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There is evidence that long-term organism stimulation with bacterial lipopolysaccharides (LPS),
which promotes the secretion of pro-inflammatory cytokines and nitric oxide, may play an important role in
metabolic syndrome (MetS) development. Changes in NO production under conditions of MetS have differ-
ent directions and depend on a specific organ. The purpose of this work was to study the production of nitric
oxide and its metabolites in the biceps femoris muscle of rats under conditions of lipopolysaccharide stimu-
lation of the organism, metabolic syndrome and their combination. The study was conducted for 60 days on
24 male Wistar rats divided into control, MetS, LPS and LPS+MetS groups. MetS was reproduced by adding
20% fructose solution to food, LPS stimulation was carried out by intraperitoneal injection of S. typhi LPS. It
was demonstrated that stimulation of the rat organism with LPS under conditions of experimental metabolic
syndrome increased the production of nitric oxide by L-arginine-dependent pathway, but limited metabolic
syndrome-induced increase in nitric oxide production by L-arginine-independent pathway, reduced the con-
centration of S-nitrosothiols, while increasing the concentration of peroxynitrites and nitrites in the biceps
femoris muscle of rats.
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biceps femoris.

etabolic syndrome (MetS) is one of the

M most common diseases of civilization that
humanity has encountered in the 20-21%

century. Approximately 20-25% of the world’s adult
population suffers from metabolic syndrome, the
leaders in the prevalence of MetS are Western Eu-
rope (12-26% of the adult population) and the USA
(36.9% of the adult population) [1]. MetS can be
complicated by the development of type II diabetes,
and certain components of the pathogenesis of MetS
lead to damage to the heart and liver [2]. The presen-
ce of MetS in a person increases the risk of sudden
cardiac death by 70%, even in the absence of data
on coronary heart disease in the medical history [3].
Nitric oxide (NO) is an important biologically
active compound that plays a significant role in the
pathogenesis of the development of insulin resistance
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under MetS conditions [4]. However, changes in NO
production under conditions of MetS have different
directions and depend on a specific organ or its part
(stroma or parenchyma). For example, the produc-
tion of NO from the endothelial isoform of NO syn-
thase (eNOS) is reduced, which is one of the rea-
sons for impaired physiological insulin signaling [5].
However, NO production from the inducible isoform
of NO-synthase (iNOS), on the contrary, increases
under conditions of development of MetS and leads
to chronic low-intensity inflammation [6].

The main etiological factor leading to the de-
velopment of MetS is a high-calorie diet and a seden-
tary lifestyle [7]. Long-term stimulation of the body
with bacterial lipopolysaccharides (LPS) can also
lead to the development of MetS [8]. Currently, the
combined effect of long-term stimulation of the body
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with bacterial lipopolysaccharide and a high-calorie
diet on the development of metabolic syndrome is in-
sufficiently studied. Also, in the scientific literature,
there is a limited amount of data on changes in the
production of nitric oxide in skeletal muscles under
the conditions of metabolic syndrome.

The purpose of this work is to study the ef-
fect of bacterial lipopolysaccharide stimulation of
the organism, the influence of metabolic syndrome
modeling and their combination on the production of
nitric oxide in L-arginine-dependent and L-arginine-
independent ways, the concentration of the main me-
tabolites of nitric oxide in the biceps femoris muscle
of rats.

Materials and Methods

The study was conducted on 24 mature male
Wistar rats weighing 200-260 g. The animals were
divided into 4 groups of 6 animals each. The first
group was a control group, the animals of this group
received manipulations similar to those of the other
groups, but instead of the active substances, they
received a 0.9% solution of sodium chloride. The
second group is the experimental metabolic syn-
drome group (MetS group). Experimental MetS
was reproduced by using a 20% fructose solution as
the only source of water for 60 days [9]. The third
group is the group of stimulation of the organism
with the bacterial LPS of S. typhi (LPS stimulation
group). LPS stimulation of the organism was car-
ried out according to the following scheme: in the
first week, animals were administered LPS at a dose
of 0.4 pg/kg intraperitoneally three times a week,
then LPS was administered at a dose of 0.4 pg/kg
intraperitoneally once a week throughout the experi-
ment (60 days) [10]. The fourth group is the group
of the combined effect of stimulation of the LPS
organism and reproduction of experimental MetS
(LPS+MetS group). Animals of this group received
a 20% fructose solution as the only source of water
and were administered LPS according to the scheme
of group 3.

The animals were kept in the vivarium of the
Poltava State Medical University under standard
conditions. We worked with laboratory animals ac-
cording to the European Convention for the Protec-
tion of Vertebrate Animals used for Experimental
and Other Scientific Purposes (Strasbourg, 1986).
The withdrawal of animals from the experiment
was carried out under thiopental anesthesia by
taking blood from the right ventricle of the heart.

All manipulations with laboratory animals were
approved by the Bioethics Commission of the Pol-
tava State Medical University (Record No 206 from
24.06.2022).

The object of the study was a 10% homogenate
of the biceps femoris muscle of rats. Total activity
of NO-synthases (NOS) was evaluated by increase
in nitrite (NO,") concentration after incubation ho-
mogenized tissue samples for 30 min. at temperature
37°C in the incubation solution (3.1 ml) containing:
2.5 ml of 161 mM Tris-buffer (pH 7.4), 0.3 ml of
31 mM L-arginine, 0.1 ml 32 uM NADPH and
0.2 ml of 10% tissue homogenate. Immediately after
mixing homogenate with the incubation solution, we
took 0.2 ml of the formed mixture to evaluate the
initial nitrite concentration. Then the reaction was
stopped by adding aliquot 0.02 ml 0.02% of sodium
aside. Then 0.2 ml of the mixture was taken to as-
sess the final nitrite concentration. Total NOS activi-
ty was calculated as NOS = (A2-A1)x2057+P (umol/
min per g of protein), where A2 means absorbance
of solution taken for final nitrite measurement, Al
stands for absorbance of solution taken for initial ni-
trite measurement, P is the concentration of protein
calculated by Biurette method g/l [10-12].

In order to evaluate the activity of constitutive
isoforms of NO-synthase (CNOS) we used the fol-
lowing procedure: 0.2 ml of 10% tissue homogenate
was taken for analysis and was incubated for 60 min
at t 37°C in incubation solution (3.3 ml) containing;:
2.5 ml of 152 mM Tris-buffer (pH 7.4), 0.3 ml of
29 mM L-arginine, 0.2 ml of 545 uM aminoguani-
dine hydrochloride and 0.1 ml of 30 uM NADPH.
Initial nitrite content was evaluated as mentioned
before. After 60 min incubation we measured the
final nitrite content and calculated cNOS activity
by the formula: (A2-A1)x1028.5+P, (umol/min per g
of protein), where A2 means absorbance of solution
taken for final nitrite measurement, A1l stands for ab-
sorbance of solution taken for initial nitrite measure-
ment, P is the concentration of protein calculated by
Biurette method g/1 [11, 12]. The activity of inducible
isoform of NO-synthase (iNOS) was calculated by
the formula: iNOS = NOS-cNOS (umol/min per g
of protein).

We used Griess-llosvay reagent for nitrite
estimation (1% sulfanilic acid in 30% acetic acid
and 0,1% l-naphtylamine in the same solvent). To
the 0.2 ml of aliquot taken for initial (or final) ni-
trite assessment we added 1.8 ml of distilled water.
Following this, we added 0.2 ml of 1% sulfanilamide
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acid and then in 10 min, we added 0.2 ml of 0,1%
1-naphtylamine. The concentration of nitrites was
measured by spectrophotometer Ulab-101 (540 nm
in cuvette with optical path length of 5 mm) [11].

Total activity of arginases was assessed by dif-
ference of L-ornithine concentration before and af-
ter incubation of 0.1 ml of 10% tissue homogenate
in incubation solution (0.8 ml) containing 0.5 ml
of 125 mM phosphate buffer (pH 7.0), 0.2 ml of
6 mM L-arginine. Aliquot 0.1 ml of mixture was
immediately taken for estimation of initial L-ornithi-
ne concentration. For the final L-ornithine concen-
tration estimation 0.1 ml of mixture was taken for
analysis after incubation.

Evaluation of L-ornithine was performed after
addition 0.1 ml of modified Chinard’s reactive (2.5%
ninhydrin on acidic mixture consisting of 2:3 60%
orthophosphoric and ice acetic acids mixed at a ratio
6:4 with water) and 1.0 ml of ice acetic acid [12]. The
solution was boiled for 40 min to achieve maximal
color yield. Then 1 ml of 20% trichloracetic acid was
added to precipitate proteins and after centrifugation
(1000 g) for 30 min the absorbance of 1 ml of super-
natant was measured (10 mm cuvette against water
on 515 nm wavelength) [12].

Nitrite reductase (NiR) activity was assessed
by a decrease in nitrite content after 60 min at t 37°C
incubation of 0.2 ml of 10% tissue homogenate in in-
cubation medium (2.3 ml) consisting: 1 ml of 87 mM
phosphate buffer (pH 7.0), 1 ml of 4.35 mM sodium
nitrite, and 0.1 ml of 61 uM NADH. Nitrites content
was measured before and after incubation [11, 12].

Nitrate reductase (NaR) activity was assessed
by decrease in nitrate content after 60 min at t 37°C
incubation of 0.2 ml of 10% tissue homogenate in
incubation medium (2.3 ml) consisting: 1 ml of
87 mM phosphate buffer (pH 7.0), 1 ml of 4.35 mM
sodium nitrate, and 0.1 ml of 61 uM NADH. We im-
mediately took aliquot 0.2 ml of mixture to measure
initial nitrate content [11, 12]. After incubation, we
took another aliquot 0.2 ml to estimate final nitrate
concentration. In order to measure nitrate concen-
tration, we added to initial and final aliquots 0.1 ml
of 0.55% hydrazine sulfate solution and incubated
for 10 min at t 40°C to reduce all nitrates to nitrites.
Afterwards, we estimated nitrite concentration as
mentioned above.

The concentration of peroxynitrites of al-
kali (Na*, K*) and alkali-earth (Ca*) metals was
measured by using its reaction with potassium iodi-
de under pH 7.0 in 0.2 M phosphate buffer with the
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same pH [12]. For this purpose, we took 0.1 ml of
10% tissue homogenate, which then was solved in
3.9 ml of 156 mM phosphate buffer (pH 7.0) and 1 ml
of 6 mM potassium iodide (final volume 5 ml). Test
tubes with the mixture were shaken vigorously for
2 min. The following centrifugation (1000 g) lasted
10 min. Then we assessed the absorbance of 1 ml of
upper layer against the control (incubation medium
without homogenate) in 10 mm cuvette at 355 nm.

The concentration of low molecular weight S-
nitrosothiols (S-NO) was determined by increase
in nitrite concentration after 30 min incubation of
0.2 ml of 10% tissue homogenate in incubation solu-
tion (2.6 ml) containing: 2.0 ml of 154 mM phos-
phate buffer (pH 7.0), 0.1 ml of 923 uM sodium fluo-
ride, and 854 uM mercury chloride. Immediately
after addition of tissue homogenate to the incuba-
tion solution, we took 0.5 ml of mixture for meas-
urement of initial nitrite concentration. For assess-
ment of final nitrite concentration, we took 0.5 ml of
incubation mixture after 30 min. Concentration of
S-nitrosothiols was calculated by difference between
initial nitrite content (taken before incubation) and
final nitrite content (measured after incubation) [11].

The concentration of H,S was estimated by
amount of a color dye formed in reaction of H,S with
specific sulfide coloring reagent (0.4 g of N,N-dime-
thyl-p-phenylenediamin and 0.6 g of iron (111) chlo-
ride (FeCl,-6H,0) dissolved in 100 ml of 6 M HCI).
For analysis, we took 0.2 ml of 10% tissue homogen-
ate and added 0.2 ml of sulfide coloring reagent. The
mixture was left to stand for 15 min at room tem-
perature. Then 5 ml of 0.1 M HCI was added for the
final volume 5.4 ml and absorbance was measured at
667 nm in 10 mm cuvette [11].

In the blood, we studied the concentration
of the following metabolic substances: glucose,
triglycerides (TG), total cholesterol (TC), choles-
terol from low-density lipoproteins (LDL-C), cho-
lesterol from high-density lipoproteins (HDL-C).
All the abovementioned substances were evaluated
by respective assays produced by “Filisit Diagnis-
tika” (Ukraine). We also calculated body-mass index
(BMI) according to recommendations [13].

In order to evaluate the development of insulin
resistance, we calculated the following indexes:

Triglyceride glucose-body mass index (TyG-
BMI). TyG-BMI = Ln [TG (mg/dl) x Glucose
(mg/dl) + 2] x BMI (kg/m?) [14].

Metabolic score for insulin resistance (METS-
IR) index. METS-IR = Ln [(2xGlucose (mg/dl)) +
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+ TG (mg/d)]xBMI (kg/m?) + Ln [HDL-C (mg/dl)]
[14].

The statistical significance of the difference
between groups was determined using the non-
parametric analysis of variance by Kruskal-Wallis
method, followed by pairwise comparisons using the
Mann-Whitney U-test. The difference was conside-
red statistically significant at P < 0.05.

Results

The development of metabolic syndrome in
the group of stimulation of the body with bacte-
rial lipopolysaccharide, the group of simulation of
metabolic syndrome using a 20% fructose solution,
and in the group of their combination is confirmed
by an increase in the level of glucose in the blood,
hyperlipidemia, dyslipidemia, and the development
of insulin resistance in animals from these groups
(Table).

Modeling of metabolic syndrome resulted in a
94.7% increase in total NOS activity in rat biceps
femoris muscle compared to control group (Fig. 1,
A). Under these conditions, cNOS activity decreased
by 41.5% (Fig. 2, B), and iNOS activity increased
by 105.7% when compared with the control group of
animals (Fig. 2, A). Arginase activity increased by
74.9% compared to the results of the control group
(Fig. 1, B). After analyzing the changes in the L-ar-
ginine-independent pathway of nitric oxide forma-
tion, we found that the activity of NaR increased by
54.7% (Fig. 3, A), and the activity of NiR increased
by 134.3% when compared with the control group
(Fig. 3, B). At the same time, the concentration of ni-

trites decreased by 59.2% (Fig. 4, A), and the concen-
tration of ONOO- and S-NO increased by 71.4% (Fig.
5, A) and by 24.2% (Fig. 5, B), respectively, com-
pared to the control group of animals. H_S content in
the MetS group increased by 65.7% compared to the
control group (Fig. 4, B). Therefore, the modeling of
the metabolic syndrome leads to an increase in the
production of nitric oxide in L-arginine-dependent
and L-arginine-independent ways. At the same time,
the increased activity of arginases against the back-
ground of high iNOS activity threatens the develop-
ment of competition between NOS and arginases for
the substrate of the reaction, which can explain the
reduced activity of cNOS in this group. It is inter-
esting that according to the results of our research,
the formation of peroxynitrites and S-nitrosothiols
are the predominant ways of nitric oxide metabo-
lization. The reduced concentration of nitrites can
be explained by the increased activity of the nitrate-
nitrite reductase pathway of nitric oxide formation.
Stimulation of the organism with bacterial LPS
led to an increase in total NOS activity by 39.4%
in the biceps femoris muscle of rats when compared
with the control group. Under these conditions,
cNOS activity decreased by 45.3%, and iNOS activi-
ty increased by 45.9% when compared with the con-
trol group of animals. Arginase activity decreased
by 57.7% compared to the results of the control
group. NaR activity decreased by 25.7% and NiR
activity decreased by 52.6% when compared to the
control group. At the same time, the concentration
of nitrites and S-NO decreased by 29.9 and 60.6%,
respectively, and the concentration of ONOO- in-

Table. Metabolic changes in rat blood and insulin resistance indexes under conditions of metabolic syn-
drome and stimulation of the organism with bacterial lipopolysaccharide (M £ m, n = 6)

Parameters Groups
Control MetS \ LPS stimulation \ LPS + MetS
Glucose, mmol/l 3.89 + 0.06 8.24 £ 0.11* 5.85 + 0.09 */* 9.79 £ 0.03 */#n
TG, mmol/l 0.90 + 0.06 2.75 + 0.06* 1.65 + 0.05 */* 3.34 £ 0.03 *#~
TC, mmol/l 118 £ 0.01 177 £ 0.02* 142 £0.01 */* 2.09 £ 0.01 */#n
LDL-C, mmol/l 0.17 £ 0.005 0.28 + 0.01* 0.21 £ 0.003 */# 0.37 £ 0.01 *# i~
HDL-C, mmol/l 0.55 +0.02 0.38 £ 0.01* 0.50 £ 0.01 */* 0.33 £ 0.01 */# 1~
TyG-BMI 4091 +1.93 64.65 + 0.88* 54,62 + 0.57 */* 68.38 + 0.79 */*/~
METS-IR 5.61 +0.05 6.79 + 0.02* 6.24 + 0.02 */* 7.03 £ 0.01 *#~

Note: *The data are statistically significantly different from the control group (P < 0.05). “The data are statistically sig-
nificantly different from the experimental metabolic syndrome group (P < 0.05). “The data are statistically significantly
different from the group of stimulation of the organism by bacterial lipopolysaccharide (P < 0.05)
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Fig. 1. A — Total activity of NOS in rat biceps femoris, umol/min per g of protein; B — Activity of arginase
in rat biceps femoris, umol/min per g of protein. *The data are statistically significantly different from the
control group (P < 0.05); *the data are statistically significantly different from the experimental metabolic
syndrome group (P < 0.05); “the data are statistically significantly different from the group of stimulation of

the organism by bacterial lipopolysaccharide (P < 0.05)
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Fig. 2. A— Activity of iNOS in rat biceps femoris, umol/min per g of protein, B — Activity of ctNOS in rat biceps
femoris, umol/min per g of protein. *The data are statistically significantly different from the control group
(P < 0.05); *the data are statistically significantly different from the experimental metabolic syndrome group
P < 0.05); “the data are statistically significantly different from the group of stimulation of the organism by

bacterial lipopolysaccharide (P < 0.05)

creased by 335.2% compared to the control group of
animals. The content of H,S in the group of stimu-
lation of the body with bacterial LPS decreased by
22.0% compared to the control group. Therefore,
LPS stimulation of the organism leads to an increase
in the production of nitric oxide in the biceps femo-
ris due to increased activity of the L-arginine-de-
pendent pathway of its formation. At the same time,
the predominant way of metabolizing nitric oxide is
the formation of peroxynitrites.
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When comparing the data of LPS stimulation
group and MetS group, we found that LPS stimula-
tion reduced the total activity of NOS in the biceps
femoris muscle by 28.4% compared to MetS group.
There was no statistically significant difference be-
tween cNOS activities in these groups. iNOS activity
in the group of organism stimulation with bacterial
LPS was 29.1% lower when compared with the MetS
group. The activities of arginases, NaR, and NiR in
the LPS stimulation group were by 75.8, 52.0 and
79.8% lower, respectively, compared to the MetS
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Fig. 3. A — Activity of NaR in rat biceps femoris, umol/min per g of protein, B — Activity of NiR in rat biceps
femoris, umol/min per g of protein. *The data are statistically significantly different from the control group
(P < 0.05); *the data are statistically significantly different from the experimental metabolic syndrome group
(P < 0.05); “the data are statistically significantly different from the group of stimulation of the organism by

bacterial lipopolysaccharide (P < 0.05)
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Fig. 4. A — Nitrite concentration in rat biceps femoris, nmol/l; B — H,S concentration in rat biceps femoris,
umol/g of tissue. *The data are statistically significantly different from the control group (P < 0.05), *the data
are statistically significantly different from the experimental metabolic syndrome group (P < 0.05); "the data
are statistically significantly different from the group of stimulation of the organism by bacterial lipopolysac-

charide (P < 0.05)

group. The concentration of nitrites was higher by
71.9%, and peroxynitrites by 153.8%. The content
of S-nitrosothiols and H.S was lower by 68.3 and
52.9%, respectively.

The combination of MetS and LPS stimula-
tion increased the total activity of NOS by 137.1%
in the biceps femoris muscle compared to control
group. Activity of cNOS decreased by 32.1%, and
iNOS activity increased by 150.8% compared to the
control group. The activity of arginase under these

conditions increased by 31.4% compared to the con-
trol group. NaR activity decreased by 23.0%, NiR
activity increased by 61.0% compared to the control
group. The concentration of nitrites decreased by
45.0% and the concentration of S-nitrosothiols de-
creased by 36.4%, while the concentration of per-
oxynitrites increased by 268.1% compared to the
control group. The H,S content increased by 18.6%
compared to the control group. Therefore, the com-
bination of metabolic syndrome and LPS stimula-
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Fig. 5. A — Concentration of ONOO-" in rat biceps femoris, umol/g of tissue; B — Concentration of S-nitro-
sothiols in rat biceps femoris, umol/g of tissue. *The data are statistically significantly different from the
control group (P < 0.05); *the data are statistically significantly different from the experimental metabolic
syndrome group (P < 0.05); “the data are statistically significantly different from the group of stimulation of

the organism by bacterial lipopolysaccharide (P < 0.05)

tion of the organism, by analogy with the group of
isolated modeling of metabolic syndrome, leads to
increased production of nitric oxide in both L-argi-
nine-dependent and L-arginine-independent ways.
However, most of the nitric oxide is metabolized into
peroxynitrite, by analogy with isolated LPS stimula-
tion of the body.

The combination of MetS and LPS stimulation
increased the total NOS activity by 21.8% in the bi-
ceps femoris muscle of rats compared to MetS group.
Activity of ¢cNOS increased by 16.1%, and iNOS
activity by 21.9% compared to the indicators of the
MetS group. Under these conditions, the activity of
arginase decreased by 24.9% compared to the MetS
group of animals. NaR activity decreased by 50.2%,
NiR activity by 31.3% compared to the MetS group.
The concentration of nitrites increased by 34.7%,
and the concentration of S-nitrosothiols decreased
by 48.8%, while the concentration of peroxynitrites
increased by 114.7% compared to the MetS group.
The content of H,S decreased by 28.4% compared to
the MetS group.

The combination of MetS and LPS stimulation
increased total NOS activity by 70.1% in the biceps
femoris muscle of rats compared to LPS stimulation
group. The activity of cNOS increased by 24.1%, and
the activity of iNOS by 71.9% compared to the in-
dicators of the LPS stimulation group. Under these
conditions, the activity of arginase increased by
210.9% compared to the LPS stimulation group of
animals. The activity of NiR increased by 239.8%
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compared to the LPS stimulation group. Nitrite con-
centration decreased by 21.7% and S-nitrosothiols
concentration increased by 61.5%, while peroxyni-
trite concentration decreased by 15.4% compared
to the LPS stimulation group. The H,S content in-
creased by 52.1% compared to the LPS stimulation

group.
Discussion

The increase in iNOS activity under the condi-
tions of modeling the metabolic syndrome by using a
20% fructose solution as the only source of drinking
water can be explained by the excessive activation of
the nuclear factor kappa-amplifier of light chains of
activated B cells (NF-xB), under the transcriptional
control of which the iNOS genes are located [15].
The development of MetS and its complications of
type 1l diabetes are often accompanied by endothe-
lial dysfunction and uncoupling of eNOS from its
substrate [16-18]. One of the reasons for the develop-
ment of endothelial dysfunction during MetS is the
increased activity of arginases, which are competi-
tors with NO-synthases for the substrate. Increased
arginase activity is seen as a result of the develop-
ment of hyperglycemia during MetS [19]. Constitu-
tive isoforms of NOS, under conditions of compe-
tition with arginases and iNOS, find themselves in
conditions of substrate deficiency, which explains
the reduced activity of cNOS in the metabolic syn-
drome group.



O. Ye. Akimov, A. O. Mykytenko, V. O. Kostenko

The increased activity of NiR and NaR under
conditions of metabolic syndrome explains the re-
duced concentration of nitrites in this group of rats,
and may be an adaptive reaction, since according to
M. Peleli et al. introduction of exogenous stimulators
of the L-arginine-independent way of formation of
nitric oxide (nitrates) improves the course of MetS
[20]. Increased reduction of nitrates and nitrites un-
der conditions of MetS may be associated with in-
creased activity of xanthine oxidoreductase (XOR,
EC 1.17.1.4 and EC 1.17.3.2), which participates both
in the synthesis of uric acid and the formation of ac-
tive forms of oxygen (superoxide anion radical, hy-
drogen peroxide), and through its reductase domain
under certain conditions (decrease in pH, excess of
electron donors) can act as a reducing agent for ni-
trates and nitrites [21].

The increased concentration of peroxynitrites
and S-nitrosothiols under MetS conditions is a con-
sequence of the increased production of nitric oxide.
According to our research, the predominant way of
nitric oxide metabolism in this group is the forma-
tion of peroxynitrites, since their concentration in-
creases to a greater extent when compared to S-ni-
trosothiols, and the formation of nitrites and nitrates
is complicated by the increased activity of NiR and
NaR. The predominance of peroxynitrite formation
under the conditions of MetS can be explained by the
increase in the production of reactive oxygen species
and the development of oxidative stress under these
conditions, which was shown in our previous work
[22].

An increase in the concentration of sulfides in
the MetS group can be considered an adaptive re-
sponse to the development of insulin resistance in
this group since, in the scientific literature, there are
data on the increase in glucose uptake by cells under
the influence of insulin due to the exogenous intro-
duction of H,S and polysulfides [23]. According to
A. Berenyiova et al., enriching the diet of rats with
fructose can increase the expression of cystathio-
nine B-synthase genes, which can also explain the
increase in the pool of endogenous H.,S observed in
our study [24].

Increased iNOS activity in the LPS body stimu-
lation group is associated with the effect of LPS on
Toll-like receptors and NF-kB activation [25]. Acti-
vation of the nuclear transcription factor kB under
physiological conditions prevents the development of
oxidative-nitrosative stress, however, under the con-
ditions of the addition of a pathological stimulus or
excessive tissue damage, it can stimulate the forma-

tion of reactive forms of oxygen and nitrogen [26].
Reduced arginase activity in this group is associated
with a change in LPS-induced polarization of tissue
macrophages to a pro-inflammatory (M1) phenotype
characterized by increased iNOS expression and
blockade of arginase expression [25]. The decrease
in cNOS activity under the influence of LPS may be
related to the ability of LPS to affect the activity of
the eNOS gene promoter, which leads to a decrease
in the expression of eNOS, and, as a result, leads to
a decrease in its activity [27].

The decrease in the activities of NiR and NaR
may be related to the effect of the bacterial LPS ad-
ministered in this group on the functional state of
XOR. LPS can enhance the activity of XOR, which
is an enzyme that ensures LPS-induced polarization
of macrophages to the M1 phenotype [28]. However,
this effect is not unidirectional in relation to the
two functional forms of this enzyme: xanthine de-
hydrogenase (EC 1.17.1.4) and xanthine oxidase
(EC 1.17.3.2). LPS is able to suppress the activity of
xanthine dehydrogenase, which leads to a decrease
in NiR and NaR activities, but increases the activity
of xanthine oxidase, which increases the formation
of reactive oxygen species and ensures the develop-
ment of LPS-induced oxidative damage to various
organs [28]. The literature provides data on the
ability of exogenous nitrates, which are substrate
inducers of xanthine dehydrogenase, to prevent the
development of LPS-induced inflammation [29].

A decrease in the concentration of nitrites and
S-nitrosothiols in the muscles of rats from the group
of body stimulation with bacterial LPS against the
background of an increase in the concentration of
peroxynitrites indicates the predominance of the
peroxynitrite pathway of nitric oxide metabolism,
which threatens the development of nitrosative stress
in these animals.

A decrease in the concentration of endogenous
H,S may be associated with the inhibitory effect
of LPS on the activity of cystathionine B-synthase
[30]. This can be considered a negative phenomenon,
since the increase in the activity of this enzyme un-
der the conditions of exposure to LPS can suppress
the intensity of the inflammatory process [31].

The introduction of bacterial LPS against the
background of MetS simulation shows a synergis-
tic effect on iNOS activity. MetS and LPS stimula-
tion of the organism has an antagonistic effect on
the activity of arginases. Under the conditions of the
combined influence of MetS and LPS, the stimu-
lating effect of MetS on the activity of arginases is
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more pronounced. The inhibitory effect of LPS on
NaR dominates in the conditions of the combined
effect of LPS and MetS, but the activity of NiR is
more affected by the activating effect of MetS. Under
the conditions of a combination of LPS and MetS,
the main pathway of metabolic transformations of
NO is the formation of peroxynitrites, which corre-
sponds to the LPS-dependent trend. The activating
effect of an excess of fructose in the diet of rats in
the group of the combined effect of LPS and MetS on
the activity of cystathionine -synthase dominates
over the inhibitory effect of the LPS component on
the activity of this enzyme, as seen from increase
in H,S concentration compared to LPS stimulation
group.

Conclusions. Modeling of metabolic syndrome
by the introduction of a fructose-rich diet increases
the production of nitric oxide both in L-arginine-de-
pendent and L-arginine-independent pathways, re-
duces the concentration nitrites, while increasing the
concentration of peroxynitrites and S-nitrosothiols
in the biceps femoris muscle of rats.

Stimulation of the rat organism with bacterial
lipopolysaccharide increases the production of nitric
oxide in L-arginine-dependent pathway, but lowers
its production by L-arginine-independent pathway,
reduces the concentration of S-nitrosothiols and ni-
trites, while increasing the concentration of peroxy-
nitrites in the biceps femoris muscle of rats.

Stimulation of the rat organism with bacterial
lipopolysaccharide under conditions of experimen-
tal metabolic syndrome increases the production of
nitric oxide in L-arginine-dependent pathway, but
limits metabolic syndrome-induced increase in nitric
oxide production by L-arginine-independent path-
way, reduces the concentration of S-nitrosothiols,
while increasing the concentration of peroxynitrites
and nitrites in the biceps femoris muscle of rats.
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AKTUBHICTb HUKJIY OKCUOAY
A30TY B IBOI'OJIOBOMY M’A3I
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[cHyIOTH mOKa3W, W0 TpHUBaJA CTUMYJISLis
oprafizMy OaKTepiallbHUM JIOMNOJiCaxapuaoM
(JITIC), sxa CTUMYIIOE CEKpeIilo IMpo3analibHuX
LUTOKIHIB Ta OKCHIy a30Ty, MOXE TIpaTH 3Hau-
HY DOJIb Y PO3BUTKY METAa0OIIUYHOIO CHHIPOMY
(MetC). 3miHu y IPOMYKIIii OKCHTY a30TY 32 YMOB
MetC MaloTh pi3HY CHpPSIMOBAHICTH Ta 3ajeXkKaTb
BiJl KOHKPETHOI'0 oOprany. Metow naHoi poOoTu
OyJi0o BUBYEHHS NMPOAYKLIl OKCHIy a30Ty Ta HOro
MeTabOoJITiB y ABOTOJIOBOMY M’sI31 CTETHA HIYpPiB 3a
YMOB CTHMYJIAIII OpPraHi3My JIIOIOicaXxapuIoM,
MeTabOJIYHOTO CHHIPOMY Ta y pasi iX MoeTHaHHS.
Hocaimxennst mpoBoaunau npotsarom 60 aHiB Ha 24
nrypax-camisx JTiHii Wistar, siki Oynu mofiieHi Ha
koHTponbHy, MeTC, JIIIC ta MerCHIIIC rpynu.
MetC Oyno BinTBOpeHO nuIsixoMm mpomaBaHHS 20%
po3unHy (pykTo3u mo parmiony, JIIIC crumymnsmis
OyJia MpoBeJeHA 3a I0TIOMOr'0I0 BHY TPILIHBOOUEPE-
BunHHOI iv’ekii JITIC S. typhi. IIpogemoHcTpoBaHo,
mo crumydsnis opranizmy mypis JIIIC 3a ymoB
EKCIIEPUMEHTAIBHOTO METa0O0IIYHOTO CHHAPOMY
301TbITye TPOAYKIFO OKCHAy aszoTy L-apriHiH-
3QJICKHUM LUISIXOM, NPOTEe OOMEXye 301IbIICHHS
MPOAYKII OKCHIY a30Ty L-apriHiH-He3aleKHUM
LUISIXOM, sIKe€ OOyMOBJIEHE METaOOJIiYHUM CHH-
JIPOMOM, 3HIKYE KOHIEHTPAII0 S-HITPO30TiONiB,
301ITBIIYIOUH TIPU [IbOMY KOHIIEHTPAI[il0 TTIEPOKCH-
HITPUTIB Ta HITPHUTIB y JBOTOJIOBOMY M’s31 CTE€THa
Ty piB.

KnaoyoBi cmoBa: meTabomuyHUN CHH-
JIpOM, OaKTepiaJIbHUI JIIIONOoJIicaxapu/l, OKCHJ
a30Ty, aKTUBHI (OpPMH a30Ty, JIBOTOJIOBUU M’SI3
CTETHa.



O. Ye. Akimov, A. O. Mykytenko, V. O. Kostenko

References

. Alkhulaifi F, Darkoh C. Meal Timing, Meal
Frequency and Metabolic Syndrome. Nutrients.
2022; 14(9): 1719.

. Apostu A, Malita D, Arnautu SF, Tomescu MC,
Gaita D, Popescu A, Mare R, Gidea R,
Arnautu DA. Significant Association between
Subclinical Left Cardiac Dysfunction and Liver
Stiffness in Metabolic Syndrome Patients with
Diabetes Mellitus and Non-Alcoholic Fatty
Liver Disease. Medicina (Kaunas). 2023; 59(2):
328.

. Tirandi A, Carbone F, Montecucco F, Liberale L.
The role of metabolic syndrome in sudden
cardiac death risk: Recent evidence and future
directions. Eur J Clin Invest. 2022; 52(2): €13693.

4. Bahadoran Z, Mirmiran P, Kashfi K, Ghasemi A.

Hyperuricemia-induced endothelial insulin
resistance: the nitric oxide connection. Pflugers
Arch. 2022; 474(1): 83-98.

. Hill MA, Yang Y, Zhang L, Sun Z, Jia G,
Parrish AR, Sowers JR. Insulin resistance,
cardiovascular stiffening and cardiovascular
disease. Metabolism. 2021; 119: 154766.

. Salazar-Goémez A, Ontiveros-Rodriguez JC,
Pablo-Pérez SS, Vargas-Diaz ME, Garduiio-
Siciliano L. The potential role of sesquiterpene
lactones isolated from medicinal plants in the
treatment of the metabolic syndrome - A review.
S Afr J Bot. 2020; 135: 240-251.

7. Win S, Min RWM, Zhang J, Kanel G, Wanken B,
Chen Y, Li M, Wang Y, Suzuki A, Aung FWM,
Murray SF, Aghajan M, Than TA, Kaplowitz N.
Hepatic Mitochondrial SAB Deletion or
Knockdown Alleviates Diet-Induced Metabolic
Syndrome, Steatohepatitis, and Hepatic Fibrosis.
Hepatology. 2021; 74(6): 3127-3145.

. Klauder J, Henkel J, Vahrenbrink M,
Wohlenberg AS, Camargo RG, Piischel GP.
Direct and indirect modulation of LPS-induced
cytokine production by insulin in human
macrophages. Cytokine. 2020; 136: 155241.

. Mamikutty N, Thent ZC, Sapri SR,

Sahruddin NN, Mohd Yusof MR, Haji Suhaimi F.

The establishment of metabolic syndrome model

by induction of fructose drinking water in male

Wistar rats. Biomed Res Int. 2014; 2014: 263897.

10. Yelins’ka AM, Akimov OYe, Kostenko VO. Role

of AP-1 transcriptional factor in development of
oxidative and nitrosative stress in periodontal

11.

12.

13.

14.

15.

16.

17.

18.

19.

tissues during systemic inflammatory response.
Ukr Biochem J. 2019; 91(1): 80-85.

Mykytenko AO, Akimov OY, Neporada KS.
Influence of lipopolysaccharide on the
development of oxidative-nitrosative stress
in the liver of rats under conditions of chronic
alcohol intoxication. Fiziol Zh. 2022; 68(2): 29-
35.

Akimov OYe, Kostenko VO. Functioning of
nitric oxide cycle in gastric mucosa of rats under
excessive combined intake of sodium nitrate and
fluoride. Ukr Biochem J. 2016; 88(6): 70-75.
El-Kafoury BMA, Bahgat NM, Abdel-Hady EA,
Samad AAAE, Shawky MK, Mohamed FA.
Impaired metabolic and hepatic functions
following subcutaneous lipectomy in adult obese
rats. Exp Physiol. 2019; 104(11): 1661-1677.
Zhang Y, Wang R, Fu X, Song H. Non-insulin-
based insulin resistance indexes in predicting
severity for coronary artery disease. Diabetol
Metab Syndr. 2022; 14(1): 191.

Ahmed Mustafa Z, Hamed Ali R, Rostum Ali D,
Abdulkarimi R, Abdulkareem NK, Akbari A.
The combination of ginger powder and zinc
supplement improves the fructose-induced
metabolic syndrome in rats by modulating the
hepatic expression of NF-kB, mTORC1, PPAR-a
SREBP-1c, and Nrf2. J Food Biochem. 2021,
45(1): e13546.

Hayden MR. Overview and New Insights into
the Metabolic Syndrome: Risk Factors and
Emerging Variables in the Development of Type
2 Diabetes and Cerebrocardiovascular Disease.
Medicina (Kaunas). 2023; 59(3): 561.

Chekalina NI, Kazakov YM, Mamontova TV,
Vesnina LE, Kaidashev IP. Resveratrol more
effectively than quercetin reduces endothelium
degeneration and level of necrosis factor a in
patients with coronary artery disease. Wiad Lek.
2016; 69(3 pt 2): 475-479.

Savchenko L, Mykytiuk M, Cinato M,
Tronchere H, Kunduzova O, Kaidashev I. IL-
26 in the induced sputum is associated with the
level of systemic inflammation, lung functions
and body weight in COPD patients. Int J Chron
Obstruct Pulmon Dis. 2018; 13: 2569-2575.
Alzayadneh EM, Shatanawi A, Caldwell RW,
Caldwell RB. Methylglyoxal-Modified Albumin
Effects on Endothelial Arginase Enzyme and
Vascular Function. Cells. 2023; 12(5): 795.

33



ISSN 2409-4943. Ukr. Biochem. J., 2023, \Vol. 95, N 4

20. Peleli M, Ferreira DMS, Tarnawski L, McCann
Haworth S, Xuechen L, Zhuge Z, Newton PT,
Massart J, Chagin AS, Olofsson PS, Ruas JL,
Weitzberg E, Lundberg JO, Carlstrom M. Dietary
nitrate attenuates high-fat diet-induced obesity
via mechanisms involving higher adipocyte
respiration and alterations in inflammatory
status. Redox Biol. 2020; 28: 101387.

21. Yang B, Xin M, Liang S, Xu X, Cai T, Dong L,
Wang C, Wang M, Cui Y, Song X, Sun J,
Sun W. New insight into the management of
renal excretion and hyperuricemia: Potential
therapeutic strategies with natural bioactive
compounds. Front Pharmacol. 2022; 13:
1026246.

22. Akimov QOY, Mykytenko AO, Mischenko AV,
Kostenko VO. Effect of stimulating organism with
bacterial lipopolysaccharide on development of
oxidative stress in biceps femoris of rat under
modelled metabolic syndrome. Actual Probl
Modern Med Bull Ukr Med Stomatol Acad.
2022; 22(3-4): 148-152. (In Ukrainian).

23. Kowalczyk-Bottué J, Wiorkowski K, Bettowski J.
Effect of Exogenous Hydrogen Sulfide and
Polysulfide Donors on Insulin Sensitivity of the
Adipose Tissue. Biomolecules. 2022; 12(5) :646.

24, Berenyiova A, Cebova M, Aydemir BG, Golas S,
Majzunova M, Cacanyiova S. Vasoactive
Effects of Chronic Treatment with Fructose
and Slow-Releasing H2S Donor GY'Y-4137 in
Spontaneously Hypertensive Rats: The Role of
Nitroso and Sulfide Signalization. Int J Mol Sci.
2022; 23(16): 9215.

25. Wu H, Lin T, Chen Y, Chen F, Zhang S,
Pang H, Huang L, Yu C, Wang G, Wu C.
Ethanol Extract of Rosa laevigata Michx. Fruit
Inhibits Inflammatory Responses through NF-
kB/MAPK Signaling Pathways via AMPK
Activation in RAW 264.7 Macrophages.
Molecules. 2023; 28(6): 2813.

34

26.

27.

28.

29.

30.

31.

Mykytenko AO, Akimov OYe, Yeroshenko GA,
Neporada KS. Influence of NF-xB on the
development of oxidative-nitrosative stress in the
liver of rats under conditions of chronic alcohol
intoxication. Ukr Biochem J. 2022; 94(6): 57-66.
Jin Y, Nguyen TLL, Myung CS, Heo KS.
Ginsenoside Rhl protects human endothelial
cells  against  lipopolysaccharide-induced
inflammatory  injury through inhibiting
TLR2/4-mediated STAT3, NF-xB, and ER stress
signaling pathways. Life Sci. 2022; 309 :120973.
Li H, Zhang C, Zhang H, Li H. Xanthine
oxidoreductase promotes the progression of
colitis-associated colorectal cancer by causing
DNA damage and mediating macrophage M1
polarization. Eur J Pharmacol. 2021, 906:
174270.

Yang Y, Li S, Qu Y, Wang X, An W, Li Z,
Han Z, Qin L. Nitrate partially inhibits
lipopolysaccharide-induced inflammation by
maintaining mitochondrial function. J Int Med
Res. 2020; 48(2): 300060520902605.
Pérez-Torres 1, Manzano-Pech L, Guarner-
Lans V, Soto ME, Castrejon-Téllez V,
Marquez-Velasco R, Vargas-Gonzalez A,
Martinez-Memije R, Del Valle-Mondragon L,
Diaz-Juarez JA, Sanchez-Aguilar M, Torres-
Narvéez JC. Deodorized Garlic Decreases
Oxidative Stress Caused by Lipopolysaccharide
in Rat Heart through Hydrogen Sulfide:
Preliminary Findings. Int J Mol Sci. 2022;
23(20): 12529.

Sui C, Wu Y, Zhang R, Zhang T, Zhang Y,
Xi J, Ding Y, Wen J, Hu Y. Rutin Inhibits the
Progression of Osteoarthritis Through CBS-
Mediated RhoA/ROCK Signaling. DNA Cell
Biol. 2022; 41(6): 617-630.



