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The endogenously produced gaseous transmitter carbon monoxide (CO) affects the
cardiovascular system. Enzymes responsible for CO synthesis have been found in endothelial cells
and smooth muscle. The mechanism of physiological action of CO is similar to that of nitric oxide.
CO is formed from heme, which is part of the heme-containing proteins under the influence of heme
oxygenase enzymes. Inducible heme oxygenase has a very important role in the adaptation of body
cells and tissues to stress conditions. Ischemic-reperfusion injury accompanies cardiovascular
diseases. When exposed to ischemia, mast cell macrophages are activated. After that, the
production of pro-inflammatory cytokines increases. Elevated levels of these cytokines attract
leukocytes and initiate inflammation in ischemic-damaged tissue.

Myocardial ischemia-reperfusion was modelled in vivo in Wistar rats, and a polypropylene
ligature was applied to the left coronary artery. Two groups were formed: experimental and
control. In animals from both groups, a 30-minute ischemia followed by a 90-minute reperfusion
was performed. Animals in the experimental group, before surgery, received CO inhalation at a
dose of 250 ppm for 1 hour before ischemia-reperfusion of the heart. Blood samples were collected
from each animal. In blood serum obtained 3, 6, 12, and 24 hours after reperfusion, we measured
the mRNA for cyclooxygenase (COX)-2, inducible nitric oxide synthase, and the levels of cytokines
IL-18, IFN-a, IL-6, and TNF-a.

Analysis of the obtained results showed that CO inhalation at a low dose and short exposure
reduces the production of pro-inflammatory cytokines after ischemia-reperfusion. The level of IL-6
and IL-18 was reduced up to 3 hours after ischemia in the group of animals that received low
concentrations of CO. mRNA expression for iNOS and COX-2 was also reduced in animals given a
low dose of CO for up to 3 hours. TNF-a levels in blood serum decrease after exposure to inhaled
CO for up to 6 hours after exposure to ischemia. 12 hours after reperfusion, mRNA expression for
INOS increased significantly. IL-15 after 5 hours recorded an increase in this cytokine.

Key words: ischemia-reperfusion, carbon monoxide, pro-inflammatory cytokines,
myocardium.
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MOHOOKCHU/ BYTJIEHIO ITIPUTHIYYE€ NPOAYKIIIO
MMPO3ATIAJIBHUX IIMTOKIHIB IICJIS IIIEMII-PENNEP®Y3Ii

Bioomo, wo endocennuii eazompancmimep monooxcud gyeneyio (CO) 30amen enaueamu Ha
@yuKyionyeanHs cepyego-cyounHoi cucmemu. Pepmenmu, aKi 8i0n06ioaroms 3a 1o2o cunmes, 6yno
BUSBNIEHO 8 eHOOMENIANbHUX KAITMUHAX | 2nadeHbKit myckynamypi. Mexanism ¢hizionoeiunoi 0ii CO
nodionuil 00 0ii oxcudy asomy. CO nio eniueom epmeHmie-2eMoOKCU2eHaA3 YMBOPIOEMbCIL 3 2eMY),
AKUL 6X00UMb 00 CKAAOY 2eM-8MICHUX OLIKI8. [HOyyubenvHa eeMoKcueeHa3a Mae genuKke 3Ha4eHHs 8
aoanmayii KIMuH mMa MKAHUH Op2auizmy 00 ymos cmpecy. bescymHigHo, wo iwemiuHo-
penepysitine YUKOONCEHHS CYNPOBOOACYE CepyeBo-CYOUHHI 3axeoprosanns. 11i0 enaueom iwemii
akmueyromocsi maxkpogaeu ma myuni xkuimunu. Ilicnia yvoco cnocmepicaemvcs NiOSUWEHHS
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nPOOYKYii npo3ananvHux yumokinis. Iliosuuenns piHs yux yumokinie € xemoampakxmaumom Ojis
JleluKoyumie ma iHiyiroe 3anaieHHs 8 iUeMiYHO-YUUKOONCEHTIU MKAHUHI.

YV 0anomy odocniodcenni moodemosanu iwemiio-penep@ysito miokapoa in VIVO y wypie ainii
Wistar wwisaxom wmaxnaoanms noninponinenoeoi nicamypu ua iy Koponapwy apmepiio. byino
cpopmosaro 06i epynu: eKkCnepumMeHmanbHy ma KOHmpoavHy. Y meapun 060x epyn euxonysaiu 30-
X8UnUHHY iwemito 3 Hacmynuoto 90-xeununnoro penep@ysiero. Teapunu excnepumenmanvHoi epynu
nepeo onepayieto ompumyeanu ineanayito CO y 003i 250 ppm npomsicom 1 200unu 0o iwemii cepysi.
Ilo 3asepwennio penepysii 30upanu 3pasku Kposi 6i0 kodchoi meapuru. Buznauunu mPHK ons
yurnoxcueenasu (COX-2), indyyubenvnoi cunmasu okcudy azomy, pisenv yumoxiunie IL-15, IFN-q,
IL-6, TNF-a y cuposamuyi kposi, ompumanoi uepes 3, 6, 12 ma 24 2o0unu nicis penepdysii.

Ananiz ompumanux pesynromamis noxaszae, wo inearayii CO 6 Hu3sbKiil 003 ma Hempusaii
eKCRO3UYIi 3HUIICYE NPOOYKYII0 NPO3ANATbHUX YUMOKIHIE nicas iwemii-penepysii. Pisenv IL-6 ma
IL-15 6y6 3nusicenuti 0o 3-x eo0un nicis iwemii y epyni meapu, axi ompumyeanu CO y HU3bKii
konyenmpayii. Excnpecis MRNA onsz INOS ma COX-2 makooic 6yna 3nudicena 6 nepioo 0o 3 200um
v meapun, axi niooasanucs ineanayii CO. Pigenv TNF-o y cuposamyi kpoei nicas 0ii ineanayiti CO
BHUIICYEMBCSL 8 Nepiod 00 6 200un nicis penep@ysii. Ilpome, uepez 12 eodun nicis penepghysii
excnpecis MRNA oxs iINOS 3nauno 3pocna. IlJoce nodione cnocmepicanu y sunaoky |\L-15, pisens
5K020 yepe3 5 200uH no4as nio8UUL)8amuUcs.

Knrouoei cnoea: iwiemisn-penepghyziss, MOHOOKCUO 8yelieyro, NPO3anaibHi YUMOKIHU, MIOKApO.

Carbon monoxide (CO) is classified as an endogenously produced gas signalling molecule
(gas transmitter). CO is an essential component of regulation; it influences the contraction of
smooth muscle cells, which make up the walls of blood vessels. Enzymes that are responsible for
the synthesis of the gasotransmitter have been found in the smooth muscle cells themselves and
endothelial cells. The mechanisms of physiological action of CO are similar to those of nitric oxide.
CO is formed from heme, which is part of various heme-containing proteins (hemoglobin,
myoglobin, cytochromes, catalase, and peroxidase) under the action of heme oxygenase (HO)
enzymes [16].

Heme oxygenase catalyzes reactions leading to the cleavage of the heme tetrapyrrole ring to
form carbon monoxide and biliverdin. The inducible isoenzyme HO-1 plays an important role in the
adaptation of cells and tissues of the body under stress [22].

The problem of ischemic damage is still very important [6]. Short-term ischemia is always
associated with an increase in the number of cardiovascular diseases and organ transplantation. A
particularly dangerous phenomenon after exposure to ischemia is the activation of chemical
mediators and enzymes. Significant cell damage leads to the activation of macrophages and other
cells of the immune system. As a consequence, the production of inflammatory mediators (e.g.,
TNF, IL-1, and IL-6) is increased. The appearance of these mediators attracts leukocytes and
initiates the inflammatory process [9, 21].

The ischemia-reperfusion syndrome is the leading cause of early organ dysfunction after
resection or transplantation. Oxidative stress, impaired oxygen transport mechanisms,
inflammation, and mitochondrial dysfunction are the most important mechanisms of liver damage
after ischemia, which lead to organ cell death by apoptosis or necrosis [18].

Recently, data have appeared on the prospects of using CO as a pharmacological agent for the
treatment of various pathological conditions, especially lung diseases, systemic inflammation, and
cardiovascular diseases [3]. The anti-inflammatory effect of CO is the most intriguing and
promising use of this gas in the future, since inflammation underlies the development of many
diseases of the cardiovascular system, including diabetes, cancer, and obesity, as well as the body's
response to external pathogenic factors. A number of cell culture studies have shown that CO
reduces the production of pro-inflammatory cytokines and stimulates the release of interleukin-10
[16]. A similar effect was observed in experiments on animals with induced inflammation, during
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transplantation, or under the influence of allergens such as aloumin [17]. In experiments on rats, it
was found that CO inhalations had a protective effect in hyperoxic injuries; CO not only reduced
inflammation caused by allergens in asthmatic mice but also protected against transplantation,
pulmonary hypertension, and oxidative stress [2, 7].

Thus, the aim of this study was to determine the effect of carbon monoxide on the expression
of pro-inflammatory cytokines after ischemia-reperfusion.

MATERIALS AND METHODS

Modeling of myocardial ischemia-reperfusion in vivo. The experiments were carried out on
Wistar rats weighing 250-350 g, anesthetized with chloral hydrate at a dose of 460 mg/kg, under
artificial lung ventilation through a tracheostomy (respiratory rate 60/min, tidal volume 3 ml/100 g
body weight). Access to the heart was made by thoracotomy in the fourth intercostal space on the
left. The pericardium was opened, the left coronary artery was identified, and a thin polypropylene
ligature was inserted using an atraumatic needle. The experimental protocol included two groups: 1)
sham-operated animals (n=6) — a ligature was applied under the left coronary artery, but ischemia
was not induced with subsequent reperfusion (control); 2) ischemia-reperfusion (n=6) — a 30-
minute ischemia followed by a 90-minute reperfusion was performed.

Blood was taken from the carotid artery for analysis in animals after summing up the ligature
in the group of sham-operated animals or after the completion of the reperfusion period. Because
induced I/R injury involves strong inflammatory responses, the use of CO to mitigate I/R injury is a
straightforward application. In a series of experiments on rodents in our laboratory, exposure of the
recipient to CO at a dose of 250 ppm for 1 hour before cardiac I/R.

Collection and storage of whole blood samples. Whole blood preparations from the carotid
artery were collected (obtained 3, 6, 12, and 24 hours after reperfusion) in test tubes with
ethylenediaminetetraacetic acid, immediately mixed with an equal volume of the Trizol (Invitrogen)
reagent, frozen in liquid nitrogen, and stored at a temperature not exceeding —80°C.

SYBR green Real-time RT-PCR. mRNA for cyclooxygenase (COX-2) and inducible nitric
oxide synthase (iNOS) was quantified in duplicate using SYBR Green. Cytokine levels of IL-1p,
IFN-a (Elabscience, USA), IL-6 (Fine Test, China), in sera were determined by ELISA (BD
Pharmingen), per the manufacturer's instructions.

Statistical analysis of the results was carried out using the «Statistica 10» program. The
validity of the differences was determined according to the Man-Whitney and Wilcoxon criteria.
Changes were considered likely under P<0.05. The research has been carried out under Directive
2010/63/EU on the protection of animals used for scientific purposes.

RESULTS AND DISCUSSION

CO exposure before ischemia-reperfusion affected the level of pro-inflammatory cytokines
after ischemia-reperfusion. A decrease in the level of pro-inflammatory cytokines occurred within 3
hours after reperfusion. Of particular note is the level of IL-1B, which after six hours after
reperfusion increased in the group that received inhaled CO (Fig. 1-B).

The inflammatory role of IL-1p is manifested by an increase in the mobility of neutrophils,
stimulation of cell activity in the focus of inflammation, and an increase in the activity of other
cytokines. Interleukin-1 beta is involved in the temperature reaction due to its effect on the
hypothalamus, and an increase in its production is manifested by fever. It stimulates the production
of acute-phase proteins in the liver.
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Fig. 1. Dynamics of the level of IL-6 (A) and IL-18(B) in blood serum after ischemia-

reperfusion of the coronary artery
Notes: * P<0.05 compared to control values

Interleukin-6 is a pro-inflammatory cytokine that has a wide range of effects on the body's
organs and systems, including the blood, liver, immune and endocrine systems, and metabolism. It
turned out that in the group of animals that received inhaled CO after exposure to ischemia, the
level of IL-6 was reduced in comparison with the control (Fig. 1-A). The dynamics of IL-1p indices
were different - CO exposure slightly reduced their level. However, three hours after ischemia, its
increase was observed to be two or more times greater than the control (fig. 1-B).
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Fig. 2. Expression of mMRNA iNOS (A) and COX-2(B) in the blood of the study groups
Notes: * P<0.05 compared to control values

Expression of mMRNK iNOS in the CO group was reduced up to 3 hours after ischemia. After
3 hours, it did not significantly differ from the control. Even 12 hours after ischemia, there was an
increase in MRNK iNOS expression in the CO group (fig. 2-A). mRNK COX-2 expression was
also reduced 3 hours after ischemia. After this period, no significant differences from the control
were observed (Fig. 2-B).

TNF-a is regarded as an important component of the complex cytokine system [14]. The
presence of TNF-o in most atherosclerotic damaged vessels and its absence in normal vessels
suggests that this cytokine plays a role in atherogenesis, most likely through the activation of
growth factors, cytokines, chemoattractants, and stimulation of adhesion molecule formation. TNF-
o overexpression in patients with myocardial ischemia predicts a high risk of vascular
complications. TNF-a levels were lower in the group that received inhaled CO up to 6 hours after
ischemia (when compared to the control). In the control group, which did not receive CO inhalation,
the level of this cytokine was increased (Fig. 3).
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Fig. 3. The dynamics of TNF- a in blood serum after coronary artery

ischemia-reperfusion
Notes: * P<0.05 compared to control values

These results indicate that CO can be used to reduce the risk of ischemia-reperfusion
complications. Excess TNF-a production is known to cause hemodynamic disorders (reduces
myocardial contractility, minute blood volume, and diffusely increases capillary permeability) as
well as cytotoxicity in body cells [8, 11].

The obtained results indicate that the inhalation of air that contained a low concentration of
CO had a beneficial effect on the cardiovascular system after ischemia-reperfusion. These results
are consistent with the results obtained by researchers who studied the effect of CO on recovery
processes after organ transplantation [15].

As is known, IL-6 is synthesised by activated monocytes and macrophages, fibroblasts, and
endothelial cells during inflammation, trauma, hypoxia, and bacterial infections. The biological role
of IL-6, first of all, is to induce repair mechanisms and activate immune defences (activation and
differentiation of T-cells, maturation of B-cells, synthesis of C-reactive protein in the liver,
increased hematopoiesis). This cytokine is a marker of acute systemic inflammation. Excessive
production of interleukin-6 causes tissue damage due to an autoimmune reaction [5].

After comparing the level of IL-6, some features were clarified: CO at a low dose affected the
bodies of experimental animals. The level of IL-6 B was reduced up to 3 hours after ischemia in the
group of animals that received low concentrations of CO. A negative phenomenon was that an
increase in the level of this cytokine was observed after. Exposure to low CO concentrations also
reduced the level of mMRNA expression for iNOS. Also, as in the case of IL-6 B, an increase in
MRNA expression for INOS was observed. Accordingly, the formation of peroxynitrite increased in
the experimental group. As is known, increased production of peroxynitrite is associated with
inflammation.

Expression of mRNA COX-2 was reduced up to 3 hours after ischemia in animals that
received CO. However, other recent evidence suggests that prostacyclins as well as COX-2 may
also play a role in preventing gastric injury in response to stroke, especially ischemia.
Prostaglandins produced by COX-1/2 play an important role in normal physiology and
development. Chronic use of a popular specific COX-2 inhibitor increases the risk of heart disease
[1, 10].

One such large retrospective study was able to show a class effect, according to which
increasingly selective inhibition of COX-2 led to an increase in cardiovascular risk [1]. Although
these results provide a significant impetus for research on the role of COX-2 in cardiac pathology,
they provide little information about potential mechanisms. After all, aspirin has long been
prescribed to prevent cardiovascular disease, and aspirin inhibits both COX-2 and COX-1 [20].

Known studies have demonstrated COX-2 staining in cardiomyocytes near the site of
infarction in 39% of patients with myocardial ischemia. This COX-2 staining has been associated
with myocyte apoptosis, an enlarged heart, and symptomatic heart failure. However, a limitation of
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this study was its small size, with a total of 23 such patients. Another small study found COX-2
immunostaining near areas of fibrosis in heart myocytes from patients with heart failure but not in
control hearts [10].

Interestingly, widespread COX-2 staining has been observed in myocytes in the hearts of
patients with sepsis. This finding highlights the extent to which inflammatory stimuli can induce
COX-2, and even stress as severe as heart failure can only induce localized COX-2 expression. On a
more physiological level, some authors have observed that COX-2 inhibition blocked serotonin-
induced coronary contracture in patients undergoing cardiac surgery, but only after the onset of
ischemia. This study highlights the role that COX-2 may play outside of cardiomyocytes in the
heart. COX-2 in endothelial cells, cardiofibroblasts, or other types of interstitial cells may have the
ability to influence vascular biology and cardiac remodeling, which may be of paramount
importance during acute myocardial ischemia or heart failure.

Sticial cells may have the ability to influence vascular biology and cardiac remodeling, which
may be of paramount importance during acute myocardial ischemia or heart failure [20]. A selective
COX-2 inhibitor has been shown to improve the functional aspects (wall thickness and partial
shortening) of rat hearts with heart failure secondary to coronary artery ligation. Similar results
were obtained in a study on mice.

Importantly, the serum level of TNF- in animals given CO decreases (when compared to the
control group) up to 6 hours after ischemia. Studies have shown a correlation between the severity
of heart failure and levels of the pro-inflammatory cytokine TNF-o and one of its secondary
mediators, interleukin-6 (IL-6), suggesting their potential as biomarkers. One of the key pro-
inflammatory cytokines that has been extensively studied, including its use in therapeutic strategies
and as a potential biomarker associated with heart failure, is TNF-a [4, 8, 13, 21].

One of the key mediators of TNF-a signalling in cells is NF-kB, again reflecting the dual role
that TNF-o plays in cardiac physiology and pathology [19]. Despite the complexities of TNF-a
signaling, multiple studies have shown that specific expression of TNF-a in cardiomyocytes results
in a dose-dependent depression of cardiac function [11, 12].

CONCLUSIONS

The experiment showed that CO at a low dose affected the bodies of the experimental
animals. The level of IL-6 was reduced up to 3 hours after ischemia in the group of animals that
received low concentrations of CO. In comparison to the control group, the level of IL-1 was
reduced for up to 3 hours. After 5 hours, on the contrary, an increase in this cytokine was recorded.
MRNA expression for iNOS in animals that received a low dose of CO was reduced for up to 3
hours. But after 12 hours of ischemia, the opposite was observed: mRNA expression of iNOS
significantly increased. Expression of mRNA COX-2 was reduced up to 3 hours after ischemia in
animals that received CO. TNF- levels in the blood serum of animals given CO decrease (in
comparison to the control group) for up to 6 hours after ischemia.
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