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It was proved that No synthesis in isolated mitochondria of rat uterus smooth muscle depended on 
the entry of exogenous ca2+ to mitochondria (inhibited by 1-10 mM Mg2+ in the absence of ATP and by 10 μM 
ruthenium red) and was suppressed by calmodulin antagonists (0.1-10 μM calmidazolium and 1-100 μM tri-
fluoperazine). It was blocked by NG-nitro-l-arginine, a known antagonist of the constitutive No-synthase, 
with a half-maximal inhibition effect at about 25 μM. Moderate deholesterinization of the plasma membrane 
of myocytes after processing with 0.01% digitonin was followed by increased nitric oxide biosynthesis by 
cells. The data obtained suggested that mitochondria and plasmalemma is a possible source of No synthesis 
in uterine myocytes.
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N itric oxide (NO) is a universal signaling 
and regulatory molecule in cells. One of 
the important nitric oxide biological ac-

tions is  control of smooth muscle contractile func-
tion that is involved in the maintenance of normal 
functioning of internal organs, in particular, the 
genitourinary system [1, 2]. Both NO production 
and sensitivity to the molecule decrease at the end 
of pregnancy and precede the onset of labor [3]. Nit-
ric oxide donors cause relaxation of myometrium in 
non-pregnant women as well as those at diffe rent 
stages of pregnancy. A corresponding decrease in 
the contractile activity of uterine smooth muscle 
cells is also shown in certain animal species, in-
cluding rats and primates, at different periods of the 
functional organ activity [4, 5]. The ability of NO to 
relax myometrium generated an interest in its forma-
tion in uterus myocytes. However, subcellular sour-
ces of nitric oxide in myometrium remain unknown. 
An important source of NO in uterus smooth muscle 
cells, given other tissues, may be mitochondria. Mi-
tochondria play an important role in the processes of 
Ca2+-signaling and Ca2+-dependent control of smooth 

muscle contraction [6]. Over the past twenty years, it 
has been found that NO regulates energy, metabolic 
and transport processes in mitochondria [7]. The re-
sults of recent studies have indicated that NO is an 
important link in maintaining an optimal concentra-
tion of Ca ions in the myoplasm as well as in the 
mitochondrial matrix [2, 8, 9].

To date, the mitochondrial localization of NO-
synthase (NOS) has been shown for some organs 
and tissues of mammals: liver [10], heart [8], brain 
[11], skeletal muscle (diaphragm) [12], kidneys [13], 
thymus [14]. Our previous studies demonstrated NO 
formation in mitochondria of uterine smooth muscle 
cells using laser confocal microscopy and specific 
fluorescence probes. The conditions for determina-
tion of NO-synthase activity (mtNOS) in isolated rat 
myometrium mitochondria with the use of DAF-FM 
fluorescence probe and flow cytometry method were 
established. The optimal work of mtNOS in isolated 
myometrium mitochondria requires the presence 
of Ca2+, NADPH and L-arginine in the incubation 
medium. The key kinetic parameters of this enzy-
matic reaction were previously calculated, and it was 
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shown that the biosynthesis of nitric oxide by mito-
chondria depends greatly on their energy level [15].

Experimental data on other objects indicated 
that mtNOS is constitutively expressed in mitochon-
dria, is bound to the internal mitochondrial mem-
brane, and its biochemical properties are similar to 
those of constitutive NOS, in particular, a neuronal 
isoform [16]. Therefore, predictably, its activity is 
determined by the intensity of exogenous Ca2+ flow 
to the matrix and significantly depends on the ef-
fectiveness of the Ca2+-calmodulin complex forma-
tion, which is the main cofactor of the constitutive 
isoforms. There is no relevant information availab-
le regarding the smooth muscle and, in particular, 
the uterus. In smooth muscle cells, both the plasma 
membrane caveolae, where endothelial NOS (eNOS) 
is located, and the sarcoplasmic reticulum can also 
serve as important sources of nitric oxide synthesis.

Thus, the present work aimed to prove that NO 
synthesis in myometrium mitochondria has Ca2+-
calmodulin-dependent character using the constitu-
tive NOS inhibitor, Ca2+ blockers in mitochondria 
and calmodulin antagonists. It was also important to 
find out the possible contribution of non-mitochon-
drial NO sources to its production by myocytes in 
the uterus.

materials and methods

Experiments were carried out on wild white 
rats (females) weighing 150-170 g. All the require-
ments for working with laboratory animals were fol-
lowed “Bioethical expertise of preclinical and other 
scientific researches conducted on animals” (Kyiv, 
2006) and “European Convention for the Protection 
of Vertebrate Animals Used for Experimental and 
Scientific Purposes” (Strasbourg, 1986). The animals 
were decapi tated after inhalation anesthesia with 
chloroform.

The fraction of isolated mitochondria was ob-
tained from the myometrium of non-pregnant rats 
using a standard approach with differentiation cen-
trifugation [17]. The protein content of the fraction 
was determined by the Bradford assay [18].

The composition of 2 ml working medium for 
the determination of NO-synthase activity in iso-
lated mitochondria (mM): 20 Hepes (pH 7.4, 24 °C), 
2 K+-phosphate buffer (pH 7.4, 24 °C), 120 KCl, 5 
pyruvate, 5 succinate, 0.05 L-arginine, 0.1 Ca2+, 
0.01 NADPH, 0.01 tetrahydrobiopterin. The protein 
content of the mitochondrial fraction in the reaction 
medium was 15-20 μg [15]. The incubation time was 

30 min at 24 °C. In some experiments, there was 
no Ca2+ in the medium (nominally non-calcium me-
dium).

The active acid membrane-permeable form of 
NO-specific fluorescent dye DAF-FM (diaminofluo-
rescein-FM) was used. DAF-FM was introduced into 
the working medium at a final experimentally-selec-
ted concentration of 0.5 μM. Measurements were 
performed using a flow cytometer COULTER EPICS 
XLTM (Beckman Coulter, USA) with an argon laser 
(λex = 488 nm, λfl = 515 nm (channel Fl1).

Myocytes were isolated from rat uterus using 
collagenase and soybean trypsin inhibitor by the 
Mollard method [19]. The procedures of cell immo-
bilization for confocal scanning, washing the non-
attached myocytes away and all experimental re-
search were carried out in the physiological Hanks’ 
solution (mM): 136.9 NaCl, 5.36 KCl, 0.44 KH2PO4, 
0.26 NaHCO3, 0.26 Na2HPO4, 0.03 CaCl2, 10 Hepes 
(pH, 7.4, 24 °C), 0.1% glucose. The spatial distribu-
tion of fluorescent dyes in the cell was investigated 
on a laser scanning confocal microscope LSM 510 
META (Carl Zeiss, Germany) using immobilized on 
poly-L-lysine myocytes. Cell nuclei were visualized 
by fluorescent dye Hoechst 33342 at a concentration 
of 50 μM. Immobilized myocytes were loaded with 
NO-sensitive fluorescence probe DAF-FM at a con-
centration of 10 μM for 15 min at 24 °С. 

The experiments with the confocal microscope 
were conducted in Multi-Track mode. Hoechst 33342 
fluorescence was excited by the 405 nm laser line, 
and BP 420-480 optical filter was used to register the 
signal. The excitation of the DAF-FM fluorescence 
was conducted at a wavelength of 488 nm, and its 
registration was in the range of 505-530 nm (BP 505-
530 optical filter). The study of the fluorescent dye 
distribution kinetics in the cell was performed in the 
Time Series mode, and for the quantitative analysis, 
the ROI (Region of Interest) function was used that 
allows obtaining a time dependence of the fluores-
cence intensity averaged over the selected region.

The statistical analysis of the obtained data was 
carried out using standard programs with Student's 
t-test.

results and discussion

In the presence of exogenous 50 μM L-arginine 
and 100 μM Ca2+, which optimal concentrations for 
NO synthesis by isolated mitochondria were pre-
viously experimentally selected [15], and with the 
availability of 10 μM NADPH, 10 μM tetrahydrobio-
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pterin and the respiratory substrates in the incuba-
tion medium, mtNOS activity was 0.28 ± 0.04 DAF-
FM fluorescence relative units per mg of protein per 
min (n = 5). This value corresponds to the results 
obtained in the previous work on this model.

To demonstrate the role of exogenous Ca ions 
in NO biosynthesis by mitochondria, we applied 
Mg2+, which was added directly to the incubation 
medium. Mg2+ is a cofactor of enzymes that are re-
quired for ATP functional activity. Mg2+ affect the 
Ca2+ affinity to specific Ca2+-binding proteins, in 
particular, calmo dulin, by modulating the intracel-
lular Ca2+-signal. In general, Mg2+ is considered as 
the major intracellular antagonist of Ca2+ [20]. In 

mitochondria, Mg2+ inhibits the permeability tran-
sition pore, Ca2+-uniporter (MCU), mitochondrial 
ryanodine receptor (mRyR), Na+/Ca2+-exchanger (in 
cardiomyocytes), and H+/Ca2+-exchanger (in myome-
trium) [20-22].

In the absence of Ca2+ in the reaction medium, 
the effect of Mg2+ on NO production was not signifi-
cant. Only in the presence of exogenous Ca2+, there 
was an inhibition of nitric oxide biosynthesis by mi-
tochondria, which is dependent on Mg2+ concentra-
tion (Fig. 1, a).

The inhibiting effect may account for whether 
the ability of high Mg2+ concentration to block Ca2+ 
accumulation in mitochondria or a decrease in Ca2+ 
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Fig. 1. Influence of Mg ions on nitric oxide synthesis in isolated mitochondria of the myometrium. A – 1 – in 
the presence of 50 μM L-arginine in the medium, 2 – in the presence of 50 μM L-arginine and 100 μM Ca2+; 
B – in the medium with 50 μM L-arginine and 100 μM Ca2+ as well as 3 mM ATP (M ± m, n = 5). The endoge-
nous (in the absence of l-arginine and ca2+ in the medium) synthesis of No in mitochondria is taken as “1”; 
* changes are significant (р ≤ 0.05) relative to the effect of 3 mM АТр. Flow cytometry data
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affinity to calmodulin, since the Ca2+-calmodulin 
complex itself regulates electronic transport in con-
stitutive NOS [23].

Addition of 3 mM ATP to the mitochondria af-
fected the NO production only slightly (Fig. 1, B). It 
was shown earlier that Ca2+ accumulation by mito-
chondria in the suspension of permeabilized uterine 
myocytes increases significantly in the presence of 
ATP together with Mg2+ in the medium (Mg-ATP2- 
complex) [24]. In our studies, only optimal equimo-
lar concentrations of ATP and Mg2+ (3 mM) addi-
tionally stimulated NO synthesis provided that the 
exogenous 100 μM Ca2+ is present. Lower (1 mM) or 
high (10 mM) concentrations of Mg2+ did not have a 
reliable stimulatory effect on NO synthesis (Fig. 1, B).

The use of 25 μM NG-nitro-L-arginine, a 
known inhibitor of constitutive NOS, resulted in sig-
nificant inhibition (about 50%) of NO biosynthesis in 
mitochondria. Ruthenium red (10 μM), an inhibitor 
of Ca2+ transport in the internal membrane of mito-
chondria, in particular Ca2+-uniporter, also inhibited 
the synthesis of NO in mitochondria (Fig. 2).

Thus, NO synthesis by rat myometrium mito-
chondria in some biochemical properties is similar 
to that carried out by the constitutive Ca2+-dependent 
NOS. Although NO synthesis is observed in the ab-
sence of exogenous Ca2+, since the Ca2+ concentra-
tion in the matrix is sufficient for enzymatic activi ty, 
the flow of Ca2+ to mitochondria significantly stimu-
lates NO production.

The dependence of the enzymatic activity on 
Ca2+ is the only fundamental difference between 
the constitutive and the inducible isoforms of NOS 
that accounts for the formation of Ca2+-calmodulin 
complex. The binding site of calmodulin is located 
between the reductase and the oxygenase domains 
of NOS, being a sequence of 20-25 amino acids. 
Calmo dulin binding regulates the electron trans-
port from the reductase to the oxygenase domain, 
as well as in the reductase domain [23]. nNOS (neu-
ronal NOS) 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 [25].

It should be noted that ruthenium red inhibits 
the binding of Ca2+ to calmodulin [26]. It was shown 
on the fraction of isolated myometrium mitochon-
dria that calmodulin antagonists (10 μM calmida-
zolium and 100 μM of trifluoperazine) completely 

inhibit the energy-dependent Ca2+ accumulation by 
organelles and cause the depolarization of mito-
chondrial membrane [27]. These results suggest that 
Ca2+-dependent NO biosynthesis by energized mi-
tochondria is sensitive to these compounds. In our 
studies, calmodulin antagonists, namely calmida-
zolium (0.1-10 μM) and trifluoperazine (1-100 μM), 
led to a concentration-dependent inhibition of NO 
biosynthesis in mitochondria at 100 μM Ca2+ in an 
incubation medium (Fig. 3). The inhibition of NO 
synthesis in myometrium mitochondria by calmo-
dulin antagonists suggests that there is a functiona-
lly active constitutive isoform of NOS, whose work 
is regulated by the Ca2+-calmodulin complex. The 
inhibitory effect of calmodulin antagonists can be 
related to three mechanisms: direct suppression of 
calmodulin-dependent enzyme activation, blockage 
of Ca2+ transport in mitochondria or their de-ener-
gization.

The application of the modern fluorescent probe 
DAF-FM enables to detect directly, quickly and 
reliab ly NO products at low nitric oxide concentra-
tions (2-5 nM) in intact cells, and the method of laser 
confocal microscopy provides the visualization of its 
formation and, using specific enzyme inhibitors and 
chemical modifiers of subcellular membrane struc-
tures, allows to prove NO biosynthesis connection 
with certain cell compartments [28]. The biosynthe-
sis of NO in the myocytes may be related not only to 
mitochondria: constitutive NOS are associated with 

Fig. 2. The activity of mtNoS in the presence of NG-
nitro-L-arginine (25 μM NA), an inhibitor of Ca2+-
dependent NO-synthase, and ruthenium red (10 μM 
rur), an inhibitor of ca2+ transport in mitochondria 
(M ± m, n = 5). Flow cytometry data
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Fig. 3. Biosynthesis of nitric oxide by isolated mitochondria in the presence of calmodulin antagonists. 
*P < 0.05 relative to control (M ± m, n = 5). Flow cytometry data
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the plasma membrane, sarcoplasmic reticulum and 
other intracellular structures [7].

Thapsigargin, a high-affinity SERCA-pump 
inhibitor, at nanomolar concentration causes the de-
pletion of Ca2+ store in sarcoplasmic reticulum [29], 
which can suppress Ca2+-dependent NO biosynthesis 
in this compartment. In our researches, the treatment 
of intact myocytes with 1 μM thapsigargin did not 
lead to significant changes in DAF-FM fluorescence. 
Only an increase of thapsigargin concentration up to 
2-3 μM resulted in a decrease in NO-sensitive DAF-
FM fluorescence (Fig. 4, a). It might be assumed that 
NO synthase associated with sarcoplasmic reticulum 
is involved in nitric oxide synthesis in uterine myo-
cytes. 

The treatment of myocytes with digitonin 
(0.01%), that do not affect the functioning of intracel-
lular Ca2+ transport systems, but cause an increase 
in nonspecific permeability of the plasma membrane 
[30], led to an increase in NO production by cells 
and a corresponding increase in DAF-FM fluores-
cence (Fig. 4, B).

Digitonin interacts with plasma membrane 
cholesterol, forming micelles and vesicles, which 
disrupts the lipid bilayer and makes the membrane 
more permeable to ions and substrates [31]. The lat-
ter leads to the destruction of caveolae and the pos-
sible eNOS dissociation from caveolin - a powerful 
enzyme inhibitor [32]. These events are an expla-
nation for the increased NO synthesis by myocytes 
and evidence that the plasma membrane, along with 
mitochondria, is an important source of nitric oxide 
synthesis in myometrium cells.

Application of 1 mM methyl-β-cyclodextrin 
(MβCD), a cyclic oligosaccharide that forms cho-

lesterol complexes and is used as a pharmacological 
agent for cholesterol removal from membranes [33], 
and digitonin in ultrahigh concentrations (0.1%), 
which disrupt subcellular intact structures [30], led 
to DAF-FM fluorescence signal reduction within 
50% relative to the control level (Fig. 5).

It is well known that the plasma membrane is 
the most enriched with cholesterol, while the inter-
nal mitochondrial membrane and the endoplasmic 
reticulum membrane also contain a certain amount 
of it. Perhaps, a “hard” deholesterination of subcellu-
lar membranes results in their significant destruction 
and, hence, the inhibition of the activity of mem-
brane-associated enzymes, in particular, NOS.

Thus, the biosynthesis of nitric oxide by myo-
metrium mitochondria largely depends on the 
presen ce of exogenous Ca2+ and is suppressed by 
calmodulin antagonists, and, according to these 
properties, corresponds to the functioning of Ca2+-
calmodulin-dependent isoforms of NOS. The latter 
is proven by NG-nitro-L-arginine inhibitory effect on 
the enzyme. The plasma membrane of uterine myo-
cytes may also be a source of nitric oxide gene ration.
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Fig. 4. Influence of 1-3 μM thapsigargin (A) and 0.01% digitonin (B) on nitric oxide production in uterine 
myocytes. laser confocal microscopy data. For the quantitative analysis of the results, the roI (region of 
interests) function was used. 10 μM DAF-FM (NO), green curve, channel 1; 50 μM Hoechst 33342 (nucleus), 
blue curve, channel 2
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Fig. 5. Effects of high detergent concentrations 
(1 mM MβCD and 0.1% digitonin) on nitric oxide bi-
osynthesis in myometrium cells; No synthesis in the 
absence of detergents is taken as 100%. laser con-
focal microscopy data. For the quantitative analy-
sis, 5-6 cells from different independent experiments 
were used, (M ± m)
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Джерела і закономірності 
синтезу оксиДу азоту в 
клітинах глаДенького м’яза 
матки
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Доведено, що синтез NO в ізольованих міто-
хондріях гладенького м’яза матки щурів є залеж-
ним від надходження екзогенного Са2+ до міто-
хондрій (інгібується 1–10 мМ Mg2+ за відсутності 
АТР, 10 мкМ рутенієвим червоним), пригнічу-
ється антагоністами кальмодуліну (0,1–10 мкМ 
кальмідозоліумом та 1–100 мкМ трифлуоперази-
ном). Він блокується відомим антагоністом кон-
ститутивних NO-синтаз NG-нітро-L-аргініном з 
ефектом полумаксимального інгібування близь-
ко 25 мкМ. Помірна дехолестеринізація плазма-
тичної мембрани міоцитів за їх обробки 0,01%-
им дигітоніном приводить до зростання синтезу 
NO клітинами, що свідчить на користь того, що 
плазмалема є можливим джерелом NO в міоци-
тах матки.

К л ю ч о в і  с л о в а: оксид азоту, mtNOS, 
мітохондрії, кальцій, гладенький м’яз матки.
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