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Abstract  

The widespread prevalence of smoking is a global problem of mankind,  and the efforts of many 
scientists and specialists are aimed at solving it. The danger of smoking is not only a negative impact on 
the health of smokers, but also on the well-being of non-smokers, but exposed to harmful pollutants 
that enter the air with tobacco smoke. 

Due to the widespread use of nitrate fertilizers in agriculture and their entry into groundwater and, 
as a consequence, accumulation in food, the prevalence of nitrate poisoning has become threatening. 
The toxicity of nitrites is that they block hemin iron-containing respiratory enzymes. As a result, the 
oxygen capacity of the blood decreases and tissue hypoxia develops. 

Today, more and more attention of researchers paid to the combined pathologies that may be due 
to the action of several toxic factors on the body.  

Given the prevalence of smoking, as well as the active use of nitrites in industry (as food additives, 
nitrate and nitrite fertilizers), it is advisable to study the mechanisms of simultaneous effects on the 
body of these toxicants, taking into account the age aspect 

The aim of this study was to investigate the content of various forms of hemoglobin and the 
development of nitrooxidative stress in rats under conditions of nitrite-tobacco toxicosis after the use 
of the antihypoxant mildronate (meldonium). 

 In an experiment on rats of different ages (immature, mature and senile) after poisoning for 24 
hours and 72 hours sodium nitrite on the background of 45 days of tobacco smoke intoxication found a 
progressive increase in blood met- and carboxyhemoglobin, which is most pronounced in animals. 

An increase in the content of nitrite ion and the activity of inducible NO-synthase against the 
background of a decrease in its endothelial isoform detected in the blood serum and liver of animals of 
all ages, which indicates the development of nitrooxidative stress in the body. Immature rats were the 
most sensitive to nitrite and tobacco poisoning. The antihypoxant mildronate (meldonium) used to 
reduce the content of both forms of hemoglobin in the blood of rats of different ages, as well as to 
restore the functioning of the NO system, which allows its further research to include in treatment 
regimens of pathological conditions accompanied by activation of free radicals and hypoxia. 
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Introduction 

The problem of the impact of chemical pollution 
on the human body is one of the priority and not 
fully studied [1,2]. Among the pollutants a significant 
threat is heavy metals, nitrate fertilizers, industrial 
waste. Oxygen-containing compounds of nitrogen 
(NO3), nitrites (NO2), nitrogen oxide (NO) and its 
various forms (N2O, N2O3), nitrogen anhydride 
(N2O5) are currently a significant danger to humans 
among chemical pollutants. The intake of nitrates 
and nitrites causes the formation of excessive 
amounts of nitrogen oxide, which is able to initiate 
free radical chain reactions. This creates the 
preconditions for the formation of other active 
forms of nitrogen (peroxynitrite, NO2, N2O3, etc.), 
which can cause hypoxic and free radical necrobiosis 
[3,4]. Under the influence of sodium nitrite, the first 
link in the pathogenesis is hemoglobin. The action of 
sodium nitrite manifested primarily in the oxidation 
of oxyhemoglobin to methemoglobin (MetHb) and 
a sharp increase in the intensity of free radical 
reactions. 

One of the sources of nitrates in the body is 
smoking [5]. Tobacco smoke is currently one of the 
most common ecoanthropogenic agents, which has 
a wide range of effects on the morphofunctional 
state of various body systems [6,7]. Cigarette smoke 
contains a large number of oxidants, including 
hydroxyl radical, NO and hydrogen peroxide, 
peroxynitrite, which can enter the bloodstream and 
cause an increase in the formation of ONOO- in cells. 
The development of most pathological conditions 
occurs by a free radical mechanism, which at the 
cellular level is characterized by increased 
production of free radicals, among which a special 
place belongs to the active forms of oxygen and 
nitrogen [8,9]. Activation of free radical oxidation 
processes and the development of hypoxia is one of 
the most important causes of metabolic disorders 
under conditions of poisoning by toxicants of 
various origins. Cigarette smoke can block the 
formation of endogenous NO by reducing the 
expression of eNOS [10]. Under the conditions of 
passive smoking, the formation of endogenous NO 
blocked, as the gas phase of tobacco smoke 
contains nitrogen oxides and other nitrogen-
containing compounds that act on the principle of 
feedback. 

The combination of this, effects of nitrites on the 
human body, and smoking give rise to the formation 
of combined pathological conditions and the 
emergence of multiorgan pathology. 

Recently, for the correction of metabolic 
disorders in hypoxic conditions have been used 
drugs, which include mildronate, which is an 
antihypoxant and a drug of metabolic action [11,12]. 
Mildronate is considered a second-generation 
cytoprotector, the protection mechanism of which 
is based on the optimization of O2 utilization, which 
determines the survival of cells under conditions of 
O2 deficiency, regardless of the reasons for its 
occurrence. 

Thus, given the prevalence of smoking, as well as 
the active use of nitrites in the industry (as food 
additives, nitrate, and nitrite fertilizers), it is 
advisable to study the mechanisms of simultaneous 
effects on the body of these toxicants, taking into 
account age, and search for new antihypoxants 
eliminate the identified violations. 

The aim of this experimental work was to study 
the content of various forms of hemoglobin and the 
development of nitrooxidative stress in rats under 
conditions of nitrite-tobacco toxicosis after the use 
of the antihypoxant mildronate. 

 

Methods 

The experiments performed on white male rats 
kept on the standard diet of the TNMU vivarium. 
Rats divided into three age groups: immature with a 
body weight of 60-80 g (3 months of age), mature 
with a body weight of 180-200 g (12 months of age), 
and senile - with a body weight of 300-350 g (18 
months of age). 

The model of chronic exposure to tobacco smoke 
created using a sealed chamber with a volume of 30 
liters, which allowed the animals exposed to the 
toxicant on a daily basis. Tobacco smoke formed 
from the burning of 6 Prima silver (blue) cigarettes 
containing 0.6 mg of nicotine and 8 mg of tar; 
manufacturer JSC "Imperial Tobacco Production 
Ukraine", through the holes in the chamber was fed 
inside it. There were 6 animals in the cell at the same 
time for 6 minutes. Animals in the control group also 
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kept in an airtight chamber for 6 minutes but not 
exposed to tobacco smoke [13]. 

Sodium nitrite of the animal obtained once 
intragastrically using a probe in the form of an 
aqueous solution at a dose of 45 mg/kg body 
weight, which is 1/4 of the LD50 [14]. The studies 
were performed 24 and 72 hours after ingestion of 
this toxicant. 

Immature, mature, and senile rats after the 
defeat of both toxicants administered 
intragastrically after the defeat of the metabolic 
drug mildronate (Meldonium), manufacturer 
"Grindex" Latvia, at a dose of 120 mg/kg body 
weight, starting from the 15th day of tobacco 
intoxication and daily experiment [11]. 

The animals removed from the experiment on the 
45th day of tobacco intoxication (and after 24 and 
72 hours of sodium nitrite poisoning) by euthanasia 
under thiopental anesthesia. 

The study material was liver homogenate, blood, 
and serum. Blood taken from the heart of the 
animals, which s centrifuged at a speed of 1100 g for 
30 minutes. Selected organs (250 mg) used to 
obtain a homogenate using a magnetic 
homogenizer Silent Crusher S after pre-perfusion 
with 2.5 ml of saline. The content of carboxy- [15] 
and methemoglobin was determined in blood [16], 
the content of nitrite ion in blood serum and liver 
homogenate [17], and the activity of inducible [18] 
and endothelial NO synthase [19]. 

Animal keeping and experiments carried out in 
accordance with the provisions of the "European 
Convention for the Protection of Vertebrate Animals 
Used for Experimental and Other Scientific 
Purposes" [20]. 

 

Results  

It is known that the intake of sodium nitrite was 
accompanied by the development of hemic hypoxia, 
as indicated by an increase in methemoglobin in the 
blood of rats after the lesion. The process of 
formation of methemoglobin in the body is free 
radical. 

A study of the content of MetHb in the blood of 
rats affected by sodium nitrite on the background of 

tobacco intoxication showed its increase in all age 
groups during the experiment. After the defeat of 
both toxicants, the most sensitive were immature 
rats, in which this indicator increased sharply and by 
the end of the experiment was the highest - 3.3 
times compared with control animals (Fig. 1). During 
this period of the study, the content of MetHb in the 
blood of mature rats increased 2.7 times, in senile - 
2.6 times relative to the level of control animals. 
Mildronate used by us for correction led to a 
decrease in this indicator in the blood of immature 
rats by 53%. Mildronate had a similar effect on 
methemoglobin formation in mature and senile rats. 

Another indicator that characterizes pathological 
changes in the body of animals after exposure to 
tobacco smoke and contributes to the deepening of 
hypoxia is carboxyhemoglobin. Carbon monoxide, 
or carbon monoxide contained in tobacco smoke, 
has the ability to bind the respiratory pigment of 
blood - hemoglobin. The carboxyhemoglobin 
formed at the same time is not capable to transfer 
oxygen; as a result, the processes of tissue 
respiration disrupted. 

By the end of the experiment in the blood of 
immature rats (under the action of both toxicants) 
HbCO content increased the most - 3 times higher 
than normal, in mature - 1.5 times and in the senile - 
2.3 times higher than the level of animals in the 
control group (table 1). 

At all times of the study, mildronate had a 
positive effect on this indicator in the blood of rats 
of all experimental groups. The content of 
carboxyhemoglobin in immature rats decreased 1.7 
times after 45 days of TD poisoning and 72 hours 
after ingestion of sodium nitrite. At the same time, 
this figure in the blood of mature rats decreased 1.4 
times, in the blood of senile rats - 1.6 times. The 
effectiveness of mildronate was observed 
throughout the experiment and was manifested by 
a probable (p <0.05) decrease in the content of 
carboxyhemoglobin in the blood of animals of all 
experimental groups. 

The obtained results allow to note that the most 
sensitive to the simultaneous defeat of sodium 
nitrite and tobacco smoke are immature rats, in 
which the content of carboxyhemoglobin after the 
defeat is the highest.
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We have previously shown that sodium nitrite 
poisoning leads to nitric oxidative stress, which 
caused by the formation of a significant amount of 
nitrogen oxide. In turn, tobacco smoke contains 
nitrogen dioxide and nitrogen oxide, which when 
toxic enter the body due to the formation of 
peroxynitrite, nitrite, and nitration, which initiate 
the LPS reaction. Thus, in the body, along with 
oxidative disorders, nitrooxidative stress develops. 

NO-synthase activity, as well as enzymatic and 
non-enzymatic reactions of reduction of nitrate and 
nitrite ions, considered the main ways of nitrogen 
oxide formation. The presence of NO-synthase 
mechanism provides endogenous NO synthesis, 
which is ultimately oxidized to nitrite and nitrate 
ions [22,23]. 

As shown by the results of our studies, the 
simultaneous defeat of sodium by nitrite and 
tobacco smoke, led to a significant activation of the 
formation of nitrite ion in the body of rats of 
different ages. In the serum of immature rats after 
the defeat of both toxicants in the last period of the 
study, the content of nitrite ion increased 2.3 times 
(Fig. 2), which can lead to the significant formation 
of endogenous nitrogen oxide and the development 
of nitrooxidative stress. At the same time, this figure 
exceeded the norm by 2 times in the serum of 
mature and senile animals. Mildronate used by us 
proved to be effective, probably reducing this figure 
during the experiment. 

After exposure to toxicants, an increase in the 
content of nitrite ion in the liver of rats of all ages 
observed. Probable changes (p < 0,05) noted in all 
terms of research. This figure markedly reduced 
under the influence of mildronate. 

Excessive accumulation of nitrite ion in the organs 
of rats after the lesion may lead to increased 
formation of nitrogen oxide. It previously believed 
that NOS-dependent synthesis of physiologically 
necessary NO ("basal NO") carried out with the 
participation of eNOS and nNOS, and NOS-
dependent synthesis of additional NO in the cell 
with the development of various pathological 
conditions  realized with the participation of iNOS. 
This leads to its excessive activation and dysfunction 

of the arginase metabolic pathway, which competes 
with NO-synthase for the substrate - L-arginine [24]. 

In our experiments, it noted that after the defeat 
of sodium rats with nitrite on the background of 
tobacco intoxication in the serum progressively 
increased activity of iNOS in all age groups (Table 2). 

The most active was iNOS in the serum of 
immature rats, which by the end of the experiment 
increased 3.3 times after exposure to toxicants. 
Mature rats were the most stable - the activity of 
the enzyme in them increased 1.7 times relative to 
the group of intact control at the end of the study, 
in the elderly, this indicator in the serum increased 
2.7 times. The use of mildronate resulted in a 
probable decrease in iNOS activity during the 
experiment in the serum of rats of all ages. Thus, at 
the end of the experiment in immature rats, this 
figure decreased 1.8 times relative to the group of 
affected animals, in mature and senile - 1.5 times (p 
<0.05). 

The activity of iNOS in the liver of rats of different 
ages after exposure to toxicants studied, and it 
noted that it shows the greatest activity in 
immature animals. By the end of the experiment, 
the activity of the enzyme was 4.3 times higher than 
normal. In mature animals, this figure increased 1.8 
times by the end of the experiment. Increased iNOS 
activity observed in the liver of senile rats - 3.5 times 
by the end of the study (Fig. 3). Mildronate was 
effective, after the introduction of which into the 
body of rats, this figure probably decreased at all 
times of the study. In immature rats at the end of 
the study, it was 2.2 times lower than the level of 
affected animals. A similar decrease in iNOS activity 
under the influence of mildronate was in the liver of 
mature and senile rats. 

Obviously, the activation of iNO-synthase that can 
explain the results obtained by us, which indicate a 
significant increase in the level of nitrogen oxide 
metabolites, in particular nitrite ion, in the serum 
and organs of rats after infection. It is known that 
iNOS synthesizes high concentrations of NO (> 300 
nm) [25, 26], while eNOS produces low 
concentrations of NO. iNOS is a calcium-
independent isoform of NOS and, unlike eNOS, is 
not constantly (constitutively) expressed.
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Based on this, we investigated the activity of 
eNOS in the serum and liver of rats of different ages 
after exposure to experimental toxicants. The 
activity of the enzyme in the serum of immature rats 
at all times of the study was almost the same 
decrease and at the end of the experiment was 
below control by 56%. At the same time, in elderly 
rats, this figure also decreased by 56%, in adults - by 
50% (Fig. 4). Mildronate effectively increased the 
serum activity of eNOS in rats of different ages 
throughout the experiment. 

We studied the activity of eNOS in the liver of 
affected rats and the influence of corrective factors 
on it. The defeat of rats by both toxicants 
simultaneously led to a decrease in the activity of 
eNOS in the liver of animals of all ages (Table 3).  

The lowest eNOS activity was recorded in the liver 
of immature rats at the end of the experiment, it 
decreased after injury by 5.1 times relative to the 
intact control group of the same age. In adult rats, 
this figure decreased 3 times, in elderly rats 3.8 
times relative to the control in the last period of the 
study. The antihypoxant used by us significantly 
increased (p <0.05) the activity of the enzyme in all 
terms of the study. The closest to the control were 
the indicators in the liver of adult animals with the 
use of mildronate. 

 

Conclusions 

The defeat of rats with sodium nitrite on the 
background of tobacco intoxication leads to the 
development of hemic and circulatory hypoxia, as 
indicated by elevated blood levels of meth and 
carboxyhemoglobin, the most pronounced changes 
of which were in immature animals. 

When sodium nitrite poisoning on the 
background of tobacco intoxication in the body of 
animals develops nitrooxidative stress, which, along 
with oxidative stress, causes the severity of the 
pathological process. The most pronounced 
changes in the functioning of the NO system 
observed in the body of immature rats after 
simultaneous exposure to sodium nitrite and 
tobacco smoke. 

The antihypoxant mildronate used reduced the 
content of meth and carboxyhemoglobin in the 
blood of rats of all ages, as well as inhibited the 
activity of inducible and restored the activity of 
endothelial NO synthase in the serum and liver of 
animals of different ages. This makes it appropriate 
to further study this tool in order to apply it in 
various pathological conditions, accompanied by 
increased oxidative processes and hypoxia. 
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Table 1. The content of carboxyhemoglobin (g/l) in rats of different ages affected by sodium nitrite on the 
background of tobacco intoxication, and after the use of mildronate  (M±m; n=6) 

Study period, day/hous 
Groups of experimental animals 

immature rats mature rats senile rats 

Control rats 0,0148±0,0012 0,0207±0,0016 0,0188±0,0017 

45 day TS+24 h SN 0,0428±0,0040* 0,0328±0,0028* 0,0408±0,0026* 

45 day TS+24 h SN +mildronate 0,0262±0,0020** 0,0211±0,0020** 0,0283±0,0025** 

45 day TS+72 h SN 0,0448±0,0038* 0,0311±0,0022* 0,0437±0,0035* 

45 day TS+72 h SN + mildronate 0,0257±0,0018** 0,0222±0,0021** 0,0273±0,0019** 

 
Note: here and in the next tables * - probable changes between the rates of intact rats and rats with nitrite 
tobacco toxicosis; ** -  probable changes between rats with nitrite-tobacco toxicosis and affected toxicants 

and treated with mildronate 

 
Table 2. Activity іNOS (ng/ml) in the serum of rats of different ages affected by sodium nitrite on the 

background of tobacco intoxication, and after the use of mildronate   (M±m; n=6) 

Study period, day/hous 
Groups of experimental animals 

immature rats mature rats senile rats 

Control rats 13,16±0,95 18,84±1,93 14,86±1,27 

45 day TS+24 h SN 40,13±3,15* 29,10±2,54* 37,73±2,49* 

45 day TS+24 h SN +mildronate 20,03±1,73** 21,10±1,67** 25,73±2,53** 

45 day TS+72 h SN 42,91±4,24* 31,36±2,86* 40,31±2,76* 

45 day TS+72 h SN + mildronate 23,74±1,90** 20,75±1,88** 27,12±2,25** 
 

 
Table 3. Activity еNOS (ng/ml; 1 ml - 106 liver cells) in the liver of rats of different ages affected by sodium 

nitrite on the background of tobacco intoxication, and after the use of mildronate   (M±m; n=6) 

Study period, day/hous 
Groups of experimental animals 

immature rats mature rats senile rats 

Control rats 3,26±0,26 4,11±0,19 3,42±0,23 

45 day TS+24 h SN 0,73±0,06* 1,45±0,12* 1,02±0,08* 

45 day TS+24 h SN +mildronate 2,02±0,15** 3,88±0,32** 3,07±0,17** 

45 day TS+72 h SN 0,64±0,05* 1,39±0,10* 0,91±0,09* 

45 day TS+72 h SN + mildronate 2,11±0,17** 3,98±0,30** 3,11±0,19** 
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Figure 1. The content of MetHb in the blood of immature rats poisoned with sodium nitrite on the 
background of tobacco smoke and after the use of mildronate, % 

Note: here and in the next figures * - probable changes between indicators of intact rats and rats with 
nitrite-tobacco toxicosis; ** - probable changes between rats with nitrite-tobacco toxicosis and affected 

toxicants and treated with mildronate 

 

 

 

Figure 2. The content of nitrite ion in the serum of immature rats poisoned with sodium nitrite on the 
background of tobacco smoke and after the use of mildronate, % 
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Figure 3. Activity of іNOS in the serum of senile rats affected by sodium nitrite on the background of tobacco 

intoxication, and after the use of mildronate, % 

 

 
Figure 4. The activity of eNOS in the serum of rats of different ages affected by sodium nitrite on the background 

of tobacco intoxication, and after the use of mildronate, % 
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