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Metabolic disorders under conditions of obesity are known to be accompanied by systemic inflam-
mation and immune system imbalance while nitric oxide (NO) system is one of the main key links in the im-
mune responses regulation. The aim of the research was to evaluate NO-synthase (NOS) activity and NO 
content in the cells of thymus and spleen of rats with experimental obesity induced by 14 weeks of high-calorie 
diet. NO content in cell suspensions was determined using Griess reaction, NOS activity was estimated by 
NADPH++Н+ specific cleavage. It was shown that under conditions of experimental obesity NO content in 
cells of thymus and spleen as well as NOS activity in the spleen were decreased with  simultaneous increase 
in both NO content and NOS activity in the serum. The obtained data testify the changes in lymphoid cells 
functional activity and in organism general adaptive capacity under conditions of obesity. 
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I n recent years, the epidemic situation of over-
weight and obesity has been one of the most 
important health problems in the world. In eco-

nomically developed countries, almost 50% of the 
population is overweight, with 30% of them obese. 

Characteristic of modern society is growing 
urbanization, associated with high technological 
progress, low level of physical activity, malnutrition 
with increased consumption of energy-rich foods 
high in fats and preservatives, overeating, so-called 
“fast food”, psychological stress leads to increased 
obesity among people of all ages. 

Disorders of metabolic processes under con-
ditions of obesity, hormonal imbalances cause an 
inflammatory reaction of the immune system, as-
sociated with structural and functional changes in 
lymphoid organs, accompanied by infiltration of im-
munocompetent cells, such as T cells, B-cells and 
macrophages into adipose tissue, and a decrease of 
regulatory T-lymphocytes [1]. 

There are structural changes in the spleen, a 
peripheral organ of the immune system that provides 

erythrocyte homeostasis, participates in hemato
poiesis, metabolism, performs immunobiological, 
protective functions and is important in the regula-
tion of the immune response. Obesity accelerates the 
aging-related involution of the thymus (central organ 
of the immune system), resulting in a decrease in the 
diversity of T lymphocytes and a limitation of the 
immune defense mechanisms [2]. Because intracel-
lular lymphocyte metabolism is based on the ability 
of these cells to respond rapidly to any changes in 
homeostasis in the organism, the modulation of the 
activity of enzyme systems in lymphocytes occurs 
much earlier than their morphological parameters 
change.

The functions of immunocompetent cells 
are determined by their intracellular metabolic 
processes, among which the key role is played by the 
processes of free radical oxidation and the formation 
of reactive oxygen species (ROS) [1]. Excessive free 
radical generation and prooxidant-antioxidant balan
ce are among the causes of nitric oxide synthase 
(NOS) activation and nitric oxide (NO) hyperpro-
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duction. It is known that NO is a potent bioregulator 
of all cells, organs, systems and organism in general. 
It is statement that active nitrogen radicals are more 
potent oxidants compared with oxygen radicals, so 
nitro-oxidative stress is essential in the mechanism 
of cell and tissue damage. Instead, both excess and 
deficiency of NO generation can be significant in the 
pathogenesis of many diseases, among which obesity 
takes an important place [3].

Despite numerous studies on the biochemical 
mechanisms of action of nitric oxide, today one of 
the few-studied problems remained is its effect on 
the state of immunocompetent cells and the immune 
system in general under conditions of metabolic 
disorders of organism. Therefore, the aim of our 
study was to investigate changes in the functioning 
of the nitric oxide system in cells of thymus and 
spleen of rats under conditions of experimental diet-
induced obesity.

Materials and Methods

Bioethical statement. The research was con-
ducted according to the general ethical principles, 
approved by the First National Congress of Ukraine 
on Bioethics (Kyiv, 2001), the international bioethi-
cal principles of “European Convention for the pro-
tection of vertebrate animals used for experimental 
and other scientific purposes” (Strasbourg, France, 
1986), and other international agreements and na-
tional legislation in this field. 

Animals and housing conditions. The experi-
ments were carried out on white male non-linear 
rats with initial weight of 150-170 g. Animals were 
kept in the vivarium of the Taras Shevchenko Na-
tional University of Kyiv, which was accredited in 
accordance with the “standard rules on ordering, 
equipment and maintenance of experimental bio-
logical clinics (vivarium)”. Rats were individually 
housed in polypropylene cages in an environmen-
tally controlled clean air room, at 18-23°C, humidity 
of 40-60%, at 12 h light/12 h dark cycle.

Study design. During the first week, all animals 
got free access to water and standard nutrition. On 
the 8th day, the animals were randomly divided into 
two representative experimental groups of 10 ani-
mals each. The rats of the group 1 (Control) received 
standard nutrition of vivarium and water ad libitum 
during 14 weeks of the experimental period. Food 
consumption was measured daily at the same time 
(09:00 to 10:00 h) and body weights were determined 
once a week. In the rats of the group 2 (HCD), the 

experimental obesity was modeled in accordance 
[4]. The animals of this group were on a high-calorie 
diet, which consisted: standard nutrition (60%), lard 
(10%), eggs (10%), sucrose (9%), peanut (5%), dry 
milk (5%), vegetable oil (1%) and water ad libitum 
for 14 weeks. 

Euthanasia of animals was performed by dis-
location of the cervical vertebrae, after which the 
immune organs were removed – thymus and spleen, 
blood for collecting serum samples and liver. 

Isolation of lymphoid cells. Thymocytes from 
a suspension of thymus cells were isolated by the 
method [5]. The thymus was pre-cleared of connec-
tive tissue and thoroughly rubbed through 4 layers of 
nylon tissue with the appropriate pore size in the iso-
lation buffer containing 120 mM NaCl, 5 mM KCl, 
3 mM Na2HPO4, 5 mM HEPES, 10 mM glucose, 
4 mM NaHCO3, 1.2 mM СаСl2 and 1 mM МgSO4, 
рН 7.4, receiving the suspension of cells. The cells 
were washed in isolation medium by centrifugation 
at 1500 rpm, 10 min.

Spleen lymphoid cells were isolated by centrif-
ugation on the density gradient Ficoll Pague (Sig-
ma-Aldrich, USA) according to the method [6]. The 
cleared of connective tissue spleen (450-600 mg) was 
crushed in a Petri dish with isolation buffer, followed 
by rubbed through four layers of nylon. After 10 min 
of settling, a fraction of lymphoid cells, which con-
sists mainly of small and medium lymphocytes, was 
isolated from the supernatant by centrifugation at a 
density gradient Ficoll Paque (density 1.077 g/cm3) 
1500 rpm, 40 min. After the fraction of lymphoid 
cells formed at the boundary between the ficol and 
the cell suspension the spleen was carefully collected 
and washed twice in the isolation medium. 

Determination of the number of viable cells 
was performed by staining with 0.2% trypan blue in 
Goryaev's chamber. Viable cells in all experiments 
were not less than 92%.

Analytical methods. NOS activity was deter-
mined by specific cleavage NADPH+Н+ according to 
described methods in [7] and was expressed in nmol 
NADPH+Н+ that oxidized 1 mg of protein in 1 min. 

Nitric oxide readily oxidized to nitrite (NO2
-) 

and subsequently to nitrate (NO3
-), which serve as 

index parameters of NO production. The method for 
the determination of nitrite levels was based on the 
Griess diazo reaction. The reduction of nitrates to 
nitrites was conducted by metallic zinc in the ace-
tic acid solution [8]. The content of nitric oxide was 
calculated from the amount of nitrite content and 

L. Kot, V. Konopelnyuk, K. Dvorshchenko, V. Vereschaka



86

ISSN 2409-4943. Ukr. Biochem. J., 2021, Vol. 93, N 3

nitrate reduced to the nitrite by metallic zinc on the 
calibration curve and expressed in nmol/mg protein.  
The total protein concentration was measured using 
Bradford’s assay. All spectrophotometry was per-
formed using the devices Smart Spec™ Plus, Bio-
Rad, USA.

Statistical analysis. Statistical analysis of the 
research results was performed by conventional 
methods of variation statistics using One-Way ANO-
VA and t-test standard application software package 
Statistica 8.0. For the analysis of data distribution 
type, Shapiro-Wilka’s criterion was used. When the 
data were normally distributed, Levan criterion for 
evaluating the equality of variance and Student’s 
t-test for independent samples were used. All ex-
perimental data were expressed as means ± standard 
deviation (M ± SD). The difference between groups 
was defined to be statistically significant at P ≤ 0.05.

Results and Discussion

With the development of obesity, there are 
changes in the functioning of the immune system, 
both at the local – in hypertrophied adipose tissue 
and at the systemic levels, which gives reason to re-
gard obesity as a chronic mild inflammatory condi-
tion. Such disorders are associated with increased 
tissue and serum concentrations of proinflamma-
tory cytokines (TNFα, IL-1b, IL-6, IFNγ), which 
cause various biological effects, such as adequate 
immune response by the relationship between non-
specific protective reactions and specific immunity. 
It is shown that with increasing the degree of obesity 
decreases the absolute number of T-lymphocytes 
and their functional activity, increases the abso-
lute number of B-lymphocytes, increases the level 
of granulocytes and monocytes. The established 
imbalance in the immune system of obese patients 
involves the processes of maturation and differentia-
tion of lymphocytes, increases the cytotoxic activity 
of immunocompetent cells, increases the expression 
of receptors for cytokines, activates apoptosis [9]. In 
the future, macrophages contribute to the adipocytes 
hypertrophy accompanied by an increase in their 
functional activity and increased inflammatory re-
sponse [10].  

There are functional changes in the lymphoid 
organs. When studying the structural changes in the 
thymus and spleen under conditions of prolonged 
high-calorie load, previous studies have shown that 
lymphoid organs respond differently to long-term 
use of high-calorie diets. In the animals of the HCD 

group, in the thymus tissue, vascular disorders and 
high proliferative activity of lymphocytes in the 
cortical and cerebral matter were observed. In the 
spleen of animals under such conditions, there was 
a significant decrease in the volume of white pulp, a 
reduced content of lymphoid elements, noted vascu-
lar disorders [11].

It has been proven [12], that nitric oxide, which 
is formed by numerous cells involved in the immune 
response and participates in almost every stage of 
pathology development, plays a key role in the regu-
lation of the immune responses of organism. NO can 
have both pro- and anti-inflammatory effects. 

In the study of the state of nitric oxide system 
in the lymphoid cells of the thymus and spleen of 
rats under experimental obesity, it was established 
that under conditions of high-calorie diet in the cells 
of the animals immune organs nitric oxide content 
decreased compared to control. Indicators had a 
similar tendency to decrease: in the lymphocytes of 
the spleen, the NO content was statistically lower 
than in the control by 1.4 times, in thymocytes – 1.3 
times (Fig. 1).

One of the potential mechanisms that can lead 
to a decrease in NO levels in the lymphoid cells of 
rats with experimental obesity is its increased de-
cay as a result of excessive production of superoxi
de. The superoxide anion eliminates NO, resulting 
in a potent oxidant peroxynitrite, which can cause 
significant cell dysfunction, including mitochondrial 
dysfunction, and lead to necrosis or apoptotic cell 
death. Study [13] has shown that in apoptosis, the 
activity of xanthine oxidase and the conversion of 
the xanthine dehydrogenase into xanthine oxidase, 
the functioning of which is one of the main sources 
of superoxide in thymus cells, significantly increased 
in thymocytes, that, at the same time, significantly 
activates the process of lipid peroxidation (LPO). 
There is evidence to suggest that NO сan, in con-
trast, reduce the incidence of cell apoptosis by thiol-
mediated caspase inactivation, attenuate the cyto-
toxic effect of the superoxide anion radical, the LPO 
process, and other factors [14].

At the same time, the action of a number of fac-
tors (increased cholesterol, low-density lipoprotein 
(LDL), high glucose concentrations, ischemia, etc.) 
that occur at dyslipidemia observed in obesity, can 
cause a decrease in NO production due to inhibition 
of NOS, and reducing its expression [15]. 

Against the background of a decrease in the 
content of NO in the lymphoid cells of rats, inhibi-
tion of NOS activity in splenocytes of animals on a 
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high-calorie diet was found in 6.7 times compared 
to the control. No statistically significant changes in 
enzymatic activity were observed in thymocytes un-
der such conditions (Fig. 2). 

It has been shown [16] that under conditions of 
obesity, the high proliferative activity which is cha
racteristic for the lymphocytes of the thymus cortical 
layer can be balanced by the death of some cells, as 
well as their accelerated release into the blood and 
peripheral immune organs, including the spleen. 

It is known that the constitutive NOS isoforms 
are constantly expressed in thymocytes, although 
the expression of an inducible form of the enzyme 
is possible in the epithelial and dendritic cells of the 

Fig. 2. Nitric oxide synthase activity in lymphoid cells of thymus and spleen of rats under conditions of diet-
induced obesity (М ± SD, n = 10). *P < 0.05 compared to сontrol group

Fig. 1. Nitric oxide content in lymphoid cells of thymus and spleen of rats under conditions of diet-induced 
obesity (М ± SD, n = 10). *P < 0.05 compared to сontrol group
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connective tissue of the thymus. However, eNOS 
produces low concentrations of NO [17].

The production of NO in immunocompe-
tent cells completely depends on the presence of a 
substrate for NOS – L-arginine, the synthesis and 
transport of which from blood plasma is reduced 
in obesity, and catabolic processes are intensified. 
The established decrease in NO-synthase activity in 
the splenocytes of rats on a high-calorie diet may 
be due to impaired bioavailability of intracellular L-
arginine, as most cell types are unable to synthesize 
it and require exogenous intake. 

L-arginine regulates multiple metabolic pro-
cesses associated with the metabolism of fatty acids, 
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glucose, amino acids and proteins, cross-interactions 
between adipocytes and muscles; enhances the ex-
pression and activity of AMP-activated protein ki-
nase, thereby modulating energy balance and lipid 
metabolism in the direction of reducing the amount 
of triacylglycerides. Immune cells use L-arginine 
in NO synthesis (through iNOS) to enhance cellular 
immune function by modulating cytokine produc-
tion as well as lymphocyte proliferation and differen-
tiation [18]. It is important to note that NO-synthase 
belongs to the group of oxidases, which under cer-
tain conditions, for example, in the absence of sub-
strate (L-arginine) or cofactors (especially BH4), is 
able to synthesize superoxide anion instead of NO 
or simultaneously synthesize both of these products, 
which is a prerequisite for the formation of peroxyni-
trite. It is established that all active forms of NO in-
hibit the functional activity of NOS during catalysis. 
It has been suggested that neuronal NOS undergoes 
autoinhibition by endogenously generated NO mole
cules or the nitroxyl anion NO– [19]. 

Such data on the parameters of the nitric oxide 
system in the lymphoid cells of the spleen and thy-
mus of rats with experimental obesity may indicate 
changes in the functional activity of lymphocytes 
caused by metabolic disorders of the organism, or 
may be mediated through other regulatory cellular 
mechanisms.

Obesity is a multisystem disease, which in-
cludes almost all tissues and organs. The nitric oxide 
system can be considered one of the most important 
regulators of the general adaptive capabilities of the 
organism, ensuring its optimal operation.

Further studies showed an increase in NO-syn-
thase activity (2-times) and NO content (1.5-times) 
in the rats blood serum of the HCD group compared 
to control animals (Table). This increase in the pa-
rameters of the NO system may be evidence of the 
development of a mild inflammatory process in the 

organism caused by obesity. There is a synthesis of 
proinflammatory cytokines (IL-1, IL-6, TNF-α), 
which can mediate the connection between the in-
flammatory process with low activity and metabolic 
disorders of the vascular endothelium and cause its 
dysfunction [20]. Under these conditions, an indu
cible macrophage form of NOS is activated, which 
synthesizes an increased amount of NO. Stimulation 
of the nitric oxide system in the blood can be regar
ded as a protective compensatory response aimed at 
removing irreversible changes in vascular endothe-
lium, which plays an important role in regulating 
vascular tone, synthesis and inhibition of prolifera-
tion factors, maintenance of hemostasis, involved 
in local inflammation [21]. An imbalance in nitric 
oxide synthesis mediated by changes in the vascular 
endothelium can be the pathogenetic basis for many 
diseases, including obesity.

An important target organ in obesity is the 
liver, which is involved in the pathogenesis of insu-
lin resistance and the steatohepatosis development. 
Steatosis (“fatty liver”) is found in obese patients 
4.6 times more often than in the general population. 
Liver function is determined by complex mecha-
nisms of interaction of heterogeneous subpopula-
tions of cells: hepatocytes, Kupffer cells, bile duct 
cells, tissue basophils, endothelial cells that form 
the liver. All these cells are capable of generating 
NO, which takes part in most metabolic processes 
occurring in the liver. It is suggested that NO is in-
volved in the regulation of intercellular interactions 
in the liver, the processes of formation and secretion 
of bile, as well as nonspecific immune response [22].

Against the background of change parameters 
of the NO-ergic system in lymphoid organs and 
blood serum, the result of our studies showed a de-
crease of NOS activity (2.5 times compared to con-
trol) in the liver homogenate of rats in which diet-
induced obesity was simulated (Table). 

The nitric oxide content and nitric oxide synthase activity in blood serum and liver homogenate of rats under 
conditions of experimental obesity (M ± SD, n = 10)

* P < 0.05 compared to control group 

Experimental 
state of animal

Serum Liver

NO, nmol×mg-1

protein

NOS, nmol 
NADPH+H+×min‑1×mg-1

protein

NO, nmol×mg-1

protein

NOS, nmol 
NADPH+H+×min‑1×mg-1

protein
Control 1.49 ± 0.17 0.13 ± 0.04 4.17 ± 0.46 0.33 ± 0.04
HCD 2.18 ± 0.25* 0.27 ± 0.05* 5.89 ± 0.49* 0.13 ± 0.04*
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It is known that in the liver, NO is formed 
mainly under the action of two isoforms of NOS – 
eNOS and iNOS. The level of expression and activity 
of NOS proteins in a healthy organ and in pathology 
are different. Decreased NOS activity in the liver of 
rats with obesity may be result of cellular division 
of the constitutive form of NO-synthase (eNOS) and 
its translocation into nucleus of hepatocytes [23]. 
An increase in NO concentration in blood as a re-
sult of iNOS activation by the feedback mechanism 
can induce a sharp inhibition of eNOS expression, 
which confirms the results of immunohistochemical 
studies of A. I. Sarela et al., which showed a signifi-
cant decrease in the activity of this form of enzyme 
in patients with liver cirrhosis [24]. Inhibition of the 
endothelial form of NO-synthase and increased de-
struction of NO leads to a decrease in bioavailable 
nitric oxide, which is important in the developingt 
endothelial dysfunction in obesity.

It should be noted that both constitutive and 
inducible isoforms of NOS are related to the pro-
duction of NO in the early phase of inflammation, 
with their proinflammatory effect. The late phase of 
inflammation is associated with local leukocyte ac-
tivity and infiltration. Only NO produced with the 
participation of iNOS localized in leukocytes is in-
volved in its development [25]. It is shown that in 
hepatocytes, the expression of iNOS was carried out 
only in the presence of Kupffer cells stimulated with 
lipopolysaccharide, γ-INF, tumor necrosis factor, 
IL-1 [26].

However, despite the decrease in NOS activity, 
the NO content in the liver tissue of animals with 
experimental obesity increased (1.4 times compared 
to control values), which is possible due to high 
reserve-adaptive capacity of the body and cyclic 
metabolism of NO. In particular, it is known that in 
liver tissue, it can be realized at the expense of cy-
tochrome oxidase in mitochondria and cytochrome 
P450 microsomes, which, interacting with oxygen in 
deoxyform, can reduce NO2

- in NO [27].
Conclusion. Thus, research has shown changes 

in functional state of the nitric oxide system in immu-
nocompetent cells of thymus and spleen, in the blood 
serum and liver homogenate of rats with HCD-induced 
obesity. The study of the peculiarities of the immune 
system functioning under conditions development of 
metabolic disorders, among which obesity is impor-
tant, is necessary not only to understand the patterns 
of development of the pathological process, but also to 
predict the course of comorbidities.
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NO-синтазна активність 
та вміст оксиду азоту 
в лімфоїдних клітинах 
тимуса та селезінки щурів 
за ожиріння, індукованого 
дієтою 
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Відомо, що порушення метаболічних 
процесів за ожиріння супроводжуються си-
стемним запаленням та дисбалансом імунної 
системи, і що система оксиду азоту (NO) є 
однією з ключових ланок у регуляції імунних 
реакцій організму. Метою роботи було оцінити 
NO-синтазну (NOS) активність та вміст NO у 
клітинах тимуса та селезінки щурів за ожиріння, 
індукованого 14-тижневою висококалорійною 
дієтою. Вміст NO в клітинних суспензіях визна-
чали за допомогою реактива Гріса, NO-синтазну 
активніть – за специфічним розщепленням 
NADPH++Н+. Показано, що за експерименталь-
ного ожиріння тварин вміст NO в клітинах ти-
муса і селезінки та активність NOS у селезінці 
знижувались  у разі одночасного збільшення 
вмісту NO та активності NOS у сироватці 
крові. Одержані дані свідчать про зміни 
функціональної активності лімфоїдних клітин 
та загальної адаптаційної здатності організму за  
ожиріння.

К л ю ч о в і  с л о в а: оксид азоту, NOS, 
лімфоїдні клітини, дієтіндуковане ожиріння.
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