ISSN 1607-419X
ISSN 2411-8524 (Online)
VK 612.015.31:616.12-008.331.1-092.9

The role of Na*, K, 2Cl-cotransport

in the H,S-dependent regulation

of contractile activity of smooth muscle cells
from rat pulmonary artery

A.V. Nosarev'2, Yu.G. Birulina!, I. V. Kovalev!, Corresponding author:
o q 1 L Alexey V. Nosarev,
L.V. Smagliil, S. V. Gusakoval, I.V. Petroval, Siberian State Medical University,
V.S. Rydchenko!, V. A. Polivshchikova', M. A. Medvedev? égzy?)SkOVSkii trakt, Tomsk,
1Q: . . . . . 50 Russia.
\ Siberian State Mfadlca! UnlYersny, Tomsk, I.{uss1a Phone: +7(3822)9011_01.
Tomsk Polytechnic University, Tomsk, Russia E-mail: avnosarev@yandex.ru
Received 3 May 2017,
accepted 5 June 2017.
Abstract

Objective. Hydrogen sulfide (H,S) is one of gasotransmitters that participate in the regulation of a
large number of cellular functions. H,S can also act as a pathological link in the development of vascular
diseases, in particular hypertension. Na*, K*, 2Cl -cotransporter (NKCC) might play an important
role in vascular tone increasing due to involvement of chloride currents in the depolarization of smooth
muscle cell membrane. Significant differences in the regulatory mechanisms of contractile properties of
the vessels of systemic and pulmonary circulation might depend on the mechanisms of NKCC. So its role
as a target for H,S requires investigation. Design and methods. The changes in mechanical tension of
ring segments from pulmonary artery (PA) of WKY and SHR rats under the action of the donor of H2S
(L-cysteine) was studied by organ bath technique. Results. L-cysteine caused multidirectional effects on
mechanical tension of PA smooth muscle cells from WKY rats precontracted with 30 mM KCI. Bumetanide
(100 uM) suppressed the relaxation but not constriction of the intact and endothelium-denuded vascular
segments caused by L-cysteine. In ring segments from PA of SHR rats, L-cysteine potentiated constriction in
segments with intact endothelium but caused relaxation in endothelium-denuded segments.
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Pesrome

Beenenne. Ceposonopon (H,S) sBnsercs npencraButeeM rpymnibl ra30BbIX MOCPEIHUKOB, KOTOPBIE
YYaCTBYIOT B PETYNISIHUU OOJBIIOTO YHCia KIETOUHBIX (DYHKIHI, a TaKKe MOXKET BBICTYIATh MaTOJIOTH-
YECKHUM 3B€HOM B Pa3BUTUH COCYIUCTHIX 3a00JI€BaHUM, B YaCTHOCTHU apTepuasibHOM runeprensu. [pen-
nonaraercs, urto Na', K*, 2Cl-korpancnoprep (NKCC) MoxkeT urparb BaKHYIO pOJb B TIOBBIIIEHUHU CO-
CYZIUCTOTO TOHYCA B CBSI3U C Y4aCTHEM XJIOPHBIX TOKOB B MHAYKILUH JIENOISpU3ALIMY MEMOPaHBI IT1aJIKO-
mbimedHbix kietok ('MK). Jlomyckaercs, 4To CyIIeCTBYIOIIME 3HAYUTENbHBIE OTIIMYHS B MEXaHH3Max
PEryJsiiui COKPaTUTENbHBIX CBOMCTB COCYIOB OOJIBIIIOTO U MAJIOTO0 KPYyroB KpOBOOOpAIIEHHsI MOTYT 3a-
BUCETh OT Mexanu3MoB onepupoBanusi NKCC, uTo nenaet HeOOXOAUMBIM €ro U3y4eHHE B POIH MUIICHU
v 11 H,S. Marepuajbl 1 MeToabl. Mexanorpaguyeckum METOI0M OBbUIO MCCIIEN0BAHO IEHCTBHE JI0-
nopa H,S (L-uucrenna) Ha u3MeHeHHe MEXaHM4IECKOro Hanpsukenus (MH) cermeHToB erounoi apre-
puu (JIA) xpeic WKY u SHR. Pesyabrarsl. Ha ¢oHe npeacokpaiiieHus COCyIMCThIX CETMEHTOB KPBIC
muann WKY runepkamueBsim pactBopom (30 MM KCl) Habnronanocs pasHOHanpaBiIeHHOE ACHCTBHE
L-mmucrenna sva MH I'MK JIA. bymeranua (100 MkM) nonaiisin paccnadistoniee BausHue L-iuctenna
Ha MHTAKTHBIE U JIEHIOTETU3NPOBAHHBIC COCYIUCTHIE CETMEHTHI, HO HE BJIHSUI HA €r0 KOHCTPUKTOPHBIE
s dextsrl. [Ipu neiictBun Ha MK JIA kpeic iuaun SHR ¢ coxpaneHHBIM 3HAOTENMEM L-1lucTenH oKka-
3bIBaJI KOHCTPUKTOPHOE JEHCTBHE, TOTIA KaK HA JEDHIOTEIN3UPOBAHHBIE CETMEHTHI — PEJIaKCUPYIOIIee.

KiiroueBbie cj10Ba: 11aIKOMBIIIIEYHBIE KIETKH, JierouHas aprepusi, Na*, K, 2Cl -koTpaHcmioprt, cepoBoIoposI
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mposea U. B., Pviouenxo B. C., Ilonuswurosa B. A., Medeeoes M. A. Pono Na*, K*, 2Cl-kompancnopma ¢ H S-
ONOCPEO0BAHHOT pe2yNayuU COKPAMUMETbHOU AKMUSHOCMU 2NA0KOMbIULEYHbIX KIIeMOK 1e204HOU apmepuu Kpbic.
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Introduction

Hydrogen sulfide (H2S), along with other gas-
otransmitters (NO, CO), participates in the regu-
lation of a large number of cellular functions in
various physiological and pathological process-
es [1-3]. At the present time, the H2S-dependent
mechanisms of regulation of mechanical tension of
vascular smooth muscles from systemic circulation.
According to the available data [4—6], one of the
main physiological effects of H2S is the relaxation
of smooth muscle cells (SMC) through K, -, K,
K -channels, in particular. Despite of H2S is an ef-
fective relaxant, there is evidence of its constrictive
action, especially in the range of low concentrations
(10-100 uM) [2, 7, 8]. It is shown that this effect
of H2S is due to the activation of Na+, K+,2Cl-
cotransport (NKCC) [9, 13]. NKCC promotes an
increase in the intracellular concentration of chloride
ions, the depolarization of membrane of the SMC,
the sarcolemma of which is enriched with anion
channels, the opening of voltage-dependent Ca2+
channels, and the contraction of smooth muscles.
This mechanism can underlie the development of
arterial hypertension [10-16].

Taking into account the ability of H2S-donors
to modulate the vascular tone, it seems promising
to search for new drugs based on sulfur-containing
compounds. However, it is necessary to take into
account that significant differences in the regula-

tory mechanisms of the mechanical tension of the
vessels from systemic and pulmonary circulation
may occur. Considering this, the phenomenology of
the H2S action on the tone of small-diameter ves-
sels should be studied in details and targets of H2S
should be revealed. The present study is devoted to
the role of NKCC in the H2S-dependent mechanisms
of regulation of pulmonary artery smooth muscles
mechanical tension.

Material and methods

The study was performed on intact and endotheli-
um-denuded smooth muscle segments of PA of male
Wistar-Kyoto rats (WKY, 20 animals) and spontane-
ously hypertensive rats (SHR, 12 animals), which
were sacrificed by a cervical dislocation under deep
anesthesia (Nembutal 70 mg / kg, intraperitoneally).
All manipulations were carried out in accordance
with the “Rules for carrying out work using experi-
mental animals”.

Prepared vascular segments were fixed in the
organ bath chamber and incubated at 37,0 + 0,5°C
and pH 7,35-7,40 for 40—50 min in Krebs physi-
ological solution containing (in mM): 120,4 NaCl,
5,9KCL 2,5 CaCl,, 1,2 MgCl,, 5,5 glucose, 15 Tris
buffer NH,C(CH,OH),). Mechanical tension (MT)
of smooth muscle segments was recorded with the
FT10G force sensor connected to a 14-bit A/D con-
verter (L-791, L-CARD, Russia). The signal was

Figures. 1. L-cysteine influence on the mechanical tension of smooth muscles
of the pulmonary artery of WKY rats precontracted with highpotassium Krebs solution
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Note: Y-axis — mechanical tension (%); X-axis — the decimal logarithm of the concentration of L-cysteine; dotted
line— endothelium-denuded segments; solid line— segments with intact endothelium; * — significant differences between

segments with intact and denuded endothelium (p < 0.05).
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Figures. 2. L-cysteine influence on the mechanical tension of the smooth muscles
of the pulmonary artery of WKY rats, precontracted with highpotassium
Krebs solution in the presence of bumetanide
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Note: Y-axis — mechanical tension (%); X-axis — the decimal logarithm of the concentration of L-cysteine; dotted
line — endothelium-denuded segments; solid line— segm ents with intact endothelium; * — significant differences between

segments with intact and denuded endothelium (p <0.05).

then recorded and processed using the L-Graph-II
software (L—-CARD, Russia).

The value of MT in highpotassium Krebs solu-
tion (KCl, 30 mM) was used as a control (100 %).

Chemicals used: phenylephrine, bumetanide, L-
cysteine (all Sigma Aldrich, USA).

Statistical analysis of the data was carried out
using the SPSS Statistics 17.0.1 for Windows and
nonparametric criteria: Mann-Whitney U test for in-
dependent samples and Wilcoxon T-test for depend-
ent samples. Differences were considered reliable
at a significance level of p<0.05.

Results

L-cysteine influence on the mechanical tension
of pulmonary artery smooth muscle of normo-
tensive rats precontracted with highpotassium
Krebs solution

The sulfur-containing amino acid L-cysteine was
used as a donor of endogenous H2S. In segments
precontracted with highpotassium Krebs solution
(KCl, 30 mM), L-cysteine (from 10 pM to 10 mM)
caused a decrease of MT of endothelium-denuded
smooth muscle segments of rat PA. In segments
with intact endothelium precontracted with 30 mM
KCl, addition of low concentrations of L-cysteine
(10-100 uM) increased the MT, whereas 1-10 mM
L-cysteine caused decrease of MT (Fig. 1).
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We proposed that small concentrations (10—100
uM) of L-cysteine induce contractile responses of
vascular SMCs by activation of NKCC.

To investigate the role of NKCC in the mecha-
nisms of L-cysteine action on the contractile activ-
ity of ring segments from rat PA selective inhibi-
tor of NKCC bumetanide was used. Pretreatment
with bumetanide (100 pM) of vascular segments
with intact endothelium for 15 min did not eliminate
the constrictive effect of low concentrations of L-
cysteine. In addition, relaxing action of L-cysteine
(1 mM — 10 mM) was reversed in the constrictive.
Bumetanide changed relaxing action of L-cysteine
(10 uM — 10 mM) to constrictive in endothelium-
denuded segments of PA (Fig. 2).

The effect of L-cysteine on contractile activity
of smooth muscles of pulmonary artery from hy-
pertensive rats induced by highpotassium Krebs
solution

Addition of L-cysteine (from 10 uM to 10 mM)
caused dose-dependent increase in the MT of vas-
cular segments of PA from SHR rats with intact
endothelium precontracted with 30 mM KCI. But
in endothelium-denuded segments, in contrast, L-
cysteine (10 uM-10 mM) induced relaxation (Fig. 3).

Pretreatment of intact smooth muscle segments
with bumetanide (100 puM) reversed the constrictive
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Figures. 3. L-cysteine influence on the mechanical tension of smooth muscles
of the pulmonary artery of SHR rats precontracted with highpotassium Krebs solution
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Note: Y-axis — mechanical tension (%); X-axis — the decimal logarithm of the concentration of L-cysteine; dotted
line — endothelium-denuded segments; solid line — segments with intact endothelium; * — significant

Figures. 4. L-cysteine influence on the mechanical tension
of the smooth muscles of the pulmonary artery of SHR rats, precontracted
with highpotassium Krebs solution in the presence of bumetanide
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Note: Y-axis — mechanical tension (%); X-axis — the decimal logarithm of the concentration of L-cysteine; dotted
line— endothelium-denuded segments; solid line— segments with intact endothelium; * — significant differences between

segments with intact and denuded endothelium (p < 0.05).

action of the H2S donor, but enhanced its relaxing
effect on endothelium-denuded segments (Fig. 4).

L-cysteine influence on the contractile ac-
tivity of pulmonary artery smooth muscle of
hypertensive rats, precontracted with phenyle-
phrine

The effect of the phenylephrine (PE, 10 uM),
an agonist of alphal-adrenergic receptor, on vas-
cular SMC led to the development of a contractile
response, the amplitude of which was comparable
to highpotassium contraction. In PE-induced con-
traction, the addition of L-cysteine (10 pM-10 mM)
caused the relaxing effect on the endothelium-de-
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Figures. 5. L-cysteine influence on the mechanical tension
of the smooth muscles of the pulmonary artery of SHR rats, precontracted with PE (10 nM)
in the presence of bumetanide
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Note: Y-axis — mechanical tension (%); X-axis — the decimal logarithm of the concentration of
L-cysteine; dotted line — L-cysteine influence on PE (10 uM) -induced contraction; solid line — the same
but under the action of bumetanide (100 uM); * — significant differences between segments with intact

and denuded endothelium (p < 0.05).

nuded segments both in the presence of bumetanide
and without it (Fig. 5). At the same time, the greatest
relaxation of the vascular segments occurred in the
presence of the NKCC blocker.

Discussion

In our studies, a multidirectional action of the
H2S donor on the MT of vascular segments of rat
PA was determined and this action depended on the
concentration of L-cysteine, the presence of the en-
dothelium, and the nature of precontraction.

In experiments with normotensive rats, the sulfur-
containing amino acid L-cysteine had only relaxing
effect on endothelium-denuded segments of rat PA
precontracted with 30 mM KCI at the whole concen-
tration range (10 puM-10 mM). At the same time, in
vascular segments with preserved endothelium low
concentrations of L-cysteine (10 and 100 pM) had a
constrictive effect on the smooth muscle segments,
and relaxing at a higher concentration of the donor
of H2S. It is possible that L-cysteine, affecting the
endothelium layer, reduces the production of relaxing
factors and / or releases constrictor factors [15, 17].

The blocker of NKCC bumetanide (100 uM) did
not eliminate the constrictive effect of small doses,
but reversed the effect of high concentrations of L-
cysteine on SMC of PA.

The observed effect of the donor of H2S on the
contractile activity of smooth muscles under the
action of the NKCC blocker differs from the effect
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of H2S on the vascular wall of the rat aorta, where
adding a donor at concentrations above 500 uM
caused smooth muscle relaxation not eliminated
by bumetanide [2]. This suggests that in pulmonary
circulation the mechanisms of regulation of smooth
muscles MT mediated by NKCC are differ signifi-
cantly from those in the large circulatory system.

In studies with SHR rats, segments with intact
endothelium responsed to the L-cysteine with a con-
traction, and in segments with both preserved and
deleted endothelium endogenous donor of hydro-
gen sulfide caused relaxation in the presence of the
NKCC blocker.

E. Akar in his experiments on rat aorta showed
that inhibition of NKCC with bumetanide reduces
the amplitude of contractions of aortic segments in-
duced by phenylephrine and highpotassium Krebs
solution [15]. In our experiments on hypertensive
rats, the amplitude of contractions of smooth muscle
segments induced by phenylephrine was lower in the
presence of an inhibitor of NKCC. There are data on
the involvement of transport in the pathogenesis of
essential hypertension. Thus, genetically modified
mice with a defective gene of Na+, K+,2Cl- cotrans-
porter, (NKCC 1 —/-knockout mice) are character-
ized by a lowered blood pressure and decreased
tone and the magnitude of contractile responses of
vascular smooth muscle segments precontracted
with phenylephrine [16]. Apparently, changes in
the functioning of intracellular signaling systems



of smooth muscle cells from PA of SHR rats result
in increased sensitivity to the action of intracellular
H2S, and possibly increased NKCC activity not only
in the SMC, but also in the endothelial cells, that
changes the constrictive action of high concentrations
of hydrogen sulfide on vasodilator after the pretreat-
ment with bumetanide. Thus, arterial hypertension
in SHR rats develops as a result of a violation of the
function of 1-6 genes involved in the regulation of
vascular tone. According to one of the hypotheses of
increased blood pressure in SHR rats, there are he-
reditary defects of calcium and sodium ion channels
located in the membrane of SMC of resistive arteries.
There is an increased activity of the hydropyridine
channels of the outer cell membrane and ryanodine
receptors of the endoplasmic reticulum, that leads
to an increase in the level of unbound intracellular
calcium. This leads to an increase in the tone of the
vessels and an increase in their sensitivity to pres-
sor stimuli. The experimental data show a violation
of the interaction between the Ca2 + input through
the L-type channels and the release of it from the
sarcoplasmic reticulum. In addition, SHR rats are
characterized by a hereditarily induced decrease in
endothelial NO production [17].

The revealed differences in the influence of the
hydrogen sulfide donor on the mechanical tension of
the vascular segments can be related to the different
nature of these contractions. The increase in the me-
chanical tension of smooth muscle cells, caused by
depolarization of the membrane with highpotassium
Krebs solution is due to the operation of calcium-
calmodulin (CAMK) branch of the calcium signaling
system. While the induction and maintenance of the
contraction caused by PE involves both CAMK and
protein kinase C branches of the calcium signaling
system [12]. This assumption is more important for
normotensive rats. Possible factors of differences in
the effects of L-cysteine on the mechanical tension
of smooth muscles in hypertensive rats are more
difficult to determine. Along with this, studies of
the processes of excitation and contraction cou-
pling in smooth muscle cells indicate the presence
of additional factors affecting the final functional
response of smooth muscle. One of these factors is
Na+, K+,2Cl- cotransport.

Conclusion

Despite on some successes achieved in studying
the mechanisms of regulation of vascular smooth
muscle functions, many questions require further

study. Obtained data can help to understand the ef-
fects of endogenous H2S and the role of NKCC,
and contribute to development of approaches for
the pharmacological correction of the cardiovascu-
lar system pathological conditions.
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