M echanism action of homocysteine and its thiolactone in haemostasis

system

KAMIL KAROLCZAK, BEATA OLAS*

Department of General Biochemistry, Institute addBiemistry, University of LddBanacha

12/16, 90-237 t.af Poland

* corresponding author
Beata Olas

e-mail: olasb@biol.uni.lodz.pl


redakce
Nové razítko


Summary

In the article, the actions of homocysteine (Hcyd ats metabolite - cyclic thioester —
homocysteine thiolactone (HTL) on complex procethaemostasis, which regulates the
flowing properties of blood, are described. Possibiteraction of Hcy and HTL with
endothelial cells, blood platelets, plasmatic filogen and plasminogen, as the important
major components of haemostasis are also discusdesl. modification of haemostatic
proteins (N-homocysteinylated or S-homocysteinglafgoteins) induced by Hcy or its
thiolactone, and links of homocysteine or homoadwpsté¢hiolactone toNO metabolism seem

to be the main reason of biotoxicty of homocystémeardiovascular diseases.
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I ntroduction

Haemostasis is a complex process that regulatesvo the flowing properties of
blood. Classical primary and secondary haemostedyscomprised the sequential formation
of the white and red thrombus, but there is grovamgireness that haemostasis is intimately
coupled to fibrinolytic processes, inflammatory aans as well as to initiation of
angiogenesis and wound healing. Basically, thrempoments need to interact to assure
effective primary and secondary haemostasis togetite the normal sequelae, fibrinolysis
and tissue repair: (1) the vascular wall (smoothsecte) matrix and connective tissue,
endothelial cells), (2) formed elements of the digolood platelets, granulocytes, monocytes,
lymphocytes), and (3) the plasmatic clotting aratifiolytic systems (Beckeet al. 2000).
Haemostatic abnormalities can lead to excessivedbig, thrombosis or other cardiovascular
diseases. Recently, it have shown that homocystelog), which is an intermediate formed
during the catabolism of the essential dietary amacid methionine induces changes in
haemostasis, including blood clotting and fibrirsidy (Perla-Kajaret al. 2007). Elevated
level of Hcy may disrupt functions of the vascutadothelium, changing the character of its
surface from anticoagulant to procoagulant (Jacold€98, Perla-Kajamet al. 2007). This
review describes the chemical structure and biokigactivities of homocysteine and its

cyclic thioester — homocysteine thiolactone (HThyldheir effects on haemostasis process.

Chemical structure and function of homocysteine and its metabolites

Homocysteine is involved in convertions of methra{Met) and cysteine (Cys). The

immediate precursor of Hcy is S-adenosylhomocyst€8AH), which is hydrolyzed by SAH

hydrolase to homocysteine and adenosine. In thé steg homocysteine is remethylated to



methionine by methionine synthase or betaine:hosteaye methyltransferase. Moreover,
Hcy enters the transulfuration pathway and is cdedeinto cystathioningg—synthase and
cystathioniney—lyase. This process is present only in the lik&ney, pancreas and small
intestine (Brosnaet al. 2004, Perla-Kajaet al. 2007). Homocysteine may also enter the first
step of protein synthesis. Because structural aimtyl of Hcy to Met, homocysteine may be
recognized and activated by methionyl-tRNA syntbetaHowever, error-editing activity of
methionyl-tRNA synthetase does not allow homocyst¢o be incorporated into proteins. As
a product of the editing reaction homocysteinel#timne is formed (Jakubowski and Fersht
1981, Jakubowski 2003, Jakubowski 2004, Perla-Keja. 2007). The chemical structure of
Hcy and its thiolactone is presented on Figure dmbicysteine metabolism depends on the
level of vitamins (folic acid, vitamin Band B>) as cofactors for the enzymes involved in Hcy
turnover. In human blood homocysteine may exisfree or protein bound forms as N-
homocysteinylated (N-Hcy-protein) or S-homocystéatsd proteins (S-Hcy-protein), that
were described as N-Hcy-hemoglobin, N-(Hcy-S-S-&jsumin, S-Hcy-albumin, and
cysteinylhomocysteine (Cys-Hcy)) (Jakubowski 20@hwatko and Jakubowski 2005A
Chwatko and Jakubowski 2005B, Jakubowski 2005, Qakeki 2006, Perla-Kajaet al.
2007). Mechanism of N-homocysteinylation involveylation of Lyse-amino group by the
activated carboxyl group of HTL (Jakubowski 200@kubowski 2004, Jakubowski 2005,
Jakubowski 2006), whereas S-homocysteinylationnduéed by Hcy (Fig. 1). In human
plasma some various haemostatic proteins are S-dysteinylated, for example coagulation
factor Va (Unda®t al. 2001). N-homocysteinylated proteins in human pkasepresent from
0.3 to 23 % of total homocysteine. Small amountsNeficy-proteins are also found in
different haemostatic proteins (antitrypsin, filmgen) (Jakubowski 2002). These
modifications may lead to impairment of protein dtians. Approximately 80% of plasma

homocysteine is protein bound, and only a small wrhoexists as a free reduced



homocysteine. The majority of the unbound portidnHey is oxidized to form dimers
(homocystine) or combined with cysteine to form euxdisulphides (Jakubowski 2002,
Chwatko and Jakubowski 2005A, Chwatko and Jakubowg&lo5B, Jakubowski 2005,
Jakubowski 2006, Perla-Kajagt al. 2007). Plasma Hcy level is determined by multiple
factors, like genetic, demographic, acquired, afebtyle determinants. Total plasma Hcy
concentration for healthy adults is in the range ®fi5 pM. Patients with mild
hyperhomocysteinemia have 154281 Hcy (Perla-Kajaret al. 2007). In urine after oxidation
of Hcy is referred to as homocystinuria. Thus,dbnormal metabolism of Hcy, the blood can
be analyzed. Mild hyperhomocysteinemia is an inddpat risk factor for atherosclerotic
disease, deep vein thrombosis and thromboemboliBlavated Hcy levels promote
thrombosis, although the mechanism by which Hcyrtexés prothrombotic effect remains
unclear. Moreover, homocysteine metabolites (totolae) and protein homocysteinylation
formed in plasma, are implicated in different cawdiscular diseases (Thambyrajhal.

2000, Yanget al. 2006).

The effect of homocysteine and itsthiolactone on endothelial cells

At cellular level pathological role of homocysteiseems to be associated with an
alteration of endothelial cells, which play an impat role in haemostasis. Endothelial cells
are very sensitive even to a mild increase of Hogcentration. This sensitivity may be
explained by the fact, that human endothelial adi$iot express active form of cystathionine
B-synthase and consequently can not initiate honteires catabolism through
transsulfuration pathway (Jacobsen 1998). Elevksesl of Hcy may modulate functions of
the vascular endothelium, changing the characteitofsurface from anticoagulant to

procoagulant (Jacobsen 1998). Endothelial antidaatjypathway is based on heparin-like



glycosaminogycan-antithrombin Il interaction. Reéswf Rodgerst al. (1986) showed that
after incubation of endothelium with Hcy activitf ocoagulation factor V increases.
Coagulation factor V in Hcy-modified endothelium dkeaved in fragments different than
those obtained after factor V cleavage by throndricoagulation factor Xa (Rodgees al.
1986). Moreover, in hyperhomocysteinemia the pmtibotic tendency may be related to
impaired inactivation of S-homocysteinylated coatjoh factor Va by activated protein C
(Undaset al.2001). However, Hcy and its thiolactone have deatfon factor V activation by
thrombin. It was showed that factor V incubated hwit°S]homocysteine (10-45@M)
incorporated label within 5 min, which was foundyom those fragments that contained free
sulfhydryl groups: the light chain (Cys-1960, Cykt3), the B region (Cys-1085), and the
26/28-kDa (residues 507-709) activated proteingawhge products of the heavy chain (Cys-
539, Cys-585). On the other hand, Leetzl. (2002) suggest that activation of protein C by
thrombin and inactivation of factor Va by activatpdotein C are not impaired during
moderate hyperhomocysteinenimavivo in monkeys. Another studies showed the effect of
Hcy on activity of thrombomodulin, which is involdén blood clotting.

It has been demonstrated that not only Hcy, bud BI$L may modulate properties
and functions of endothelial cells. Results of Rapet al. (2004) indicate that both
compounds — Hcy and its thiolactone inhibit acyivf lysyl oxidase (an enzyme involved in
extracellular matrix maturation) in vascular enddidd cells. Report of Jakubowski (2000)
showed that in endothelial cells protein N-homoeystlation exists, and this process
depends on the concentration of Hcy. Modificatidrendothelial cells proteins may cause
different pathophysiological consequences, suamadulation of haemostasis system, which

may contribute to cardiovascular diseases.



Homocysteine and nitric oxide

Nitric oxide (NO) plays an important role in a number of physjidal processes. It
is well known, that vascular endothelial cells proel’'NO. However, other cells, which are
involved in haemostasis - blood platelets may aigthesizéNO and plateletNO synthase
(NOS) has been described and identified duringrntie 90s (Muruganadam and Mutus
1994). Two main NOS isoforms have been isolatettiwwa independent inducible NOS
(INOS) and a calcium/calmodulin dependent endaiheltype NOS (eNOS) (Mehta et al.
1995)."NO is released by NOS-es action from the guanidynety of L-arginine, yielding
NO and cytruline’NO is very simple free radical which play importaegulatory role in
many tissues, but originalflNO was identified as a factor influenced mainly fmvascular
system.’NO has been implicated in a number of cardiovasclis®ases and every risk factor
for these appears to be associated with a reduictiendothelial generation GRO.

Evidences of some cooperation between homocyssidéNO in vascular system
pathogenesis originate from physiological, cellumd genetic reports. Patients from
population withNOS3894TT genotype (mutation in gene for nitric oxidethase) have
tendency to higher Hcy concentration in the blobtentioned tendency was especially
distinct in subpopulation diOS3894TT patients who had low foliate levels. Howetbere
was no strictly correlation betwe®&OS3894TT genotype and Hcy plasma levels (Bratn
al. 2003). The question is how Hcy can modul&® synthase. First thought is that Hcy
may influence on NOS activity. Transformation ofdicabelled arginine to cytruline
catalyze by nitric oxide synthase is unchangedr aitaal arterial endothelium incubation
with Hecy (40uM) in comparison with control cells. Also after utzation of endothelial cells
with Hcy (10, 20 and 5@M during 24 hours) NOS activity was untouched (fia¢it al.

2005). Despite the fact that NOS activity seemed ke normal also during



hyperhomocysteinemim vitro, level of "NO under such conditions is definitely lower and
this effect is directly proportional to Hcy plasiexel (Beckeret al. 2005). One of possible
way of NOS activity regulation by Hcy is action dligh direct dimethylarginine
dimethylaminohydrolase (DDAH) bindingia disulfide bounds and further asymmetric
dimethylarginine (ADMA) accumulation, what disrupiOS activity (Stuhlingeret al.
2001). Similar observations confirming ADMA accumtibn during hiperhomocysteinemia
has been done in animal modéfkhandet al. 1999). The same authors have observed
vitro that ADMA secretion by human endothelial cellseafstimulation by Hcy (24 hours)
can be stopped by using S-adenosylhomocysteinghytagon inhibitor.

The main molecules responsible for decreasé\N@f level in hyperhomocysteinemic
patients are probably reactive oxygen species (RBS8) can enhance ROS production €Li
al. 2002, Fischeet al. 2003, Fatiniet al. 2005) — the generation of superoxide aniog §@n
reaction catalyzed by NADPH oxidase (Beckel. 2005). Results of Fischet al. (2003)
showed the increased of protein nitration (indulsggberoxynitrite, which is produced in the

reaction of NO with O,

The effect of homocysteine and itsthiolactone on blood platelets

Blood platelets are multiresponding cells, bothhwitspect to the number of agonists
and number of responses. They can be activated itbgresit compounds including
coagulation factors (thrombin), hormones (epinepmhrivasopresin), low-molecular-weight
substances (serotonin, adenosine diphosphate (ADB) derivatives (platelet aggregating
factor (PAF), thromboxane A(TXA5)), and other protein substances (collagen or imemun
complexes). The responses of platelet to agomdtieh is named platelet activation, include

mainly adhesion (to foreign surfaces such as cellagr glass), shape change, aggregation



and secretion of active compounds from three diffestorage granules (dense granules,
granules and lysosomes), shedding of microvesidi@snation of platelet procoagulant
activity and retraction of fibrin clots (Wu 1996e\vy-Toledano 1999, Ryningen and Holmsen
1999). Increased platelet activation with hyperaggbility is one of the risk factors in
pathogenesis of different cardiovascular diseasso®Bplatelets obtained from patients with
peripheral occlusive arterial disease, with assedidayperhomocysteinemia, are far more
reactive and sensitive for agonists, but alsodas Isensitive for inhibitors (Rile al. 2004).

In diabetic patients a high level of Hcy levels associated with more potent platelets
aggregation (Rajkumaet al. 1999). Signorelloet al. (2007) observed that Hcy induces
oxidative stress, inhibits nitric oxide formatiam platelets from type 2 diabetic patients, and
may promote platelet hyperactivity and various waralscular diseases. Moreover, Hcy
stimulates the calcium mobilization in plateletenfr 2 diabetic patients (Alexandet al.
2007). The study of Mohanet al. (2008) suggest that platelet activation and
hypercoagulability occur after exposure to Hcy, eesqlly in patients with critical limb
ischemia. Hcy concentrations of approximately 0 appear to be the level at which these
changes occun vitro, and this effect on platelets appears to be intdite animal model with
hyperhomocysteinemia (induced by diet poor of faitid), the aggregation of platelets
stimulated by ADP or thrombin is higher then in wohanimals (Duranckt al. 1996). The
direct action of Hcy on blood platelets is unknoavrd sometimes controversial. Some studies
demonstrated that homocysteine promotes arachidewid release, thromboxane, A
formation (Signorelloet al. 2002 and 2007) and protein tyrosine phosphorylatio blood
platelets (Leoncinet al. 2006). Results of Undaet al. (2007) demonstrated that elevated total
Hcy is associated with increased platelet activated the site of microvascular injury.
McDonald et al. (1964) showed increased platelet adhesion in hgsteQuric patients.

However, there is no evidence of a direcvitro effect of homocysteine on platelet adhesion



(Uhlemannet al. 1976) or aggregation (Stamlet al. 1993). Our preliminary studies have
reported that reduced form of Hcy slightly stimathtplatelet aggregation induced by a
physiological agonist - thrombin (Olas$ al. (in press)). We also observed that HTL alone do
not induce platelet aggregation, but HTL, like Hogreased platelet aggregation induced by
thrombin (Olaset al. (in press)). Platelets aggregation induced by H&Tfollowed by
thromboxane A synthesis and secretion (McCully and Carvalho 198%Garrigle et al.
(2006) showed that Hcy and HTL promote activatidnptatelet integrina,pf33, that is
involved in platelet adhesion or aggregation. Ca ¢kher hand, Luet al. (2006) observed
that Hcy potentiates collagen type | induced-pé#tattivation through signaling components
of glycoprotein VI and integrim,3; pathway. Pronterat al. (2007) indicate that a potential
molecular target of Hcy is the CD40/CD40L system platelets; and upregulation of
CD40/CD40L signaling may represent a link betwegpehhomocyteinemia and an increased
risk of cardiovascular diseases.

Blood platelets, in analogy to other circulatingpdd cells, can generate different
reactive oxygen/nitrogen species (ROS/RNS) that bednave as second messengers and may
regulate platelet functions. In blood platelets @wstulated several sources of ROS (Pignatelli
et al. 1998, Wachowiczt al. 2002, Krotzet al. 2004). Intracellular sources of reactive
oxygen species in platelets are arachidonic acithwsy {ia cyclooxygenase or 12-
lipoxygenase) stimulated by different agonists, ghgathione cycle (Jahn and Hansch 1990,
Pignatelliet al. 1998,) and metabolism of phosphoinositides (Gapahnaet al 2000,
Wachowiczet al. 2002). ROS are generated in platelets mostly biatin of NAD(P)H
oxidase (Forde and Fitzgerald 1997, Kretzal 2004, Begonjaet al. 2005) and xantine
oxidase (Milleret al 1993). Our recent data, where we used in ourrerpats the method of

cytochrome c reduction for the estimation of theeleof O,” showed that not only Hcy, but
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also HTL induces the production o5 Qn resting and thrombin - activated platelets (Gias
al. (in press)).

In blood platelets peroxynitrite may be formed (lamo and Balazy 2003). It has been
demonstrated that reaction of protein with ON@&3ulted in the nitration and oxidation of
some amino acid residues (Hernandez-Hernaetled. 1999, Olas and Wachowicz 2007).
Free and protein-bound 3-nitrotyrosine, a stabledpet of tyrosine nitration may be
measured as a biomarker of protein damage indugepeboxynitrite and other reactive
nitrogen species (Forde and Fitzgerald 1997, Begetrgl 2005), since peroxynitrite nitrates
tyrosine residues in different proteimsvivo andin vitro (Miller et al. 1993). During platelet
activation spontaneous nitration of proteins mago alake place, without the addition of
exogenous peroxynitrite (Muruganandam and Mutus4Ll99/hen proteins from activated
and resting platelets were separated on gels amdumoblotted with antinitrotyrosine
antibodies, a number of proteins in the low molacweight region were nitrated. Moreover,
in our study, we observed that reduced form of Hiogt HTL distinctly reduced nitration of
platelet proteins (Olast al. (in press)). It is suggested that the nitrosatibhomocysteine or
its metabolite — HTL in blood platelets may exNitrosation of Hcy may be responsible for
a decrease in the level MO, because Hcy reacts withO to form S-nitroso-homocysteine
(Ignarro and Gruetter 1980). Signoredibal. (2007) showed that in type 2 diabetic patients
high plasma Hcy is associated with increased @afROS level and reducéNO formation
in blood platelets. On the other hand, Hcy inducel death in H9C2 cardiomyocytes
through the generation of peroxynitrite and canvaté key signaling cascades in the
myocardium (Levrancet al 2007). Moreover, Erokt al. (2007) have showed that Hcy
increases NO release from stimulated coronary mircovasculadoghelial cells without
affecting basalNO production, which is probably accompanied byéased production of

reactive oxygen species. It can be postulatedehdothelial cells generatdlO in order to
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minimize the damage caused by Hcy. There is pdgilhat nitration of tyrosine may
directly inhibit the tyrosine phosphorylation of opgins, which is well — recognized
mechanism of signal transduction in blood plate{estshiropoulos 2003). It was showed that
the addition of peroxynitrite to platelets, at telaly high concentrations, brought about the
nitration of proteins and a rapid increase in tHegphorylation of tyrosine residues
(Mondoroet al. 1997). However, if platelets were activated byltve doses of thrombin, the
amount of phosphorylation was decreased,; if higtedaf thrombin were used, peroxynitrite
caused the increase of the phosphorylation. Tisen® idirect evidence that phosphorylation
and nitration on the same proteins occurs. Probablgtionship between nitration and
tyrosine phosphorylation is a competitive processy et al 2002). Marcondest al. (2006)
suggested that nitration af—actinin interferes with its phosphorylation andntcdbutes
consequently to the inhibitory role GO on platelet adhesion. Some results showed that
homocysteine stimulates the tyrosine phoshorylatioth activation of platelet phospholipase
Cy2 (Leonciniet al. 2003) and Src kinase (Lwed al. 2006). The stimulation of this pathway
by Hcy requires signals through oxygen free radieald thromboxane Alt is possible that
the same mechanism may exist when blood platelets teeated with thiolactone

homocysteine.

Homocysteine, coagulation and fibrinolysis

Fibrinogen is the main substrate for coagulaticstade and form a polymerized fibrin
clot. Fibrinogen is a 340 kDa glycoprotein, consgptof three pairs of nonidentical
polypeptide chains, & BB andy, interconnected by disulfide bonds. In the cowfsblood
coagulation, fibrinogen, after the thrombin-induadebvage of short fibrinopeptides A and B

from the amino termini ot and3 chains, is converted to fibrin monomers. The mosiEm
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thereafter interact spontaneously and form hatbggered protofibrils flowed by the laterally
associated fibers. The initial clot is stabilizeg the formation of covalent cross-links in a
reaction catalyzed by activated coagulation faiidk. Fibrinogen and other plasma proteins
can be covalently modified by Hcy or its thiolaconLysine homocysteinylation is a
plausible mechanism for protein modificationvivo, and is likely an important pathogenic
mechanism. Mass spectrometric analysis of fibrinogeated with Hcy revealed twelve
lysines that were homocysteinylated. Several ofsé¢hare close to tissue plasminogen
activator (tPA) and plasminogen binding sites. Mgz, lysines are major binding sites for
fibrinolystic enzymes and are also sites of plasol@avage (Saulst al. 2003, 2005, 2006
and 2007). Saulet al. (2007) suggest that homocysteinylation of lysieg&dues in fibrinogen
may be linked to three important functional conssmpes. First, modification in theC
domain could alter the lateral association of fbend thereby alter clot structure. Second, the
alteration of the protein conformation may integfewith calcium binding, which could
contribute to alterations in fibrin clot structur€hird, modification of lysine sites that are
directly involved in fibrinolitic enzyme binding dractivity could lead to increased resistance
to fibrinolysis — the process by which a fibrin ttle dissolved. Recent reports showed that
compounds with thiol groups enhance plasma factdrnXediated fibrinogen cross linking.
Since Hcy-SH is involved in oxide-reduction reantoor disulfide exchange reactions, it is
possible that some components of fibrin formatioohsas fibrinogen and coagulation factor
XIlI can be altered. Lauricellat al. (2002 and 2006) observed that clots formed fromdu
plasma incubateuh vitro with Hcy have been more compact structure, witbrteln and more
frequently branched fibers, than those formed m absence of Hcy. Harpet al. (1992)
showed that Hcy enhances the binding of lipoprd&ito fibrin, and this results may suggest
a biochemical relationship between thiol compouncetabolism, thrombosis and

atherogenesis.
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In mildly hyperhomocysteinemic human subjects dyshogemia (which is
characterized by formation of clots composed ofoatmally thin, tightly packed fibers with
an increased resistance to fibrinolysis) could pkyrole in the increased risk of
atherothrombotic disease (Undas et al. 2006, Sxiud 2007). On the other hand, Lijfering
et al (2007) showed that the increased risk of cardiovkar diseases in
hyperhomocysteinemia is mainly related to elevatmhgulation factor VI levels.
Moreover, Ebbesen and Ingerslev (2005) found rettifigectional activities of coagulation
factors Xll, X and Il in hyperhomocysteinemia-in@dcby folate deficiency in rat, whereas
the functional factor VII activity was unchangedr@rary, Al-Obaidiet al. (2000) observed
that levels of coagulation factor Vila and Hcy ebate in plasma of acute coronary
syndrome patients. This changes may enhanced risk thrombotic events in
hyperhomocysteinemic patients. Recent reports sthdtegt activity of antithrombin, which
is one of the most important inhibitors of bloodagalation, is inhibited by HTL (Gugliucci
2008). Proposed targets of Hcy and HTL action cagatation and fibrinolysis process are

presented in Figure 2.

Conclusion

The mechanism of homocysteine and its thiolactat®mon haemostasis process is
complex and still unclear. Hcy or HTL may modul#te signal transduction in different cells
and sometimes act in opposite ways. Homocysteideitamrmetabolite cause the changes in
the level of reactive oxygen species and reactitregen species (specidllO) and may be
responsible for the modification of haemostasisugsdl by these compounds (Fig. 3). The
biological significance of haemostatic protein nfmdition (fibrinogen and other coagulation

factors) induced by Hcy or HTL is not well knowtth@ugh especially N-homocysteinylation
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induced by HTL may play an important role in difat pathophysiological consequences

leading to cardiovascular diseases.
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L egend to Figures

Fig. 1A and B. The chemical structure of homocysteine (Hcy) aadhiolactone (HTL). The

mechanism of N- and S-homocysteinylation of pratein

Fig. 2. Proposed targets of homocysteine (Hcy) and itelabione (HTL) action on

coagulation and fibrinolysis

Fig. 3. Proposed model for the regulatory role of Hcy &hL in vascular well (smooth

muscle, endothelial cells) and in blood platelétsbreviations: Hcy — homocysteine, HTL —
homocysteine thiolactone, LDL — low density lipo@ios, Hcy-LDL — homocysteinylated
LDL, ox-LDL — oxidized LDL, ROS - reactive oxygepexies, NO — nitric oxide, ONOO-

peroxynitrite, NO-LDL- nitrated LDL, TXA — thromboxane A
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Fig. 2
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Fig. 3
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Fig. 1(B)
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Fig. 1(A)

Cys-SH + HSCH,-CH,-CH-COOH

\

NH,
Protein-SH Homocysteine (Hcy)

S-homocysteinylation

S-SCH,-CH,-CH-COOH

NH,

Protein-S-S-Hcy

30



