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The aim of the study was to establish the role of nitric oxide (NO) in the regulation of steroidogenesis in the placenta during 

physiological pregnancy and experimental preeclampsia (PE) in rats. EPR centers of the placenta, free NO and its metabolites were 

determined by the Electron Paramagnetic Resonance (EPR) method. At the last stage of pregnancy in the EPR spectra of the rats’ 

placenta with PE alterations of the signals intensity of mitochondrial steroidogenic electron transport proteins were detected: the 

FeS-centers of adrenodoxin decreased, the ferricytochrome P-450 increased, the free NO content decreased, and the complexes of 

NO with heme (HbNO) and non-heme iron (FeSNO) were detected. These data indicate the violation of placental steroidogenesis, 

which is confirmed by a decrease in the level of progesterone in blood. Therefore, the nitrosylation of mitochondrial proteins is an 

important redox-dependent mechanism of regulation of the intensity of steroidogenesis. 

 

 

INTRODUCTION 

  

Preeclampsia (PE) is observed in 4-10% of pregnant 

women. It is clinically manifested during the second 

part of pregnancy as high blood pressure, proteinuria, 

and edema, and its early diagnosis is a big problem 

(North et al, 2011; Walker, 2000; Redman et al, 2005; 

Manandhar et al, 2013; George et al, 2012). An 

important pathogenic link of PE is hypoxia of the 

uteroplacental tissues, accompanied by damage to the 

vascular endothelium and the release of number of 

mediators that violate vascular tonus and 

microcirculation in the maternal organism (Crews et al, 

2000; Wu et al, 2016; Wang et al, 2014; Roberts et al, 

2001). In most theories, it is assumed that the 

pathogenesis of PE is associated with impaired 

remodeling of the spiral artery and insufficient 

trophoblastic invasion. The placenta plays a central role 

in PE, as evidenced by the rapid disappearance of 

disease symptoms after delivery or elective removal of 

the placenta, but not fetus (Chan et al, 1975; Dash et al, 

2003). We hypothesized that a local chronic decrease in 

the perfusion of the placenta/uterus can cause metabolic 

disorders typical of PE. 

   The important role in the regulation the functions of 

the placenta belongs to nitric oxide (NO), redox-

sensitive retrograde messenger which is actively 

involved in the regulation of placental metabolism,  

differentiation and implantation of the blastocyst (Dash 

et al, 2003), mobility, invasion and apoptosis of 

trophoblasts (Sladek et al, 1997; Kingdom et al, 1997), 

uteroplacental perfusion. 

   One of the main functions of the human placenta is to 

produce the steroid hormone progesterone, which is 

essential for maintaining pregnancy. Progesterone plays 

a multifactorial role in the regulation of homeostasis 

during pregnancy - contributes to maintaining electro-

lyte balance, regulation of basal vascular tone, cellular 

and humoral immunity, production of cytokines and 

antibodies against autoantigens (Klimek et al, 1998; 

Wan et al, 2018). During physiological pregnancy, the 

level of progesterone in the blood usually rises (about 5-

10 times higher than the peak level of progesterone 

observed during the menstrual cycle). In women with 

preeclampsia, a decrease in the level of this hormone 

compared with the control level was found (Granger et 

al, 2006), which may be associated with impaired 

placental homeostasis. The mechanisms involved in the 

regulation of placental steroidogenesis are not fully 

understood. To establish the role of the hypoxic placenta 

in the pathogenesis of PE, we investigated the 

regulatory mechanisms of steroidogenesis and 
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metabolism of free nitric oxide (NO) in the placenta 

during physiological pregnancy and pregnancy 

complicated by experimental PE in rats, induced by a 

chronic reduction in the uteroplacental perfusion (CRU-

PP).  

 

 

MATERIAL AND METHOD 

 

Experimental studies. 

   Studies were carried out on 6-7month old Wistar 

female rats (Sengupta et al, 2013). Animals were kept in 

standard cages under standard laboratory conditions at a 

temperature of 25±2°C, a relative humidity (50±15%), 

pregnancy conventional microbiological conditions and 

normal circadian rhythm (12-h dark/12-h light) and fed 

with normal diet and water ad libitum. All experimental 

procedures were performed following Guidelines for 

Use and Care of Animals; the Academic council of the 

Tbilisi State Medical University (Tbilisi, Georgia) 

approved the study protocol.  

   Intact female rats were kept separately (to prevent 

their olfactory stimulation by male pheromones and 

extending the diestrus) during 2 weeks; after they were 

placed with males (3 females per male) and after 4 days  

(the estrous cycle in most female rats is resumed every 3 

days) were examined for vaginal plug (which confirms 

pregnancy). Pregnant rats (pregnancy was confirmed in 

95% of the experimental female rats) were separated 

from the males (5 rats per cage). The control group 

(group 1, 40 rats) was represented by intact nonpregnant 

rats (group 1i, 10 rats) and pregnant rats with 

physiological pregnancy - non-operated (group 1a, 15 

rats) and sham-operated (group 1b, 15 rats) rats. To 

simulate PE (group 2, 15 rats), the animal model of the 

CRU-PP was used: uteroplacental perfusion pressure 

was mechanically reduced according to the modified 

model of Alexander et al., which leads to hypertension 

and proteinuria in pregnancy narrowed aortic lumen, by 

one-third of its diameter (0.2 mm). Surgery was made at 

the end of the first week (the 8th day) of gestation and 

then the abdomen was closed tightly. In experimental 

rats at the end of 2nd (15th day) and 3rd (21th day) 

week of gestation (the duration of pregnancy in rats is 

21-23 days) blood samples were taken from the tail vein 

for the examination of the progesterone and free NO 

content. At the end (on the 21st day) of the pregnancy, 

the pregnant animals (groups 1a, 1b and 2) were 

sacrificed by decapitation and the placenta was removed 

for further investigation by the EPR method. All rats 

(groups 1a, 1b, 2) that underwent surgical procedures 

and decapitation were anesthetized with 2% ether. 

 

   Electron Paramagnetic Resonance (EPR) spectro-

scopic studies. We used the Electron Paramagnetic 

Resonance (EPR) spectroscopy as the only technique 

that has the potential for the direct detection of free 

radicals in biological systems (Rice-Evans, 

Diplock,1992; Nonaka et al, 1989; Kozlov et al, 2003; 

Kirima et al, 2003). Paramagnetic centers in the EPR 

spectrum was identified by the g-factor (a parameter 

characterizing each paramagnetic center (EPR signal) (g 

= hν/βH)) corresponding to the structure of the center 

and symmetry of the surrounding chemical groups. For 

direct detection of free radicals in tissues, low-

temperature EPR measurements were performed using 

an EPR spectrometer RE-1307 (X-band, Cherno-

golovka, Russia). Quickly removed samples of the 

placenta (5 animals from each (1a, 1b and 2) group) 

were minced with surgical scissors (each sample 

∼0.5g), placed in plastic tubes and then frozen in liquid 

nitrogen. EPR signals of the placenta samples were 

measured at liquid nitrogen temperature (T=77K) in 

quartz dewar (modulation frequency - 100 kHz, 

microwave power - 20 mW, amplitude of the second 

modulation - 0,1 mT, field scan - 10 mT, sweep time - 

200 s, time constant - 80 ms). The magnetic field was 

calibrated with a standard sample of Mn
2+

-doped MgO 

(calibrated by proton magnetic resonance magnetometer 

at the given microwave frequency), giving a sextet of 

paramagnetic centers with g values of (2.14, 2.08, 2.03, 

1.98, 1.93, and 1.86).  

   The EPR signals of cytochrome P-450 (gy = 1.92, gx = 

2.25, gz = 2.42). iron-sulfur (FeS) containing centers of 

adrenodoxin (g‖ = 1.94, g┴ = 2.02), nitrosyl complexes 

of heme (HbNO) (gc = 2.01), and nonheme iron 

(FeSNO) (g = 2.03) were identified by their g-factors 

(Simpson & Miller, 1978; Pulatova et al., 1989; Tuckey 

et al., 2001) (calculated according to the signal's 

position relative to the spectral lines of the standard 

sample (Mn2 in MgO powder)) (Kirima et al, 2003; 

Gainutdinov et al, 2009). 

   In separate subgroups of the animal spin-trap Sodium 

Diethyldithiocarbamate (DETC) (Sigma Aldri ch, St 

Louis, MO, USA) was used to record free NO in blood 

of intact and pregnant rats on the 15th and 21st-day of 

gestation. DETC solution (500 mg/kg) and FeSO4 (50 

mg/kg) + sodium citrate (37 mg/kg) in separate 

injections was administrated intraperitoneally to 5 

nonpregnant rats from  group 1i and 5 pregnant animals 

from each group 1a, 1b and 2 on the 15th, and 5 

pregnant animals from each group 1a, 1b and 2 on the 

21st day of pregnancy) immediately after preparation. 

After 10 minutes of the injection (Galagan et al, 1997; 

Sanikidze et al, 2012), the blood taken from the tail vein 

was placed in plastic tubes and stored in liquid nitrogen 

until the examination of free NO content. The EPR 

spectra of NO-Fe
2+

(DETC)2 complexes were measured 

at a temperature 77K (measurement conditions are the 

same as above) (Galagan et al, 1997; Sanikidze et al, 

2012).  
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   The peak-to-peak amplitudes of the EPR signals of the 

heme iron complexes of cytochrome P-450 - amplitude 

of peak with gx = 2.25, non-heme iron-sulfur (FeS) 

containing centers of adrenodoxin - peak g‖ = 1.938, 

nitrosyl complexes of heme iron (HbNO) -  amplitude 

(a) of the 2nd hyperfine components of the g = 2.012, 

A
N
 = 1.7 mT (Jakubowska et al, 2013; Dutka et al, 

2019) of the triplet signal, nonheme iron complexes 

(FeSNO) - peak with g = 2.03 and spin-trapped 

NOFe
2+

(DETC)2 complexes – amplitude (a) of the third 

(high-field) hyperfine component of the signal g =  

2,038 (Plonka et al, 2003), were used to expression of 

the EPR signals intensity.  The intensity (IA) of the EPR 

signals was determined in arbitrary units (mm/mg) - the 

ratio of peak's amplitude (mm) to the mass of tissue 

sample (mg). To standardize the measurement 

conditions of the sample, the ratio of the intensities of 

the EPR signals of the sample of the placenta and the 

2nd component of the standard sample (Mn2 ions in the 

MgO powder) was determined (Sanikidze & 

Chikvaidze, 2016).  

   The free NO content in blood was  calculated from the 

calibration curve for the amplitude of the third hyperfine 

component of the EPR signal of NOFe
2+

(DETC)2, 

prepared at various concentrations (1-20 μM) of the 

NO-donor methylamine hexamethylene methylamine 

dinitric oxide (MAHMA NONOate) (Fink et al, 2006; 

Beridze et al, 2011).  

   The peak-to-peak amplitude of the 2nd hyperfine 

components of the g = 2.012, A
N
 = 1.7 mT triplet signal 

was used to quantitatively compare the signals detected 

in the placenta. The amount of detected NO• was 

determined from the calibration curve for intensity of 

the ESR signal of rats erythrocytes treated with known 

concentrations of nitrite (1–25 μM) and Na2S2O4 (20 

mM) (Kozliv et al, 1996; Plonka, et al, 1999, 

Lobysheva et al., 2013). 

 

   Progesterone content in the blood.  In experimental 

rats at the end of 2nd (15th day) and 3rd (21th day) of 

gestation weeks (5 animals in each group in each 

semester), blood samples were taken from the tail vein 

for the examination of progesterone content. Total 

progesterone content in the rats’ blood was determined 

using the ELISA kit for testing rats’ progesterone (Enzo 

Life Science). 

 

   Blood pressure measurement. Blood pressure 

(systolic and diastolic) was determined in all pregnant 

rats on day 19 of gestation; pressure was measured on 

the tail vein with the use of specific cuff by equipment 

„Systola“ (Neurobotics, Zelenograd, Russia) and 

oscillograph. Mean arterial pressure (MAP) was 

calculated according to the formula: 

 MAP = Pdiastolic + (Psystolic – Pdiastolic) / 3  

 

   Statistical analysis. Statistical analysis of the data 

was carried out using the SPSS-11 for Windows. Data 

were reported as mean ±SD. For normally distributed 

variables, the Student t-test was applied. 

 

 

RESULTS 

 

EPR spectra of rats’ placenta 

   In the rats' placenta (groups 1a, 1b, 2), at the end of 

the 3rd week of pregnancy, the EPR signals of heme 

iron complexes of cytochrome P-450 (gy = 1.92, gx = 

2.42, gz = 2.25) and non-heme iron-containing FeS 

centers of adrenodoxin (g‖ = 1.941, g┴ = 2.02) (Simpson 

& Miller, 1978; Pulatova et al., 1989; Tuckey et al., 

2001) (Fig. 1) were measured. These EPR signals are 

signals of the electron carriers of the steroidogenic mito-

chondrial chain of the placenta. In the EPR spectra of 

the placenta of the sham-operated rats (group 1b) the 

intensity of EPR signals of adrenodoxin FeS-centers and 

cytochrome Р-450 was similar to group la. In the EPR 

spectra of placenta of the pregnant rats with an experi-

menttal model of HCU-PP (group 2) the intensity of 

EPR signal of adrenodoxin FeS-centers decreased (by 

60%), the intensity of EPR signal of cytochrome Р-450 

increased (by 130%) compared to the control level   

(Fig. 2). In the EPR spectra of the rats’ placenta with 

experimental CRU-PP in the third week of gestation 

signals of non-heme iron (FeSNO) (g = 2.03) (Fig. 1) 

and nitrosyl complexes of heme (HbNO) (gc = 2.012) 

(Fig. 3) were detected; these signals were not detected 

in the placenta of control animals (group 1a, 1b). 

  

 

http://neurobotics.ru/
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Fig. 1. EPR spectra of rats’ placenta on the 3rd week of gestation (A - control group 1a; B - animal model of CRU-PP, group 2) (modulation 

frequency - 100 kHz, microwave power - 20 mW, amplitude of second modulation - 0,1 mT, field scan - 10 mT, sweep time - 200 s, time 
constant - 80 ms, T=77K). 

  
 
 

 
 

Fig. 2. The EPR signals intensity of  hemic (CytP450) and non-hemic iron (adrenodoxin FeS-centres) containing complexes in rats’ placenta 
during physiological and complicated by CRU-PP pregnancy (group 1a - control non-operated rats (5 animals);  group 1b – control sham-

operated rats (5 animals);  group 2 – operated rats with CRU-PP (5 animals)) (Bars marked with an asterisk are a significant difference in 

the control values; P ≤ 0.05, according to Student’s t-test (Mean ∓SD)). 
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Fig. 3. A - The EPR signals intensity of complexes of nitrosylated non-heme (FeSNO) (g=2.03) and heme iron (HbNO) (gc =2.012) in the 

placenta of pregnant rats with experimental CRU-PP (group 1a - control non-operated rats (5 animals);  group 1b – control sham-operated 

rats (5 animals);  group 2 – operated rats with CRU-PP (5 animals)) (Bars marked with an asterisk are a significant difference in the 

control values; P ≤ 0.05, according to Student’s t-test (∓SD)).  B - The “triplet signal” on the EPR spectrum of chemically pure nitrosyl 
hemoglobin, exposed to the increasing NO concentration, in the absence of allosteric agents, anaerobic conditions (77K) (Dutka et al., 

2019). C - Typical EPR signal of hemic iron nitrosyl complexes (HbNO) (gc =2.012) in the placenta of pregnant rats with reduced uterine 

perfusion at the end of week III. (High frequency (modulation frequency - 100 kHz, microwave power - 20 mW, amplitude of second 
modulation - 0,1 mT, field scan - 10 mT, sweep time - 200 s, time constant - 80 ms, T=77K). 

 
   

 
 

Fig. 4. A - The intensity of free nitric oxide’s (NO) EPR signal in rats’ placenta during physiological and complicated by CRU-PP 
pregnancy (group 1i - intact nonpregnant rats (5 animals); 1a - control non-operated rats (5 animals); group 1b – control sham-operated 

rats (5 animals); group 2 – operated rats with CRU-PP (5 animals)). (Bars marked with an asterisk - a significant difference between the 

values in the second and third trimester; P ≤ 0.05, according to Student’s t-test (Mean ∓SD). B - Typical EPR signal of spin-trapped free 
NO (gc =2.038) in the rats blood  (modulation frequency - 100 kHz, microwave power - 20 mW, amplitude of second modulation - 0,1 

mT, field scan - 10 mT, sweep time - 200 s, time constant - 80 ms, T=77K). 

 



6 Tamar V. Sanikidze et al. 

 

 

 
   EPR spectra of rats’ blood. The intensity of the EPR 

signal of the spin-trapped NO in the blood of control 

and  sham-operated rats (group 1a, 1b) increased with 

an increase in the gestation period (on day 21 compared 

with 15th day increased by 42-57%, correspondingly (P 

≤ 0.05)) and on the end of the 3rd week was 4 times 

higher than the NO content in the blood of non-pregnant 

intact rats (group 1i). In the blood of rats with 

experimental CRU-PP (group 2), the level of the spin-

trapped NO was relatively low and by the end of 

pregnancy (day 21st) was 68% of control level (P ≤ 

0.05) (Fig. 4).  

 

 

   Progesterone content in the blood of pregnant rats.  

Fig. 5 shows the results of the study of the total 

progesterone content in the blood of rats during 

physiological (group 1a, 1b) and complicated with PE 

(group 2) pregnancy is shown. As follows from Fig. 5, 

the level of progesterone in the blood increased with an 

increase in the gestation age (by 3rd week increased by 

41% compared with 2nd week (P ≤ 0.05)) in all groups 

of experimental animals, but its level in animals with a 

physiological pregnancy (control and sham-operated 

animals (groups 1a, 1b)) exceeds the level of 

progesterone in the blood of animals with an 

experimental CRU-PP (2nd week - by 33% (P ≤ 0.05), 

3rd week - by 50% (P ≤ 0.05)). 

 

 

 

 
 

Fig. 5. Progesterone content in the rats’ blood during physiological and complicated by CRU-PP pregnancy (group 1a - control non-operated 

rats (5 animals); group 1b – control sham-operated rats (5 animals); group 2 – operated rats with CRU-PP (5 animals)). Bars marked with 

an asterisk - a significant difference between the values in the second and third trimester; P ≤ 0.05, according to Student’s t-test 

(Mean∓SD). 

  
   Mean Arterial Pressure. Chronic reductions in 

uterine perfusion pressure in pregnant rats resulted in 

significant increases in arterial pressure relative to 

normal pregnant rats. Fig. 6 illustrates the increase in 

arterial pressure of animals with CRU-PP (group 2) as 

compared to rats with physiological pregnancy (group 

1a, 1b). MAP averaged ≈125,59 mm Hg (P<0.05) in the 

CRU-PP rats at day 19 of pregnancy, whereas in rats 

with physiological pregnancy at day 19 of gestation 

MAP averaged  ≈97,89 mm Hg (in intact nonpregnant 

rats (group 1i) MAP averages  ≈ 104, 25 mm Hg).  
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Fig. 6. Measurement of MAP in intact nonpregnant (group 1i), pregnant rats (with physiological pregnancy 

(group 1a), sham-operated pregnant rats (group 1b), and pregnant rats with CRU-PP (group 2)). Bars marked 

with an asterisk - a significant difference between the values of the MAP; P ≤ 0.05, according to Student’s t-

test (Mean∓SD). 

 

 

DISCUSSION  

The human placenta plays a central role in pregnancy, 

and the syncytiotrophoblast cells are the main 

components of the placenta that support the relationship 

between the mother and fetus, apart through the 

production of progesterone.  

   The syncytiotrophoblasts are formed by the fusion of 

underlying mononuclear cytotrophoblasts; upon 

differentiation into syncytiotrophoblast, their 

mitochondria appear to become highly specialized for 

steroidogenesis (Walter & Miller, 2013; Holland et al, 

2017; Martinez et al, 2015; Sanyal, 1978). The ability of 

rat's placenta to synthesize steroid hormones has been 

experimentally proved (it is noteworthy that the amount 

of progesterone synthesized by the placenta gradually 

increases with increasing gestational age) (Gordon et al, 

1984; Arpad Csapo & Wiest Walter, 1969; 

Sharashenidze et al, 2016). Progesterone, synthesized 

by the syncytiotrophoblasts from maternally derived 

cholesterol, plays a key role in the maintenance of 

pregnancy. 

   In our previous studies, impaired blood circulation and 

the development of hypoxia in the placenta of rats with 

experimental CRU-PP were found, which was 

manifested in a reduction of erythrocytes volume in 

fetal capillaries of the labyrinth layer, as well as 

decrease of proliferative activity of the blood vessels 

and obstructed visualization of endothelial cells 

(Sharashenidze A. et. al., 2016; Sharashenidze A. et.al., 

2017). To establish the role of the hypoxic placenta in 

the pathogenesis of PE, we investigated the regulatory 

mechanisms of steroidogenesis in the placenta during 

physiological pregnancy and pregnancy, complicated by 

a chronic reduction of the uteroplacental perfusion in 

rats. 

   The placental syncytiotrophoblasts contain at least two 

types of mitochondrial electron transport chains - one is 

responsible for mitochondrial respiration and synthesis of 

ATP, and the other - for steroidogenesis (more 

characteristic for these cells) (Sanyal, 1978). During 

steroidogenesis in the placenta, electrons from NADPH are 

transferred to the FAD-fragment of adrenodoxin reductase; 

then adrenodoxin reductase interacts with small iron-sulfur 

(FeS) protein, adrenodoxin, by the charge-charge attraction 

mechanism, which makes it possible to transfer electrons to 

FeS centers (Tuckey, 2005). Adrenodoxin interacts with 

binding-site of the redox-partner, mitochondrial 

cytochrome P450, transfers the electrons to its heme 

iron centers and provides catalysis of substrate binding 

to the cytochrome P450 (P450scc). P450scc is specified 

by cleavage of the side chain of insoluble cholesterol to 

form soluble pregnenolone; this reaction is the rate-

limiting step in the steroidogenesis. Pregnenolone can 

then converted into progesterone (Tuckey & Headlam, 

2002; Tuckey, 2005). The activity of cytochrome 

P450scc in placental mitochondria, in turn, is limited to 

adrenodoxin reductase, which regulates the adrenodoxin 

pool in a fully reduced state through the electron 

delivery mechanism (Tuckey & Headlam, 2002; 

Tuckey, 2005). Unlike other steroidogenic organs, the 

placenta does not have a short-term mechanism of 

modulation of steroid synthesis, and the intensity of 

steroidogenesis in the placenta is regulated by the redox 

state of the steroidogenic mitochondrial electron 

transport proteins.  

https://www.ncbi.nlm.nih.gov/pubmed/?term=Holland%20O%5BAuthor%5D&cauthor=true&cauthor_uid=28024805
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tuckey%20RC%5BAuthor%5D&cauthor=true&cauthor_uid=12137805
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tuckey%20RC%5BAuthor%5D&cauthor=true&cauthor_uid=12137805
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   Intensification of steroidogenesis in the placenta 

during physiological pregnancy is usually accompanied 

by an increase in the intensity of electron flux through 

the adrenodoxin FeS centers - P450scc. In these 

reactions adrenodoxin plays the role of an electrons 

donor, and  an increase in its content in the fully 

reduced state (manifested by an increase in the intensity 

of the EPR signal of the FeS centers of adrenodoxin 

paramagnetic in a reduced state) provides a flow of 

electrons to the heme iron of the mitochondrial P450scc, 

which binds cholesterol as a substrate (as a result, the 

intensity of the EPR signal of P450scc (paramagnetic in 

the oxidized (ferry), low spin state)  decreases;  P450scc 

converts it into soluble pregnenolone. 

   In the experimental model of CRU-PP an alterations 

in the EPR spectra of the hypoxic placenta was detected 

(a decrease in the intensity of the EPR signal of FeS-

adrenodoxin (g1 = 1.94, g2 = 2.02) and an increase in the 

intensity of the EPR signal of ferricytochrome P-450 (g3 

= 2.25) (Fig. 1, 2)), which may be associated with a 

decrease in the intensity of electron transport from 

adrenodoxin to P450scc in mitochondria (stage limiting 

the rate of steroidogenesis) and indicates a violation of 

placental steroidogenesis. 

   In the regulation of adequate perfusion in the placenta, 

there is no neuronal control and it is carried out mainly 

through physical factors and the circulation of the local 

tissue metabolites (Cartwright et al, 2002). Among 

these circulating factors, NO, characterized by 

pronounced vasodilation activity, is released (Myatt & 

Cui, 2004; Myatt et al, 1996; Tropea et al, 2018). In the 

rat placenta (as well as in the human placenta) NO is 

synthesized by endothelial (eNOS) and inducible 

(iNOS) NO-synthases. eNOS is localized in 

syncytiotrophoblast cells inside the villi and the 

decidual trophoblast cells (Lyall F, 2005); iNOS was 

detected in the villous stroma of placenta (Baylis et al, 

1999; Krause et al, 2011; Norris et al, 1999). It is 

generally accepted that the total synthesis of NO in the 

placenta increases during physiological pregnancy by 

eNOS from the end of the first trimester and can 

contribute to increasing of circulating NO content in 

peripheral blood (Norris et al, 1999; Motta-Mejia et al, 

2017; Motta-Mejia et al, 2017). This coincides with the 

results of our study on an increase in the free NO 

content in the blood of pregnant rats (during an increase 

of gestation age) compared with its level in intact non-

pregnant animals. However, the literature describing the 

production of NO in preeclampsia is very controversial 

(Possomato-Vieira & Khalil, 2016; Matsubara et al, 

2015; Darkwa et al, 2018; Laskowska et al, 2013; 

Khetsuriani et al, 2004; Hong-hai et al, 2011). 

NO is a very reactive short-lived radical, rapidly 

converted into other more stable metabolites such as 

NO2
−/NO3

−, with very low bioactivity (Stamler et al, 

1992; Mastronicola et al, 2003), or interacted with many 

other molecules such as proteins and metal ions (Sarti et 

al, 2003). S-nitrosylation of proteins is the mechanism 

of the redox-sensitive regulatory activity of NO, which 

implies the reversible post-translational modification of 

proteins, signal transduction, regulation of the intensity 

of apoptosis and the function of trophoblasts in the 

placenta (Kingdom & Kaufmann, 1997). 

   Due to the high affinity of NO to the heme and non-

heme iron, free NO reversibly inhibits the mitochondrial 

heme and non-heme iron-containing electron-transport 

proteins (Stamler et al, 1992; Brown, 1995). These 

proteins react with NO by two alternative mechanisms 

leading to the formation of adducts (nitrosyl-adduct Fe2-

NO, or nitrite adduct) characterized by different 

recovery kinetics. The predominance of one mechanism 

over others depends on the flow rate of electrons 

through the mitochondrial electron transport chain. At 

the physiological electrons flow rate, NO at nanomolar 

concentrations effectively acts as a reversible regulator 

of the activity of the mitochondrial electron transport 

chain, and the formation of nitrites prevails (the nitrite 

adduct recovers much faster than the nitrosyl-one) 

(Brown, 1995). At high electrons flow rates formation 

of nitrosyl adduct may prevail over the nitrites 

formation (Giorgio et al, 1998); heme iron-containing 

proteins also lose their ability to form nitrites, which 

contributes to their nitrosylation. Also, only the heme-

nitrosyl adduct can release the still active NO into the 

surrounding environment. The level of nitrosyl heme 

adducts is an important indicator of the level of NO 

synthesis and its bioavailability in vivo (Khetsuriani et 

al, 2004; Redman & Sargent, 2005; Khetsuriani et al, 

2006; Tortladze et al, 2012). 

   Metabolic conditions lead to nitrosylation of 

mitochondrial proteins, reduce the level of free NO and 

can participate in the regulation of its content in the cell, 

but at the same time increase the risk of disruption of 

electron transport in the mitochondria — nitrosylation 

of non-heme FeS centers of proteins leads to their 

irreversible inhibition (Hong-hai  et al, 2011). Thus, 

when the buffer/degrading ability of NO is disturbed 

and/or the synthesis/degradation rate of NO is not 

balanced, an excessive amount of free NO can become 

dangerous for the mitochondrial electron transport 

chain. This may be the case for CRP/UP accompanied 

by hypoxia in the placenta. 

   A significant decrease in the intensity of the EPR 

signal of spin-trapped free NO in the blood of rats with 

experimental CRU-PP (Fig. 4) and the appearance of 

EPR signals of nitrosyl complexes of heme (HbNO, gc = 

2.01) and nonheme iron (FeSNO, g = 2.03) in the EPR 

spectra of their placenta in the third week of pregnancy 

(Fig. 1, 2, 4) (group 1a, 1b) indicates intensive 

nitrosylation of heme iron of cytochrome P450 and FeS 

centers of the adrenodoxin in the steroidogenic 

mitochondrial chain of the placenta. In previous studies, 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Baylis%20SA%5BAuthor%5D&cauthor=true&cauthor_uid=10333363
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high-intensity EPR signals from HbNO were detected 

by us in samples of the placenta in pregnant women 

with preeclampsia (Tortladze et al, 2012). Intensive 

incorporation of NO into the metal complexes of 

mitochondrial steroidogenic electron transport proteins 

in a hypoxic placenta, leads to a decrease in the free NO 

content in the body and reducing its biological activity, 

provides impairment  of metabolism of placenta,  

irreversible inhibition of the mitochondrial 

steroidogenic electron transport on the stage of FeS 

centres of adrenodoxin – P450scc and decrease in the 

intensity of steroidogenesis, as evidenced by a sharp 

decrease in the content of progesterone in the rats’ blood 

(Fig. 5). 

   Based on the results of our study, we can conclude 

that nitrosylation is an important redox-dependent 

mechanism by which NO regulates the activity of 

placental proteins involved in various metabolic 

pathways. During pathological pregnancy (PE), the 

degree of placental hypoxia is an important factor 

determining the intensity of NO synthesis, its 

metabolism and the nitrosylation of mitochondrial 

steroidogenic electron transport chain proteins, which 

play an important role in the regulation of the intensity 

of steroidogenesis in the syncytiotrophoblasts and 

outcome of pregnancy. 
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