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This review was aimed to briefly summarize current knowledge of the biological roles of
gasomediator HyS in hemostasis and cardiovascular diseases. Since the discovery that mammalian cells
are enzymatically producing H,S, this molecule underwent a dramatic metamorphosis from dangerous
pollutant to a biologically relevant mediator. As a gasomediator, hydrogen sulfide plays a role of
signaling molecule, which is involved in a number of processes in health and disease, including
pathogenesis of cardiovascular abnormalities, mainly through modulating different patterns of
vasculature functions and thrombotic events. Recently, several studies have provided unequivocal
evidence that H,S reduces blood platelet reactivity by inhibiting different stages of platelet activation
(platelet adhesion, secretion and aggregation) and thrombus formation. Moreover, H,S changes the
structure and function of fibrinogen and proteins associated with fibrinolysis. Hydrogen sulfide
regulates proliferation and apoptosis of vascular smooth muscle cells, thus modulating angiogenesis
and vessel function. Undoubtedly, H,S is also involved in a multitude of other physiological functions.
For example, it exhibits anti-inflammatory effects by inhibiting ROS production and increasing
expression of antioxidant enzymes. Some studies have demonstrated the role of hydrogen sulfide as
therapeutic agent in various diseases, including cardiovascular pathologies. Further studies are
required to evaluate its importance as a regulator of cell physiology and associated cardiovascular
pathological conditions such as myocardial infarction and stroke.

Key words: hydrogen sulfide, gasomediator, hemostasis, thrombosis, fibrinolysis, platelets, car-
diovascular diseases.

H,S: from toxin to biological mediator other tissue). It is currently accepted that
H,S exerts its toxicological actions on
the molecular level primary through the
inhibition of mitochondrial Complex IV. Via
this action, the consumption of O, is limited
and mitochondrial electron transport and
ATP generation is blocked. However, the
toxicological mode of H,S action is more
complex, as it is capable of interacting with
multiple intra- and extracellular proteins (for
instance, sulfhydration etc.).

Following the discovery that mammalian
cells are capable of producing H,S, this
molecule underwent adramatic metamorphosis
of recognition from dangerous pollutant to a
biologically relevant molecule (as NO). Three
enzymes have been shown to enzymatically

For many decades, hydrogen sulfide (H,S),
a simple gaseous molecule with the smell of
rotten eggs, was considered to be a toxic gas
that penetrates cells by simple diffusion [1].
Generations of researchers have investigated
the toxicological effects of H,S in various
species, including human. Among the more
recent studies: Attene-Ramos demonstrated
the genotoxic effect of high doses of H,S [2],
Nicholson [3], Khan [4] and later Dorman
[6] have directly showed the inhibition of
cytochrome c¢ oxidase activity ex vivo in
tissues after H,S exposure of experimental
animals, and implicating these effect s in the
disruption of respiratory and mitochondrial
functions in the mammalian brain (and
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generate H,S, cystathionine p-synthase
(CBS), cystathionine y-lyase (CTH or CSE)
and 3-mercaptopyruvate sulfurtransferase
(3MST) [6—8]. CBS and CSE participate in the
interconversion of homocysteine to cysteine,
known as the transsulfuration pathway; both
enzymes are pyridoxal-5 phosphate dependent
[9, 10]. It should, however, be kept in mind that
CBS and CSE catalyze number of additional
reactions that do not yield H,S [9]. The gene
expression of CBS and CSE has been detected
in various tissues, including the liver, kidney,
lymphatic system, vascular wall, cardiomyocytes
and fibroblasts. While these enzymes contribute
equally to the local production of H,S in liver
and kidney [11], one of the enzymes could be
dominant in other contexts. There is prevalence
of CSE in cardiovascular system [12]. Relatively
high concentration of CSE is observed in arteries,
and H,S is produced by both endothelial cells[13]
and smooth muscle cells of the vessel wall [14].
The key enzyme for H,S synthesis in the central
and peripheral nervous system is CBS[15].

H,S dissolved in water is a weak acid
and dissociates into HY, HS™, and S,. At
physiological pH (7.4), such as in blood and
other physiological solutions, approximately
14% of the free sulfides are present as gaseous
H,S, more than 80% is present as HS™, and
the rest is S,~. It is still undetermined, which
form is biologically active. H,S itself, HS",
polysulfides, as well as S/N hybrid species
havebeen shown to affect a variety of signaling
pathways leading to biological responses [16,
6, 17]. Hydrogen sulfide is also soluble in
lipid membranes so that it has access to both
intracellular and extracellular sites of target
proteins [18]. A primary mechanism through
which H,S affects the activity of signaling
proteins is a modification of reactive cysteine
SH groups to persulfide groups (-SSH)
[19]. This posttranslational modification is
similar to S-nitrosylation, which is induced
by NO, and could be an important signaling
mechanism. Depending on the nature of the
targeted protein, the effect of H,S might take
from seconds to days to manifest.

The field of H,S biology has dramatically
expanded over the last decade. Now
endogenous hydrogen sulfide is recognized
as a gasomediator of various physiological
and pathological processes [1]. H,S has been
proven to be involved in vascular relaxation,
hypertension, cellular proliferation, gene
expression, cardioprotection, neuroprotection,
intestinal secretion, diabetes, apoptosis,
atherosclerosis and inflammation.

H,S in vascular biology and thrombosis

Endogenous concentrations of hydrogen
sulfide in human plasma are ranged from
30 uM to 65 uM [20]. Its physiological level
in brain is threefold higher than in serum
[21]. However, H,S concentration in human
tissues depends on the method used for
measurement and the donor’s age [20]. The
primary action of H,S in the vasculature is
vasodilatory [6, 10, 1]. Although, biphasic
responses to H,S have been reported [22].
The first reports on vasoactive responses to
endogenous H,S were from Kimura’s group,
where they demonstrated the presence of H,S-
producing enzymes in vascular tissue, and
showed the smooth muscle relaxant effect of
H,S, alone and in synergy with nitric oxide
[23]. Latter studies, from Wang’s laboratory
demonstrated the importance of KATP for
HoS-triggered vasorelaxation [14]. Based on
its ability to hyperpolarize endothelial and
smooth cell membrane, its biological activity
on small and/or intermediate conductance
KCa channels, and its greater potency as
a vasodilator in resistance versus conduit
arteries, H,S has been proposed as a candidate
for endothelium-derived hyperpolarizing
factor [24, 25]. Various groups have shown
the protective effect of H,S in organ injury
and postischemic reperfusion disorders [26].
HoS contributes to the maintenance of mean
arterial blood pressure at physiological levels;
pharmacological inhibition of H,S production
was shown to increase blood pressure [27].
Several laboratories have confirmed that H,S
drives angiogenesis by stimulating EC growth,
motility, and organization into vessel-like
structures [28—30]. Enhanced oxidative stress
is a key event for diseases affecting the vessel
wall including hypertension, atherosclerosis,
and vascular diabetic complications. Hydrogen
sulfide exhibits anti-inflammatory effects by
inhibiting ROS production, but also eliminates
ROS by direct scavenging, upregulation of
GSH, and increased expression of antioxidant
enzymes [31-33]. It was observed that H,S
causes apoptosis of human aortic smooth
muscle cells and reduces the growth of
atherosclerotic lesions [34].

Recent studies showed that H,S exerts
antithrombotic properties by inhibiting
different steps of platelet activation (platelet
adhesion, secretion and aggregation) and
thrombus formation [35—39]. First it was
demonstrated that NaHS (H,S donor)
prevented in a concentration-dependent
manner human platelet aggregation induced
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by different agonists: ADP, U46619, collagen,
epinephrine, thrombin and arachidonic acid
[36]. Results of Nishikawa et al. showed that
H,S suppresses rabbit platelet aggregation
(induced by collagen and ADP) by interfering
with both upstream and downstream signals of
cytosolic Ca®* mobilizationin cAMP-dependent
manner [37]. Experiments of Grambow et.
al. suggested that the anti-aggregatory
effect of hydrogen sulfide might be due to
S-sulfhydration of blood platelet proteins
[39]. Next study demonstrated the inhibitory
action of H,S on blood platelet adhesion [38].
Moreover, hydrogen sulfide modifies the
adhesive properties of collagen and fibrinogen
[39]. The authors assume that the interaction
of modified adhesive proteins may cause
impaired adhesion [39]. Other research group
observed that H,S-releasing aspirin derivative
ACS14 exerts strong antiaggregatory effects
in vitroand in vivo viaimpairing the activation
of fibrinogen receptor by mechanism involving
increased intracellular cyclic nucleotides [40].
The study of Kram et al. has shown that H,S
has antithrombotic action, i.e. prolonging the
time until both initial occlusion of blood flow.
It was concluded that the anti-thrombotic
efficacy of H,S involves the NOS pathway [41].

The effects of hydrogen sulfide on the
complex coagulation system and fibrinolysis
are manifold due to its pleiotropic character.
Olas and Kontek reported that activated partial
thromboplastin time (APTT), prothrombin
time (PT) and thrombin time (TT) of plasma
treated with NaHS (H,S donor) are prolonged
invitro[42]. Thereduced fibrin polymerization
of plasma in the presence of NaHS was also
observed [42]. These results indicate the
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anticoagulant activities of H,S. Modifications
of various proteins of hemostatic system
(including fibrinogen, plasminogen, and
thrombin) induced by H,S may be associated
with changes of coagulation process and
fibrinolysis. Other researchers demonstrated
that compound with thiol group(s) enhances
plasma factor XIII-mediated fibrinogen cross
linking [43, 44]. It is possible that H,S is
involved in this process.

Some studies have demonstrated the role
of hydrogen sulfide as therapeutic agent in
various diseases, including cardiovascular
diseases. An injectable Na,S (IK-1001), which
isH,Sdonor, hasbeen developed for clinical use
[45]. S-allylcystein, which may be derived from
garlic, reduced blood platelet aggregation,
and this action may be mediated through
H,S [46]. Some proposal mechanisms of H,S
actions in vascular biology and thrombosis are
summarized in Figure.

Hydrogen sulfide is a ubiquitous signaling
molecule with important functions in many
mammalian organs and systems. Although some
beneficial properties of H,S in hemostasis and
thrombosis are well established, mechanistic
insights into the molecular pathways
implicated in disease prevention and treatment
remain largely unexplored. In addition, acute
regulation of H,S production is still poorly
understood and new researches delineating the
pathways regulating the enzymes that produce
H,S will allow pharmacological manipulation of
these pathways.

Funding: University of Texas Medical
Branch (UTMB), Galveston, TX, USA.
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I'ASOMEAIATOP H,S
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MeToto orasamy OyJi0O CTHCJO MifCyMyBaTu
HasABHI maHi cTOCOBHO Oiosioriunoi poJi raso-
MenpiaTopy cysibdiny rizporeHy B remocTasi Ta
3a POBBUTKY CEPIEBO-CYAVHHUX 3aXBOPIOBAHD.
Ilicna BigAKPUTTA 34AaTHOCTI KJITHMH CCaBIIiB
eH3UMaTUYHO nponykyBatu H,S moraamm Ha
3HAUYEHHA I[i€l MOJIEKYJIU KapaAnHaJIbHO 3MiHIO-
BaJIMCA: BiJ BimHeceHHs MOro n0 HeOe3IMeuHUX
TOKCHUHIB O BU3HAHHS 0i0JIOTiUHO BAXKJIMBUM
peryasaTopoMm. Ik razomemiaTop cysabdinm rifg-
poreHy Bimirpae pojib CUTHAJLHOI MOJIEKYJIH,
110 3aJIy4Ya€eThCA A0 HU3KU IIPOIECiB 3a HOPMH
Ta IAaTOJIOTil, BKJIIOUHO 3 MaTOTeHe30M ceplie-
BO-CYAWHHUX IIOPYIII€Hb, TOJOBHUM YWUHOM,
MOJYJIIOIOUM IepeBakKHO Pi3Hi acmeKkTu QyHK-
IMiOHYyBaHHSA CYAUH Ta TPOMOOTUYHI ssBUIia. He-
I10aBHO OyJI0 OTPUMAHO Oe33amepevHi JoKasu
OPUTHiYeHHA Cyab()iloM TiporeHy akKTUBHOC-
Ti TPOMOOIIUTIB, ITO CIIOCTEPIraeThCA HA PiSHUX
cTamisax ix akTuBallii (TpombouTapHa aaresis,
CeKpellid Ta arperaiiif), a TaKoK BJacHO (op-
myBaHHA TpoMOy. Binbi Toro, H,S Mmogudikye
CTPYKTYPY i QpyHKIIiI0 (piOpuHOTEHY Ta IIPOTE-
iHiB cucremu (pibpuuosizy. Cyabdin rizpore-
HY peryJiroe mIpoJideparriio Ta anonTo3 KJIiTuH
rJIafeHbKUX M’ A3iB, MOLYJIIOIUYN Y TAKUHA CIIO-
ci6 amrioremes i (pyukIiomyBaHHA cynuH. He
BUKJIUKA€E CyMHIiBiB, 1o H,S Takok 3amydyaers-
cs o peaJrizarrii HU3KU iHIIUX (PisiosoriuHmx
dyaKIiti. Hanpukian, BiH BUABJIsAE IPOTU3A-
najgbHi epeKTU uepes iHriOyBaHHSA YTBOPEHHS
aKTUBHUX (OPM OKCUTeHY Ta IIiACUJIEHHS eKC-
mpecii aHTHOKCUIAHTHUX €H3UMIB. ¥ OEeAKUX
JIOCJIiIKeHHAX BUCBITIE€HO POJb Cyabiny rism-
pOTeHy SIK TepalleBTUYHOTO areHTa 3a PisHUX
3aXBOPIOBaHb, 30KPeMa IIaTOJIOTill cepIieBo-Ccy-
IUHHOI cucteMu. Ilomaybimoro 3’scyBaHHS
motrpedye 3HAUYEeHHS IIHOTO ras3oMeniaTopy AK
peryJaTopa KJIITUHHOI (isiosorii 3a po3BUTKY
CepIeBO-CYIUHHUX XBOpPoO, 30KpemMa, iHpapkK-
Ty MiOKap/a Ta iHCyJIbTY.

Knarmuosi cnosa: cynbdin rizporeny, razomesnia-
TOp, FeMOoCTa3, Tpom003, (hi6puHOIi3, TPOMOOI K-
TH, CEePIeBO-CYAUHHI XBOPOOU.

TASOMEJUATOP H,S
B TPOMBO3E H 'EMOCTASE

Ilpyxcurna Hadexncoa

Orpen neguaTpuu, MeqUIIMHCKOE OTAEJIEHLE
Texacckoro yuusepcurera, I'aasecton, CIITA

E-mail: nadruzhy@utmb.edu

ITenbro 0630pa GBITIO BKPATIIE TTOABITOKUTD
CYIIECTBYIOIIEe CBeAeHUS O OMOJOTUUYECKON
poam razomenmaTopa CcyJab(duia Bomopoxa B
reMocTase U IIPU PA3BUTUU CEPAEYHO-COCYIU-
cThIX 3abosieBanmuii. Iloce OTKPBITHUSA CIIOCOO-
HOCTU KJIETOK MJIEKOIUTAIOIINX dH3UMAaTUUE-
cKHu mpousdBoauTh H,S B3riIAAbl Ha 3HAUEHUE
9TO¥ MOJIEKYJIbI KapAUHAJIBHO U3MEHAJINCH: OT
OTHECEHUA ero K OMAaCHBLIM TOKCHUHAM [0 IIPU-
3HAHUSA OMOJOTUUECKN BaXKHBIM PETYJISTOPOM.
Kax raszomenuarop cyabdup BOgOpoia UTPaeT
pOJb CUTHAJBHOU MOJEKYJbI, BOBJIEKaeMOU
B PAL IIPOIECCOB IIPUM HOPME W TAaTOJOTHH,
BKJIIOYAsA T[AaTOTeHe3 CepJeUYHO-COCYIUCTHIX
HapyIIeHn#, MOAYJUPYd TJIaBHBIM 00pasoM
pasIuyHBIe acmeKThl (hYHKIIMOHUPOBAHUS CO-
cymoB u TpoMboTHMuecKue ABjaeHus. HemaBHO
ObLIM TOJYYEeHbl HEOIMPOBEP;KUMBbIE [TOKasa-
TeJbCTBA NOHABJIEHUA CYJIb(MUIOM BOAOPOIA
AKTUBHOCTU TPOMOOIIUTOB, HalOJIIoJgaeMble Ha
PasHBIX CTagWAX HMX aKTUBaInuu (TPoMOOIH-
TapHasg aAre3us, CeKpenusA M arperanmus), a
TaKsKe COOCTBEHHO (opMupoBanme Tpomoda.
Boaee Toro, Hy,S Moguduiimpyer cTpykTypy u
GyHKIIMIO QUOPUHOTEHA U TPOTEMHOB CUCTEMBI
¢ubpunonuza. Cyabdum Bogopoma peryamupy-
eT nposudepaluio U alonTo3 KJIETOK TIaJKUX
MBIIIIT, MOAYJIUPYA TaKUM 00pas3oM aHTHUOTe-
He3 1 (DYHKI[MOHUPOBaHME cocynoB. He BBIBHI-
BaeT comHeHui, uro H,S Takike yyacTByeT B
peanusanuu pAfa APYTUX (DUSUOJIOTUUECKUX
¢dyuknuii. Harpumep, OH IPOABJISAET IPOTUBO-
BOCHIAJIUTEJbHEIE 9(P(PEKThl, HHrubupysa odpa-
30BaHNE aKTUBHBIX ()OPM KUCJIOPOJa M YCUJIU-
Bas SKCIPECCUI0 aHTUOKCUAAHTHBIX DH3WMOB.
B HeKOTOpBIX HCCIETOBAHUSAX OCBEIEHBI POJIb
cyabduma BoAOPOJa B KauecTBe TepalleBTHYe-
CKOI'0 areHTa IIPU PA3JIUYHBLIX 3a00JI€BAHUAX,
B YACTHOCTH IIATOJIOTUU CEePAeYHO-COCYAUCTOMN
cucrteMbl. JlanbHENIero BbIICHEHUS Tpedyer
3HAYEHUE STOr0 ra3oMeqnuaTopa KakK peryJsaTo-
pa KJIeTOYHOHN (hU3MOJIOTUY IIPYU PA3BUTHUU CEP-
JIeYHO-COCYAUCTHIX 3a00JIeBAHUI, B YACTHOCTU
nH(}apKTa MUOKap/a U WHCYJIbTA.

Knrwouesnvte crosa: cyabhpua Bogopoaa, ra3oMe -

aTop, remocras, TpomM003, (PUOPUHOJIN3, TPOMOO-
IIATHI, CePAEYHO-COCYAUCThIe 3a00IeBaAHMA.
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