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In recent decades, the scientists have discovered
the existence of a new class of biologically active sub-
stances — gaseous intermediaries, which perform a
signaling function in the cells and with a high specific-
ity are involved in intercellular and intracellular com-
munication. A special place is occupied by carbon
monoxide.

We conducted an experimental study of the effect
of the donor of carbon monoxide CORM-2 on the
change in the volume of red blood cells after cultiva-
tion in solutions with different osmotic forces. It is
known that the change in the volume of red blood
cells is controlled by Ca*" -activated K*channels (K*
(Ca®") or Gardos channels.

To study the effect of CORM-2 on K*(Ca®") eryth-
rocyte channels, donor blood was used. The red blood
cells were pre-washed in phosphate buffered saline
with glucose. To prove the effect of CORM-2 on K*
(Ca*") channels in a parallel sample, these channels
were blocked with clotrimazole, a known blocker. To
clarify the activity of K*(Ca®") channels after incuba-
tion, red blood cells were placed in the media with
different osmotic strengths: 220, 320, 420, and 520
mosm. After that, the degree of light transmission was
measured. The cultivation of red blood cells with dif-
ferent concentrations showed a dose-dependent ef-
fect of CORM-2 on the K*(Ca®") channels of red blood
cells.

As a result of the studies, it was found that
CORM-2 is able to block K*(Ca?") channels. This con-
firms that the light transmission of the erythrocyte sus-
pension (increase in red blood cell volume) after treat-
ment with CORM-2 was the same as after treatment
with clotrimazole. It should be noted that the effects of
CORM-2 are dose-dependent. The maximum blocking
effect of CORM-2 on K*(Ca”") channels was observed
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at a concentration of 200 and 10 uM. At a concentra-
tion of 100 uM in a hypotonic solution of 220 mosm,
the opposite effect was observed — water leakage
from red blood cells (a decrease in the volume of red
blood cells indicates this). This phenomenon can be
explained by the effect of red blood cells on ag-
uaporins.

Keywords: Gardos channel, CO-releasing mole-
cule, carbon monoxide, erythrocytes.

Research relation to the programs, plans, and
department themes. The work is a fragment of re-
search work “The effect of certain vasoactive sub-
stances on the central and peripheral lymphoid organs
of white mice”, the state registration number is
0117U001764.

Introduction. Red blood cells (RBCs) are the
main component of blood and perform three main
functions: transport (transport of O, and CO,, amino
acids, polypeptides, proteins, carbohydrates, en-
zymes, cholesterol, prostaglandins, leukotrienes, etc.),
protective (participation in vascular-platelet hemosta-
sis, coagulation blood), regulatory (regulation of blood
pH, ionic composition of plasma, water metabolism).
RBCs are also able to influence the processes of
microcirculation in organs and tissues due to changes
in the structural and functional properties of the mem-
brane, which determine its deformation, geometry,
viscosity and fluidity [1]. The implementation of these
functions is possible due to the full functioning of the
membrane.

In recent decades, the existence of a new class of
biologically active substances — gaseous mediators
(gas transmitters), which perform a signaling function
in the cells and participate in cell-to-cell and intracellu-
lar communication with high specificity, has been
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discovered [2-4]. A special place is occupied by car-
bon monoxide (CO).

CO poisoning causes mitochondrial dysfunction,
chronic intoxication leads to the appearance of dis-
eases of the cardiovascular system [5]. However, it
was found that CO is synthesized in the body of
higher animals [6, 7]. The studies showed that CO
was formed after the decomposition of heme to biliver-
din under the action of the hemoxygenase enzyme [8].

Thus, CO in low concentrations is promising for
therapeutic purposes. Subsequent studies have
shown that CO plays an important role in the regula-
tion of the cardiovascular system: relaxes the smooth
muscles of blood vessels [5], stimulates angiogenesis
[9], and regulates apoptosis [5]. However, the problem
is that therapeutic use of CO is very difficult. It's very
difficult to dose. The only way out is to use carbon
monoxide donors [10].

Among CO donors, tricarbonyldichlororuthenium
(I1) dimer (CORM-2) is isolated [11, 12]. CORM-2 has
been used in biological systems for releasing CO in a
controlled way without markedly altering carboxy-
hemoglobin (CO-Hb) levels [12]. CORM-2 also
showed anti-inflammatory effect [13, 14]; it sup-
presses the lipopolysaccharide induced airway [15],
enhances plasmatic coagulation and attenuates fibri-
nolysis in vitro plasma [16].

RBCs are an important intermediate that CO di-
rectly affects. They are an important model for study-
ing membrane transport. Oxygenation of cells and
body tissues largely depends not only on the ability of
hemoglobin to bind and release oxygen, but also on
the rheological properties of blood. They are largely
determined by the ability of red blood cells to deform
and aggregate, since their functions are carried out
through the free surface of the membranes. An impor-
tant role in the RBC is played by the cell membrane,
which passes gases, ions and water. Erythrocyte
membrane has specialized channels. There are Ca?*-
activated K'-channels of RBCs among them. They
play an important role in the programmed cell death
and their deformability [17, 18].

The purpose of the study was to determine how
CORM-2 interacts with the erythrocyte membrane and
affects the course of K*(Ca?") — permeability of RBCs.

Materials and methods

Collection of human blood

Human venous blood was obtained from 30 donors
(male, aged 28 to 40 years). Blood was collected into
Vacutainers coated with sodium heparin (25 1U/ml),
(Greiner, Kremsmunster, Austria). Samples were cen-
trifuged (320 g for 15 min, 21°C), the platelet-rich
plasma and the white blood cells coat were removed.
The erythrocyte sediment was washed twice with
three parts of an isoosmotic NaCl solution (150 mM)
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containing 5 mM Na-phosphate buffer (pH 7.4) under
the same centrifugation conditions. Lastly, the erythro-
cytes were washed with medium (containing
150 mMNaCl, 1 mMKCI, 1 mM MgCl,, 10 mM glu-
cose), under the same centrifugation conditions. After
that, packed RBCs were transferred to ice and stored
for no more than 12 hours [18].

All experiments were conducted in accordance
with the Council of Europe Convention “On the Pro-
tection of Human Rights and Dignity of the Human
Being with regard to the Application of Biology and
Medicine Application of Biological and Medicine
Achievements (ETS No. 164)” dated 04.04.1997, and
the Helsinki Declaration of the World Medical Associa-
tion (2008).

Light transmission measurements

The washed RBCs were divided into 2 parts. They
(0.350 ml aliquots, Hb: 0.2 g/dl) were placed in a me-
dium (volume 3.150 ml) of various osmolarity:

Protocol 1: erythrocytes in isotonic incubation so-
lution. Erythrocytes were suspended in isoosmotic
(320 mOsm) salt solution, containing (in MM):
NaCl 150, KCI 1.0, MgCl, 1.0, glucose 10.

Protocol 2: shrinking of red blood cells. Hypertonic
(420 and 520 mOsm) salt solution (SS), containing (in
mM): NaCl 150, KCI 1.0, MgCI2 1.0, C;2H2,01; 100
(420 mOsm) or 200 (520 mOsm), glucose 10.

Protocol 3: swelling of red blood cells. Hypotonic
(220 mOsm) SS, containing (in mM) NaCl 100,
KCI 1.0, MgCl, 1.0, glucose 10.

The erythrocyte incubation time in solutions of
various osmolarity was 5 minutes, in a thermostat at a
temperature of 37 °C. Similar conditions were main-
tained during incubation with a blocker K*(Ca®") chan-
nels (Clotrimazole, 3uM; Sigma Aldrich, Steinheim,
Germany), as well as a CO donor (CORM-2).

Aliquots of the suspension with RBCs were filled
into quartz cuvettes and placed in the wells of a spec-
trophotometer. Light scattering of samples to light,
with wave length 800 nm, relative to the value passing
through a suspension of quiescent RBCs incubated in
different solutions, was measured at 21°C in a spec-
trophotometer that offers the possibility of online regis-
tration (Shimadzu UV-2600, Japan).

To determine the effect of CO on the activity of K
(Ca*) channels, a freshly prepared solution was
added to the resulting solution CORM-2
(tricarbonyldichlororuthenium (1) dimer, 6, 10, 50, 100
n 200 pM; Sigma Aldrich, Saaint Lois, USA), was dis-
solved in DMSO (in the final solution, the concentra-
tion of DMSO did not exceed 0.1%). After 5 minutes,
measurements were made on a spectrophotometer.

Statistical analysis

All data of absorbance measurements are pre-
sented as means = standard error of the mean (SEM).
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In each single curve shown under a given condition,
the average is from 12 experiments on RBC prepared
from a given donor. Maximal rate of change of light
scattering (slope) following the acute osmotic chal-
lenge was determined separately from each re-
cording. Since average slopes under a given condition
did not differ significantly between those individual
donors at our disposal, it was possible to combine
maximal-slope results obtained with RBC of different
donors. Statistical analysis of slope data was per-
formed by one-way analysis of variance (ANOVA)
for repeated measures, and P-values corrected for
multiple comparisons by the Bonferroni-Holm proce-
dure < 0.05 were taken as statistically significant.

Results and discussion

The full functioning of red blood cells is provided by
a change in their volume (and, accordingly, ion trans-
port through the membrane). Ca®- activated K* chan-
nels take part in this process. To prove the effect on K
(Ca®") channels of CORM-2, a known blocker of these
channels, clotrimazole, was introduced in parallel.

In a hypotonic solution (220 mosm), CORM-2 (at
a concentration of 200 uM) (like clotrimazole) blocked
K*(Ca?") channels. This is evidenced by an increase
in the volume of red blood cells (compared with con-
trol) by 4.8 + 0.2%. The fact that cells do not restore

A

their volume in a hypotonic solution is evidence that
K*(Ca?") channels are blocked (Figure 1-A).

In an isotonic solution (320 mosm), the addition of
CORM-2 (200 uM) to the erythrocyte suspension also
showed a decrease in the light scattering by 3.2 +
+0.2 %. This indicates an increase in their volume. In
a hypertonic solution (420 mosm), the addition of
CORM-2 caused a decrease in the volume of red
blood cells, as evidenced by an increase in the light
scattering by 1.6 + 0.08 %. In a solution of 520 mosm
CORM-2 acted on red blood cells — reduced their vol-
ume by 3.17 £ 0.16 %. Clotrimazole influenced them
in a similar way.

The cultivation of RBCs in a hypotonic solution after
treatment with CORM-2 at a concentration of
100 uM and clotrimazole led to an even greater leakage
of water from the cells (the volume of red blood cells
decreased by 27 + 1.35 % compared to intact). How-
ever, the RBC volume after adding CORM-2 to other
suspensions did not significantly change (Figure 1-B).

In a hypertonic solution, the addition of CORM-2
(at a concentration of 50 uM) or clotrimazole also led to
an increase in cell volume (an increase of 2.1 + 0.1 %,
respectively). We observed a decrease in volume by
3.2 £ 0.2 % in isotonic solution (Figure 2-A). There
were no differences observed in hypertonic solutions.

B

Figure 1. The dependence of the light scattering index of the erythrocyte suspension on the osmolarity of the incubation
medium after incubation with CORM-2 (A - 200 uM, B -100 uM) and clotrimazole (3 pM)

Note: * —indicators of light scattering of erythrocytes significantly (p<0.01) differ from the intact sample.

A

B

Figure 2. The dependence of the light scattering index of the erythrocyte suspension on the osmolarity of the incubation
medium after incubation with CORM-2 (A - 50 pM, B -10 pM) and clotrimazole (3 uM)

Note: * — indicators of light scattering of erythrocytes significantly (p<0.01) differ from the intact sample.
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The addition of CORM-2 at a concentration of 10
UM (as well as the addition of clotrimazole) led to an
increase in the volume of red blood cells in different
incubation media of different molarity. In the medium
of 220 mosm — the volume increased by 2.2 + 0.1 %,
in the medium of 320 mosm — by 2.2 £ 0.2 %, in the
medium of 420 mosm — by 3.7 £ 0.2 %, 520 mosm —
by 3.6 £ 0.1 % (Fig. 2-B). Thus, CORM-2 at this
concentration blocked calcium-dependent potassium
channels in red blood cells in media with different os-
motic strengths.

In contrast, CORM-2 at a concentration of 6 uyM
affected the K*(Ca®") erythrocyte channels only in a
hypoosmotic solution of 220 mosm. The erythrocyte
volume increased by 2.3 £ 0.1 % (Figure 3).

Figure 3. The dependence of the light scattering index of
the erythrocyte suspension on the osmolarity of the incuba-
tion medium after incubation with CORM-2 (6 uM) and
clotrimazole (3 uM)

Note: * — indicators of light scattering of erythrocytes signifi-
cantly (p<0.01) differ from the intact sample.

RBCs are universal and affordable model for
studying processes in the membrane. It contains only
one type of channel, namely, Ca2" -activated K* chan-
nels of medium conductivity, or Gardos channels [19].
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When they are open, K ions exit. Because of this,
hyperpolarization of the erythrocyte membrane oc-
curs. This K*(Ca®") channel plays an important role in
the process of erythrocyte death.

As a result of the studies, it was found out that
CORM-2 was able to block K*(Ca®") channels. This
confirms that the light transmission of the erythrocyte
suspension after treatment with CORM-2 was the
same as after treatment with clotrimazole. It should be
noted that the effects of CORM-2 are dose-
dependent. The maximum blocking effect of CORM-2
on K*(Ca®") channels was observed at a concentration
of 200 and 10 yM. At a concentration of 100 uM in a
hypotonic solution of 220 mosm, the opposite effect
was observed — water leakage from RBCs (a de-
crease in the volume of RBCs indicates this). We ex-
plain this phenomenon by the fact that CO acts on the
aquaporins of RBCs. This requires further research.

Conclusion
1. Carbon monoxide, which is released from CORM-2,

affects the activity of K'(Ca®") medium-

conductivity channels (or Gardos-channels) in the
erythrocyte membrane after incubation in solutions
with different osmotic forces.

2. CORM-2 blocks K*(Ca*") red blood cell channels.
This confirms that the light transmission of the eryth-
rocyte suspension after treatment with CORM-2 was
the same as after treatment with clotrimazole.

3. The effects of CORM-2 are dose-dependent. The
maximum blocking effect of CORM-2 on K*(Ca*")
channels was observed at a concentration of 200
and 10 pM. At a concentration of 100 uM in a hypo-
tonic solution of 220 mosm, the opposite effect was
observed — water leakage from red blood cells, a
decrease in the volume of red blood cells. This phe-
nomenon can be explained by the effect of red
blood cells on aquaporins.

The prospect for further scientific research.
The results indicate that it is necessary to study the
effect of CORM-2 on erythrocyte aquaporins. This
study will explain how CORM-2 at a concentration of
100 uM in a hypotonic solution of 220 mosm led to a
decrease in the volume of red blood cells.
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POJ1Ib JOHOPA MOHOOKCUAY KAPBOHY (CORM-2)

B PEMYNAUIl CA**-3ANEXHOI K* - TPOHUKHOCTI EPUTPOLIUTIB

BecuacHuti C. I., lacrok O. M.

Pe3tome. B ocTaHHi gecatunitts 0yno BUSIBNEHO iCHYBaHHA HOBOTO Kriacy 6ionoriyHO akTMBHMX CMOMyK -
razonofdibHnMx nocepeHNKIB, SIKi BUKOHYIOTb Y KMITMHAX CUrHanbHy (OyHKLit0 Ta 3 HaA3BMYaNHO BMCOKOK creum-
(IYHICTIO NPMIMatOTb Y4acTb Y MIKKITITUHHIA Ta BHYTPILUHBbOKIITUHHIA KOMYHikauii. OcobnmBe Micue cepen HUX
3alimae MOHOOKCU, KapOoHYy.

Y cTaTTi HaBegeHO pe3ynbTaTh eKcnepuvMeHTanbHOro AOCHiAKEeHHS Aii AoHOpa MOHOOKCcMAy KapOoHy
CORM-2 Ha 3MiHy 00’eMy epuTPOLMTIB MiCNsi KyNbTUBYBAHHSA Y PO34YMHAX 3 Pi3HOK OCMOTWUYHOM cunok. Bigo-
MO, WO 3MiHa 06’€My epUTPOLIMTIB KOHTPOMIETLCA Karbliiii-akTuBytounmmn kaniesumn K'(Ca*) abo MappoLu-
kaHanamu. Onsa BuBYeHHst gii CORM-2 Ha K*(Caz+) KaHanv epuTpoLMTiB BUKOPUCTOBYBANU CBiXXY AOHOPCLKY
kpoB. EpuTpoumnTn nonepegHeo BigMuBanu y dgocgatHomy OydepHoMy po3umHi 3 rrokosot. Onsa Toro, wob
poeectn BnB CORM-2 Ha K'(Ca®") kaHanu, y napanenbHii npo6i L kaHanu 6rnokysanu knoTpumasonom. [Ans
3'sicyBaHHs akTMBHOCTI K'(Ca?") kaHanis, cycneHsito epuTpounTis NoMiliani y cepeaosuila 3 PisHOK OCMOTNY-
Hoto cunot: 220, 320, 420 ta 520 mocwm. [Micna uboro NPOBOAMIM BUMIPHOBAHHS CTYMEHIO CBITIIOPO3CilOBaAHHS
oTpyMaHoi npobu. KynbTuByBaHHSA epuTpoLmMTIB 3 pisHUMU KOHUeHTpauismm CORM-2 nokasana [o303anexHy
[it0 OCTaHHBLOro Ha K*(Ca2+) KaHanu eputpouunTis. B pesynbTaTti npoBegeHux gocnigxeHbe 6yno 3'scoBaHo, Lo
CORM-2 3pnateH 6nokysatnt K'(Ca?") kaHanu. Lle ninTBepaXyeTbCst TUM, LLO CBITIIOPO3CilOBAHHS CyCreHsii epu-
TpoumTiB nicns 06pobkn CORM-2 6yno aHanoriyHe MOKa3HWKOBI OTPUMaHUM Micnsi 06pobku KNOTPMMasonom.
HeobxigHo BiAMITUTKM, WO MakcumanbHui 6nokytoumn snnme CORM-2 Ha K*(Ca2+) KaHanu crnocrepiraBscs y
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KoHUeHTpauii 200 ta 10 uM. MpoTe, B koHUeHTpauii 100 yM y rinoToHIYHOMY po34mHi 220 MOCM crnocTepiraBcs
3BOPOTHI eheKT — BUXiA BOOAU 3 EPUTPOLMTIB Ta 3MEHLLEHHS IXHbOro 06’'emy. 3a3HayveHe ABULLE MOXHA Nosc-
HUTK BNAIMBOM Ha aKBanoOpWHOBI KAaHaNM epuTPOLIMTIB, Lo NOTpebye noaanbLIoro AOCHIAXKEHHS.

Knro4osi cnoBa: MapgoLu-kaHanu, monekynu-goHopu CO, MoHookeua kapboHy, epuTpoLmTH.
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POIlb JOHOPA MOHOOKCHUOA YITMEPOOA (CORM-2)

B PEryNnAUMmM CA*-3ABUCUMOM K +-MPOHULLAEMOCTU 3PUTPOLINTOB

BecyacHsbil C. I1., Macrok E. H.

Pe3stome. B nocnegHve pgecatunetns 6bino obHapyxeHO CyllecTBOBaHME HOBOro krnacca 6Guonornyecku
aKTUBHbIX COEAMHEHNI — ra3006pasHbIX MOCPEeHMKOB, KOTOPbIE BbIMOMHSIOT B KIETKaxX CUrHanbHy YHKLUMIO 1
C BbICOKOW CNEUMPUYHOCTLIO MPUHUMAIOT y4acTUe B MEXKNETOYHON M BHYTPUKIETOYHON KOMMYyHMKauun. Oco-
60e MecTo cpean HUX 3aHMMaeT MOHOOKCKA yriepoaa.

B cratbe npuBefeHbl pesynbTaTbl 3KCMEPUMEHTANbHOIO WCCReaOoBaHUs AeNCTBUS OOHOpa MOHOOKCMAA
yrnepoga CORM-2 Ha n3meHeHne obbema 3puUTPOLIMTOB Nocne KynbTUBMPOBAHUS B pacTBOpPax C pasnvMyHOn
OCMOTMYECKOW Cunon. W3BecTHO, 4YTO u3MeHeHne obbema 3JpPUTPOLMTOB KOHTPONMPYeTCs  KanbLui-
akTuBMpyloWwmMmm kanuesbiMu K (Ca?") unu MapaoLu-kaHanamu.

[ns uayyeHns aencteus CORM-2 Ha K'(Ca?") kaHanbl SpUTPOLMTOB MCMOML30BANN CBEXYK [AOHOPCKYHO
KpOBb. QpUTpPOLNTLI NpeaBapuTenbHO OTMbIBany B dhocdaTtHom 6ychepHOM pacTBope C rnoko3oi. [ns gokasa-
TenbcTBa BNUsiHMA CORM-2 Ha K'(Ca®") kananbl, B napannensHoii npobe aTu kaHansl 6rokupoBanu KnoTpuma-
30mn0M. [ins BbisicHeHNs akTuBHOCTU K'(Ca®") kaHanoB, CycneHanio SpuTpoLMTOB MOMELLANM B cpefbl C pasHoii
ocmoTuyeckon cunom 220, 320, 420 n 520 mocwm. ocne 3Toro NpoBOAWAN N3MEPEHUS CTENEHU cBeTopacces-
HUS nonyyeHHou npobbl. KynbTuBMpOBaHWe 3pUTPOLIMTOB C pa3nnyHbiMK KoHUeHTpauusamm CORM-2 nokasana
[0303aBUCUMOe feiicTBMe nocrneHero Ha K'(Ca®") kaHarnsl apuTpounToB. B pesynbTaTe NPoBeAEHHbIX Ucche-
[10BaHUi1 6bINo BbIsSicCHEHO, 4To CORM-2 cnocobeH 6rokuposath K'(Ca®") kaHanbl. OTo noaTBEpXaaeTcs TeMm,
YTO CBETOpPACCESHNE CYCMNEeH3Mn apuUTpounToB nocrne obpabotkn CORM-2 GbINo aHanorM4yHo nokasartento, no-
nyyYeHHbIM nocne 06paboTkv knoTpumasonoM. Heobxogumo oTMEeTUTb, YTO MakcuManbHoe GrokupyoLlee
BNnsiime CORM-2 Ha K'(Ca®") kananbl Habnopanoch npu KoHUeHTpaumn 200 n 10 yM. OgHako, B KOHLIEHTpa-
umm 100 uM B runoToHmMYeckom pacTteope (220 mocm) Habntogancsa obpaTHbIn 3dEKT - BbIXO BOAbI N3 3pUT-
POLMTOB N YMEHbLUEHNe nx obbema. YkasaHHOoe SiBfieHWe MOXHO OObBbACHUTb BNWSHWEM Ha akBanopuHOBbIE
KaHarnbl 3pUTPOLMTOB, YTO TPebyeT AanbHeNLWero NccnegoBaHus.
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