory influence. The optimal work 
of Ca2+ transport systems of the inner mitochondrial 
membrane ensures both the actual cell Ca2+ homeo-
stasis and the functional activity of Ca2+-depend-
ent processes in mitochondria, such as the normal 
course of reactions of the electron transport chain 
and metabolic processes in the matrix. In vivo ex-
periments, convincing evidence of nitrogen oxide 
ability to modulate Ca2+ transport processes in mito-
chondria of cardiomyocytes, smooth muscle cells of 
blood vessels and hepatocytes are given [9, 124]. We 
have found that a 15-minute pre-incubation of iso-
lated rat uterine smooth muscle mitochondria with 
sodium nitroprusside (SNP) resulted in a significant 
increase in energy-dependent (in the presence of 
succinate and MgATP2-) accumulation of Ca2+ by 
organelles (Fig. 6) [125]. 
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Similar results were obtained by other authors 
while studying short-term effects of nitroglycerin in 
vivo in the aorta, myocardium and rat liver [124]. In 
the cited work, at the same time, the reduction of the 
organelle membrane potential by 28-30% was regi
stered. Consequently, the growth of mitochondria 
capacity for Ca2+ in different tissues both in vivo and 
in vitro may be due to the activation of Ca2+-unipor
ter and may possibly depend little on changes in the 
membrane potential in a relatively narrow range.

In order to prove the role of the uniporter in 
the investigated process, we used the protonophore 
CCCP and the inhibitor of the electrophoretic path-
way of Ca2+ accumulation by mitochondria – ruthe-
nium red. It was found that 10 μM of CCCP and ru-
thenium red effectively suppress Ca2+ accumulation 
by mitochondria in the presence of SNP (Fig. 6). 
Meanwhile, the inhibitor of PTP – 5 μM of cyclo-
sporin A almost did not affect the SNP activated 
energy-dependent Ca2+ accumulation by mitochon-
dria (Fig. 6). The results obtained indicate the in-
significant role of the cyclosporin-sensitive pore in 
biochemical mechanisms of Ca2+ transport stimu-

Fig. 6. Influence of modifiers of transmembrane Ca2+ 
exchange in myometrium mitochondria on energy-
dependent cation transport under conditions of SNP 
activating effect; CCCP – carbonyl cyanide 3-chlo-
rophenyl hydrazone, RuR – ruthenium red, Csp  – 
cyclosporine, *changes are significant in relation to 
the control, # in relation to the action of 100 μM 
of SNP, P ≤ 0.05. Changes in Ca2+ concentration in 
the mitochondrial matrix were measured using the 
Ca2+-sensitive fluorescence probe Fluo-4 AM
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lation in mitochondria under the influence of NO. 
At the same time, in experiments performed on rat 
aorta and myocardium in conditions of nitroglycerin 
injection to animals, it was shown that the increase 
of mitochondria Ca2+-capacity is precisely due to the 
inhibition of the PTP by nitric oxide [126, 127]. The 
same authors in experiments on isolated mitochon-
dria, unlike the experiments in vivo, demonstrated 
the decrease in Ca2+-capacity of the organelles 
during the action of NO donor, what is explained by 
the activation of the cation release through the Ca2+-
uniporter caused by the depolarization of mitochon-
dria. The difference between the results obtained in 
our studies and those described in the cited works 
may be related to the tissue specificity of the effect 
and the difference in the chemical structures of the 
used NO donors.

Mitochondria of individual cell parts are affec
ted by different Ca2+ concentrations. Those located 
near the endoplasmic reticulum microdomains con-
taining IP3-activated or ryanodine-sensitive Ca2+-
channels are in high (tens of μM) concentrations 
of Ca2+. They are able to efficiently accumulate this 
cation if necessary, in particular, during the massive 
release of Ca2+ from the sarcoplasmic reticulum of 
muscle cells while excitation. The isoform I of the 
ryanodine receptor is colocalized with the inner 
mitochondrial membrane, which may be one of the 
reticular and mitochondrial Ca2+-pool integration 
mechanisms [9, 26, 128]. According to the above-
described results, a nitric oxide of mitochondrial and 
exogenous origin is able to modulate these transport 
processes, changing Ca2+ accumulation efficiency by 
mitochondria.

Ions of Ca can regulate the functioning of mi-
tochondria by activating key metabolic enzymes: 
pyruvate dehydrogenase, NAD-dependent isocitrate 
and 2-oxoglutarate dehydrogenases, α-ketoglutarate 
dehydrogenase [27], and of course mtNOS [21, 26, 
129]. Strengthening of Ca2+-dependent dehydro-
genase functioning leads to an increase in oxygen 
consumption, while stimulation of mtNOS activi
ty leads to the opposite effect. [28, 69, 129]. Acti-
vation of dehydrogenases and mtNOS is achieved 
at various concentrations of Ca2+: for the first, it is 
lower than 0.2 μM, for the latter it is 1 μM [26, 27]. 
Thus, Ca ions positively regulate the activity of Ca2+-
dependent Krebs cycle dehydrogenases, which sup-
ply NADH to the respiratory chain, and the activity 
of mtNOS, which in turn, reciprocally affects oxygen 
consumption and the intensity of oxidative phospho-
rylation in mitochondria [5, 28, 109].
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NO, Ca2+ and mitochondrial movement. Mito-
chondria have greater mobility at the cytosolic Ca2+ 

concentration of 100 nM or less in the cell resting 
state. As the level of Ca2+ increases, the intensity of 
the movement decreases. A rise in the cation content 
in the cytoplasm up to 0.4 μM, which corresponds 
to the concentration of free intramitochondrial Ca2+ 
of about 1.2 μM, results in a halving of organelle 
mobility [26, 130]. Under these conditions, mito-
chondria Ca2+-dependent dehydrogenases are almost 
completely activated (for example, the activation 
constant for Ca2+ of α-ketoglutarate dehydrogenase is 
0.2 μM), while the mtNOS activity is approximately 
of the halved maximum value (K0.5 for Ca2+ – 1 μM). 
Against this background, NO, formed by mtNOS, 
inhibits mitochondrial respiration by 27% through 
inhibiting the cytochrome c-oxidase, also result-
ing in a rate decrease of oxidative phosphorylation. 
Further growth of Ca2+ concentration to 1 μM in the 
cytosol is accompanied by suppression of the orga-
nelle mobility by 70% (the content of free Ca2+ in 
the matrix is 2.3 μM). Under these conditions, the 
activity of dehydrogenase is maximal, and the activi
ty of mtNOS is 70%, which leads to the reduction in 
oxygen absorption by 35% [26]. Consequently, Ca2+ 
induced inhibition of mitochondrial mobility occurs 
on the background of enhanced cation accumulation 
by the matrix, activation of bioenergetic processes 
and stimulation of endogenous NO generation, and 
subsequently is accompanied by a decrease in oxy-
gen consumption and intensity of oxidative phospho-
rylation.

PTP, NO and apoptosis. It has been shown that 
NO can either prevent or facilitate the opening of 
PTP [5]. It depends simultaneously on the concen-
tration of NO and the intensity of •O2

- generation in 
mitochondria. At the physiological level of NO, the 
opening of the pore is inhibited with a half-inhibition 
constant of about 10 nM [9]. High concentrations of 
NO sensibilisate the PTP, making it more sensitive 
to such factors of opening as the increased Ca2+ con-
centration in the matrix, low level of ATP and the 
enhancement of •O2

- production. The opening of the 
pore causes rapid depolarization, exhaustion of the 
ATP pool, apoptotic, and in some cases, necrotic 
death of the cell. With this in mind, mtNOS plays 
an important role in regulating of PTP activity [7, 
9, 36, 68].

It is presumed that absorption of Ca2+ by re-
spiring mitochondria and mtNOS stimulation may 
increase the formation of ONOO- which, in turn, ini-

tiates the release of Ca2+ from the matrix with subse-
quent mtNOS activity fall [7, 69, 131]. Consequently, 
mtNOS-mediated peroxynitrite formation provides 
the release of Ca2+ and cytochrome c from mitochon-
dria, resulting in the development of Bcl‑2 – depen
dent apoptosis [5, 35, 59, 132]. The release of cyto-
chrome c under these conditions does not depend on 
PTP opening [6].

Therefore, depending on the concentration and 
chemical microenvironment, NO has both anti- and 
proapoptotic effects that are realized at mitochondria 
level.

Conclusions and perspectives. Nitric oxide is 
an almost universal secondary messenger and regu-
lator of numerous cellular processes, which result in 
the hyperfine regulation of its synthesis (functioning 
isoforms of NO-synthase) at the level of transcrip-
tion, translation, posttranslational covalent modifica-
tions, protein-protein and protein-lipid interactions, 
and by changing the availability of cofactors and 
substrate. Limited diffusion of nitric oxide precisely 
defined localization and specific regulation of NO 
synthase isoforms (eNOS, nNOS, mtNOS) in a cell 
that allows NO to perform specific functions in sepa-
rate cytosolic microdomains. As a paracrine regula-
tor, nitric oxide may have certain vectoriality in its 
tissue effects, which in the case of the vascular wall 
is due to the existence of myoendothelial gap junc-
tion. 

One of the nNOS splice variants, namely, the 
constitutive mtNOS, determines the possibility of 
endogenous biosynthesis of nitric oxide in energized 
mitochondria in the presence of O2. The PDZ do-
main provides the interaction of this enzyme with 
complexes I or/and IV of the respiratory chain. En-
dogenous NO formation by mitochondria depends 
on their metabolic state, electrical potential on the 
inner mitochondrial membrane and is a Ca2+-de-
pendent process.

Nitric oxide at physiological concentrations is a 
regulator of mitochondrial bioenergetics, reversibly 
inhibiting the activity of the electron transport chain, 
respiration and oxidative phosphorylation. Partial 
depolarization of the inner mitochondrial membrane 
and inhibition of PTP can be considered as nitric 
oxide protective effect on mitochondria, aimed at re-
ducing the rate of generation of oxygen active forms 
and the development of apoptosis.

Nitric oxide provides fine regulatory relation 
between mtNOS activity and intramitochondrial 
Ca2+, pH, L-arginine, O2 and mitochondria redox 
state.

G. V. Danylovych, T. V. Bohach, Yu. V. Danylovych
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Considering the key role of mitochondria in 
cell bioenergetics and in determining its fate (life 
or death), important directions for future investi-
gations may be the search for specific modulators 
(activators/inhibitors) of mtNOS activity, regulation 
of its expression and the mechanism of traffic to mi-
tochondria, the final determination of submitochon-
drial enzyme localization, the establishment of the 
relationship between the electronic transport chain 
and mtNOS functioning, etc. The questions of en-
dogenously synthesized NO influence on other cel-
lular compartments, in particular on the endoplasmic 
reticulum localized around the mitochondria, and 
the contribution of such cellular sources of NO as 
plasmalemma and reticulum to the regulation of the 
actual mitochondrial processes remain unexplained.

Біосинтез оксиду азоту 
з L-аргініну. Особливості 
утворення та функціональна 
роль NO в мітохондріях

Г. В. Данилович, Т. В. Богач, 
Ю. В. Данилович

Інститут біохімії ім. О. В. Палладіна 
НАН України, Київ;

e-mail: danylovych@biochem.kiev.ua

В огляді проаналізовано сучасні дані щодо 
біохімічних закономірностей біосинтезу ок-
сиду азоту із L-аргініну в клітинах ссавців за 
нормоксичних умов. Розглянуто структуру та 
особливості регуляції ізоформ NO-синтази. 
Акценти зроблено на новітніх уявленнях про 
компартменталізацію в клітинах окремих 
ізоформ цього ензиму та можливості спрямова-
ного транспорту оксиду азоту в судинній стінці. 
Центральне місце в огляді приділено питанням 
ендогенного утворення NO в мітохондріях та 
його вірогідному фізіологічному значенню. По-
дано і власні результати по ідентифікації оксиду 
азоту в мітохондріях гладенького м’яза матки, 
біохімічні характеристики цього процесу, обго-
ворено можливу роль NO в регуляції транспорту 
Са2+ в мітохондріях.

К л ю ч о в і  с л о в а: оксид азоту, 
мітохондрії, NO-синтаза, клітинні компартмен-
ти, кальцій, гладенькі м’язи.

Биосинтез оксида 
азота из L-аргинина. 
особенности образования и 
функциональная роль NO в 
митохондриях

А. В. Данилович, Т. В. Богач, 
Ю. В. Данилович

Институт биохимии им. А. В. Палладина 
НАН Украины, Киев;

e-mail: danylovych@biochem.kiev.ua

В обзоре дан анализ современных данных 
относительно биохимических закономерностей 
биосинтеза оксида азота из L-аргинина в клет-
ках млекопитающих в условиях нормоксии. Рас-
смотрена  структура и особенности регуляции 
изоформ NO-синтазы. Сделаны акценты на но-
вейших представлениях о компартментализа-
ции в клетках отдельных изоформ этого энзима 
и возможности направленного транспорта окси-
да азота в стенке сосудов. Центральное место 
в обзоре посвящено вопросам эндогенного об-
разования NO в митохондриях и его вероятно-
му физиологическому значению. Представлены 
и собственные результаты по идентификации 
оксида азота в митохондриях гладкой мышцы 
матки, биохимические характеристики этого 
процесса, обсуждена возможная роль NO в регу-
ляции транспорта Са2+ в митохондриях.

К л ю ч о в ы е  с л о в а: оксид азота, мито-
хондрии, NO-синтаза, клеточные компартмен-
ты, кальций, гладкие мышцы.
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