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Abstract—Blood coagulation plays a key role among numerous mediating systems that are activated in inflammation.
Receptors of the PAR family serve as sensors of serine proteinases of the blood clotting system in the target cells involved in
inflammation. Activation of PAR1 by thrombin and of PAR2 by factor Xa leads to a rapid expression and exposure on the
membrane of endothelial cells of both adhesive proteins that mediate an acute inflammatory reaction and of the tissue factor
that initiates the blood coagulation cascade. Certain other receptors (EPR1, thrombomodulin, etc.), which can modulate
responses of the cells activated by proteinases through PAR receptors, are also involved in the association of coagulation and
inflammation together with the receptors of the PAR family. The presence of PAR receptors on mast cells is responsible for
their reactivity to thrombin and factor Xa and defines their contribution to the association of inflammation and blood clot
ting processes.
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Thrombin plays a key role among serine proteinases
of the blood coagulation system. Together with conver
sion of fibrinogen to fibrin, activation of blood coagula
tion factors V, VIII, XI, and XIII, and platelet aggrega
tion, thrombin regulates hemostasis by activation of the
anticoagulant system of protein C and inhibition of fibri
nolysis (through activation of TAFI, thrombinactivated
fibrinolysis inhibitor). Thrombin activates various cell
types in and outside blood participating in the processes
of development, regulation of vessel tone, inflammation,
Abbreviations: PAR) proteaseactivated receptor; EPR1) pro
tease receptor of effector cells; PAF) platelet activating factor;
TRAP) thrombin receptor antagonist peptide; TGFβ1) trans
forming growth factor β1; TNFα and β) tumor necrosis fac
tors α and β; MTSP1) membrane type 1 serine proteinase;
MAPkinases) mitogenactivated protein kinases; PKC) protein
kinase C; IL1) interleukin1; LNAME) NnitroLarginine
methyl ester; ADP) adenosine diphosphate; NO) nitric oxide;
cNOS) constitutive NOsynthase; P and E) platelet and
endothelial selectins; ICAM1) intracellular adhesive molecule
1; VCAM1) vascular cell adhesive molecule 1; MCP1) mono
cyte chemoattractant protein 1; vWf) von Willebrand factor;
bFGF) basic fibroblastic growth factor; VEGF) vascular
endothelial growth factor; PDGF) plateletderived growth fac
tor; CTGF) connective tissue growth factor; MMP) matrix met
alloproteinases; TFPI) tissue factor pathway inhibitor.
* To whom correspondence should be addressed.

tissue repair, atherosclerosis, carcinogenesis, and many
others [19].
Thrombin generation from prothrombin occurs in
the region of vessel and tissue damage at the initial stage
of repair, when a fibrin clot is forming and inflammation
is developing. Inflammation leads to the activation of
blood cells (platelets, leukocytes) and endothelium and
subendothelium of vessels (in particular, of mast cells).
Under these conditions, thrombin is involved in the
adhesion and recruitment of leukocytes, platelet activa
tion, and cell proliferation [1, 2, 710]. The proinflam
matory effect of thrombin plays an important role in tis
sue repair, and also in pathologies that are related to
chronic activation of the coagulation cascade like
restenosis, atherosclerosis, pneumonic fibroses, glomeru
lonephritis, and others [2, 1114].
The kallikrein–kinin and complement systems are
the main proteolytic systems that are activated in inflam
mation. While the mechanisms of functional association
of these systems with the development of inflammation
have been sufficiently well studied and discussed, the
involvement of the enzymes of the hemostatic system in
the realization of inflammatory response is now being
intensively studied [4, 1418]. This became possible due
to the discovery of the receptors of proteinases of the
blood coagulation system on the cells that are involved in
hemostatic processes and give a response to the inflam
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matory stimulus [8, 14, 1924]. Especially important are
endothelial cells, which during inflammation expose on
their membrane proteins that are involved in blood coag
ulation and inflammation [2527]. At the same time,
mediators of inflammation, cytokines, induce the expres
sion of the tissue factor and suppress thrombomodulin
expression. These events lead to modification of the pro
and anticoagulant balance of the endothelium [2830].
Thrombin plays a key role in the activation and reg
ulation of the blood coagulation cascade and is also
involved in the stimulation of cellular functions during
inflammation and tissue repair [14, 711, 14, 15].
Certain other coagulation factors also play a crucial
role in the interaction of inflammation and coagulation.
Especially important is fibrinogen, an adhesive protein
that is necessary for platelet aggregation, and fibrin that is
a matrix on which cells can migrate, proliferate, and carry
out specialized functions due to the presence of a binding
locus for the adhesive receptors from integrin (αMβ2
(Mac1, CD11b/CD18), αVβ3, α1β5) and immunoglob
ulin (ICAM1) superfamilies [31, 32]. Endothelial cells,
leukocytes, macrophages, fibroblasts, smooth muscle
cells, and keratinocytes represent cell types that specifi
cally bind to and migrate on the fibrin matrix.
Receptors of blood coagulation factor Xa (EPR1),
protein C (ECPR, endothelial C protein receptor) and
urokinase (uPAR, urokinase type plasminogen activator
receptor, CD87), which are not cleaved by their specific
ligands during activation, are identified on endothelial
cells [1518]. In contrast, the receptors of PAR family
(proteinaseactivated receptors) are subjected to limited
proteolysis by trypsintype serine proteinases [8, 14, 19
24]. The effect of thrombin and factors VIIa and Xa
towards the cells is realized through their interaction with
membrane receptors including those of the PAR family.
In fact, PARs have been identified on endothelial cells,
platelets, fibroblasts, smooth muscle cells, monocytes,
osteoblasts, neurons, glia, and mast cells [4, 710, 1924,
3335]. Mast cells are actively involved not only in the
immune response of an organism, but in inflammatory
and atherosclerotic processes as well, during which
thrombin generation and coagulation of blood fibrinogen
are always activated. However, the mechanisms of inter
action of thrombin and other proteinases of the hemosta
tic system with mast cells are not yet well understood. The
mechanisms of interaction of thrombin and factor Xa
with membrane receptors of the cells that are involved in
the inflammatory reaction are discussed in this review.

EARLY CELLULAR RESPONSES
DURING INFLAMMATION
During inflammation, the phenotype of endothelial
cells changes from thromboresistant to procoagulant and
proinflammatory, and the conversion of coagulation

proenzymes into the active serine proteinases occurs [15,
3638]. These processes are accompanied by adhesion
and platelet activation on the surface of endothelium due
to the expression and exposure of adhesive molecules
(vWf, P and Eselectins, ICAM1, VCAM1), PAF and
MCP1. Adhesive proteins and molecules recognize and
bind their ligands on monocytes, which adhere and
migrate on the surface of endothelium.
The tissue factor (an integral membrane protein that
binds factor VII/VIIa and initiates generation of pro
teinases, coagulation factors IXa, Xa, and thrombin) is
exposed on the membrane of the cells activated during
inflammation. Simultaneously the anticoagulative sys
tems are inhibited (especially that of protein C, which is
activated by thrombin) due to the decrease of thrombo
modulin expression (a membrane cofactor of thrombin).
The cleavage of glycosaminoglycan chains from glypicans
and syndecans of the endothelium reduces the antithrom
bin III activity. The exposure of the fibrinolysis inhibitor
PAI1 on the endothelium increases, while the exposure
of the tissue plasminogen activator (tPA) decreases, lead
ing to the suppression of fibrinolysis [16, 25, 28].
Activated platelets, as well as CD4+ Tlymphocytes
activated in the site of inflammation, basophiles, mast,
and endothelial cells expose on their surfaces together
with other proteins Pselectin and CD40ligand (CD40L,
CD154), a member of the tumor necrosis factor family.
CD40ligand binds to the receptor that is exposed on the
activated endothelium (CD40) and stimulates the expres
sion of transcriptional factors (NFκB, AP1, and oth
ers). Expression of the adhesive molecules and the tissue
factor and development of an inflammatory response are
the consequences of this activation. In addition, platelet
CD40ligand stimulates the tissue factor expression on
monocytes [39, 40].
Exposure of the tissue factor on the cells is a key
event in the activation of blood coagulation and clot for
mation during inflammation. The tissue factor serves as a
receptor of blood coagulation factors VII/VIIa and initi
ates coagulation in a complex with them. Antibodies
against the tissue factor and its complex with factor VIIa
can neutralize the procoagulative blood activity, as
demonstrated by injection of endotoxin into experimen
tal animals [18].
The tissue factor pathway inhibitor (TFPI) regulates
coagulation at this step. It blocks the activities of factors
Xa and VIIa in the complex with tissue factor. Matrix
metalloproteinases (MMP) that are released from leuko
cytes during inflammation, especially MMP7
(matrilysin) and MMP9 (gelatinase), rapidly cleave
TFPI without influence on the tissue factor and factors
VII and Xa. Under these conditions, TFPI disrupts in an
atherosclerotic plaque, where it is colocalized with tissue
factor and MMP that are activated during inflammation,
opening the way for uncontrolled activation of blood clot
ting by the tissue factor [41].
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Generation of thrombin on the surface of monocytes
activated during inflammation may be mediated by an
additional mechanism that is independent of tissue factor
and coagulation factor VII. Monocyte activation leads to
the expression of adhesive proteins including those from
the β2integrin family (αMβ2). In addition to other pro
teins, they bind coagulation factor X. Cathepsin G that is
released from activated leukocytes induces a limited pro
teolysis of factor X adhered on the monocyte membrane,
thus producing an active form. This form can transform
prothrombin into thrombin [42].
Macrophages express proteins of the prothrombinase
complex (prothrombin and factor Xa) in response to
lipopolysaccharides, lymphokines, immune complexes,
proteins of complement, viruses, and other inflammatory
agents. Some data indicate that thrombin is generated in
macrophages, developing muscle, and the nervous sys
tem, where prothrombin mRNA has been detected [43,
44].
Interaction between monocytes, endothelium, and
activated platelets that expose Pselectin and CD40 lig
and (CD40L) is a key event in the initiation and progres
sion of an atherosclerotic plaque and thrombosis develop
ment in a region of plaque lesion [45]. CD40L activates
atheroma cells by induction of expression of the adhesive
molecules and the tissue factor, production of cytokines,
and activation of MMPs, which are then involved in the
atherogenesis. These data apparently explain the reduc
tion of manifestation of atherosclerosis in mice injected
with CD40L antibodies [45].
Thus, hypercoagulation is an early response of cells
to an inflammatory stimulus. It is induced by an increase
of blood procoagulative potential and decrease of antico
agulative properties and fibrinolysis. Activation of blood
cells, especially platelets and monocytes, and their inter
action with activated endothelium stimulate the following
adhesion and recruitment of leukocytes giving rise to a
new step of blood clotting activation. Regulation of blood
coagulation, immune response, and other mechanisms of
maintaining homeostasis block the development of the
inflammatory process during acute inflammation. In
chronic inflammation a vicious cycle of inflammation,
clotting, inflammation, clotting, etc. develops, leading to
vessel damage, thrombosis, and organic deficiency [28].

THROMBIN RECEPTORS
Specific receptors on the target cells serve as sensors
of proteases that appear in blood during coagulation.
Endothelial and blood cells express receptors of pro
teinases of the blood clotting system—factors VIIa, Xa,
thrombin, and protein C [1418].
The action of thrombin and factor Xa on cells is
apparently realized through their interaction with several
membrane receptors including those of the PAR family.
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All members of the PAR family are attributed to the
superfamily of integral membrane receptors consisting of
seven domains and associated with the Gproteins.
Receptors of catecholamines, acetylcholine, serotonin,
histamine, angiotensins, tachykinins, endothelins, PAF,
and others are also attributed to this superfamily [79].
Receptors of the PAR family are characterized by
their ability to serve as highly specific substrates for the
regulatory proteinases, which cleave one peptide bond in
the extracellular domain. A new Nterminus of the recep
tor, referred to as the “tethered ligand”, interacts with the
extracellular domain 2 of the cleaved receptor and acti
vates it. Four main members of the PAR family have been
described to date: PAR1, 3, and 4, which are thrombin
receptors, and PAR2, which is a receptor of trypsin and
tryptase of mast cells [710, 1923]. Synthetic peptides
with structures corresponding to that of the PAR1, 2,
and 4 tethered ligands function as agonists of their own
receptors. They are used as a tool to show the involvement
of the receptors in the effects of proteinase on cells.
The use of the peptide agonists and knocking out of
PAR1 genes in transgenic mice showed that the action of
thrombin in inflammation is mediated by PAR1 activa
tion. Thrombin cleaves the peptide bond Arg41–Ser42 in
the PAR1 Nterminal domain and exposes the new N
terminal peptide SFLLRN (tethered ligand) that inter
acts with the receptor and initiates intracellular signaliza
tion. PAR1 activation by thrombin may finally result in
the activation of transcription factors that regulate the
expression of tissue factor, adhesive proteins, growth fac
tors, cytokines, and other ligands [4, 79, 14, 33, 46].
Activating PAR1, thrombin induces ICAM1
expression in endothelial cells through the NFκBsite in
the promoter. Thrombin also induces the expression of P
and Eselectins, VCAM1, IL8 and IL6, and
chemokines [9, 47]. ICAM1 plays a key role in the devel
opment of inflammatory response through stimulation of
leukocytes adhesion.
At the same time, thrombin induces the expression
of DAFfactor in endothelial cells. This factor accelerates
the decay of C3 and C5convertases of the complement
system. DAF is a membrane glycoprotein; it protects
endothelial cells from lysis by membraneattacking com
plex of the complement system, which is activated during
inflammation [48]. Thrombin increases DAF expression
severalfold by interaction with PAR1. This reaction
may be blocked by antagonists of PKC and MAPkinases
and NFκB. Thus, thrombin maintains the integrity of a
vessel during inflammation and activation of complement
and blood coagulation systems.
It is known that thrombin releases NO from the
endothelium. NO inhibits platelet aggregation and
monocyte adhesion on the endothelium. The anti
inflammatory action of NO may be mediated by inhibi
tion of the expression of the ICAM1 gene and other
adhesive molecules in endothelial cells. NO stabilizes the
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inactive heterotrimer complex NFκB/IκBα in the cyto
plasm by stimulation of the gene expression of the IκBα
inhibitor [49].
Thus, interacting with PAR1, thrombin regulates
inflammation by two pathways. By one pathway it acti
vates endothelial cells, adhesion and recruitment of
monocytes, and increases the permeability of endotheli
um. By the other, it participates in protection of endothe
lium from degradation by protease complex of the com
plement system and also blocks the adhesion of mono
cytes on the endothelium and platelet aggregation
through NO release. In low concentrations, thrombin is a
growth factor accelerating proliferation of endothelial
cells, fibroblasts, and smooth muscle cells [2, 4, 9, 11].
Thrombin acts as a conductor of cellular responses during
inflammation [4].
Association of blood clotting and inflammation is
observed in atherosclerosis and vasculitis. In this case
PAR1 gene expression increases in macrophages and
smooth muscle cells of atheroma and in fibroblasts of syn
ovial membrane in rheumatoid arthritis [5, 9, 50].
Activation of the complement system on the endothelium
during inflammation leads to tissue factor expression and
to thrombin generation [48]. The latter activates cells of
the vascular wall and induces platelet aggregation.
TGFβ1 and PDGF are released from aggregating
platelets and stimulate the expression of PAR1 mRNA in
smooth muscle cells in a region of a vessel injury, thus
providing thrombin mitogenic activity towards these cells
[51].
In addition, thrombin stimulates expression of
fibroblastic growth factor (CTGF, connective tissue
growth factor) through PAR1 activation [52]. The effect
of thrombin on the increase of CTGF mRNA level is
manifested early, reaches its maximum within 3 h, and
does not depend on the de novo protein synthesis and
TGFβ secretion. The latter was considered until recent
ly as the only CTGF inducer in fibroblasts. Fibroblasts of
transgenic mice with PAR1 deficiency did not respond
to thrombin but reacted normally to TGFβ [53]. These
results correlate with the data about a considerable
increase of fibroblasts proliferation in the model of wound
healing in mice under the effect of immobilized PAR1
agonists [11].

FACTOR Xa RECEPTORS
Factor Xa as well as thrombin can induce CTGF
expression in fibroblasts. This requires the proteolytic
activity of the enzyme [52]. The functions of factor Xa are
realized through the cleavage of another representative of
the PAR family—PAR2. It is expressed in many cell
types involved in inflammation and tissue repair includ
ing leukocytes, endothelial cells, keratinocytes, smooth
muscle cells, epithelial cells of the gastrointestinal tract,

fibroblasts of human lungs, and mast cells [8, 9, 34, 35,
5459]. PAR2 is activated by trypsin, tryptase of mast
cells, trypsinlike proteinases as, for example, a recently
cloned membrane type 1 serine proteinase (MTSP1),
and also by synthetic peptides—PAR2 agonists [8, 9, 24,
60, 61]. The primary structure of PAR2 has 28% of
homology with that of PAR1; the site of specific proteol
ysis is located at residues Arg36–Ser37 of the Nterminus
of the extracellular domain [8, 9, 24].
PAR2 agonist peptides (murine SLIGRL, human
SLIGKV) activate the receptor without its cleavage, and
imitate the proteinase action towards endothelial cells,
enterocytes, keratinocytes, myocytes, neutrophils, and
several tumor cell lines [8, 24, 57]. PAR2 mediates the
progression of an acute inflammatory response character
ized by the development of edema and leukocyte infiltra
tion [6264]. A significant increase of rolling of leuko
cytes was not observed in mice with PAR2 deficiency
after a surgical trauma [65]. PAR2 activation in endothe
lial cells by factor VIIa in the complex with tissue factor
and factor Xa leads to the exposure of adhesive proteins
(including vWf) and to the decrease of TFPI activity.
These events contribute to the reduction of the throm
boresistant properties of the endothelium during inflam
mation [66, 67]. PAR2 activation in endothelial cells by
the peptide agonist SLIGKVD induced a rapid (within 1 h)
expression of tissue factor, its exposure on the surface,
and activation of blood coagulation [57].
Thus, the presence of PAR2 on the cells involved in
inflammation and their activation by proteinases of the
blood clotting system indicates active involvement of
these receptors in the association of inflammation and
blood coagulation.

MODULATION OF RESPONSES
OF CELLS ACTIVATED BY PROTEINASES
THROUGH PAR RECEPTORS
It is known that factor Xa binds and activates
endothelial cells and leukocytes through an unsplittable
receptor EPR1 [15, 68]. This interaction triggers the sys
tem of signal transduction and generation of intracellular
second messengers and modulates the expression of
cytokine genes. However, proteolysis is absolutely
required for cell activation, since an inhibitor of factor Xa
catalytic activity blocks the increase of the intracellular
Ca2+ concentration but does not influence the enzyme
binding to EPR1 of endothelial cells of human umbilical
vein. Desensitization of PAR2 receptors by trypsin (or by
factor Xa) blocked the cellular response induced by factor
Xa. Moreover, factor Xa cleaved a synthetic peptide, an
analog of a region that is cleaved by trypsinlike pro
teinases in the PAR2 structure. These data provided evi
dence for the suggestion of a new cascade mechanism of
cell activation by factor Xa. This mechanism includes a
BIOCHEMISTRY (Moscow) Vol. 67 No. 1 2002
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complementary binding of the enzyme to the EPR1
receptor followed by a local proteolysis of the PAR2
receptor [68].
A similar mechanism of cascade activation of PAR4
by thrombin was observed in murine platelets [69]. It was
demonstrated that PAR3 is not activated by thrombin
but binds the enzyme and acts as its cofactor, which is
necessary for the cleavage and activation of PAR4 by
thrombin. These data may explain the inefficiency of
peptide analogs of PAR3 agonist in receptor activation.
Biphasic changes of intracellular Ca2+ concentration
in human platelets in response to thrombin were observed
using agonists and antagonists of PAR1 and PAR4: a
rapid impulsive response through PAR1 followed by a
slow, long, and powerful one through lowaffinitive PAR
4 [70]. Apparently, a valuable cell response that is realized
through PAR4 activation requires the preliminary PAR
1 activation.
The existence of downregulation of thrombin mito
genic activity by thrombomodulin through PAR1 of
endothelial cells was shown recently [71]. Throm
bomodulin is an integral glycoprotein bound to the mem
brane. It is well known as the thrombin cofactor in pro
tein C activation. Active protein C inhibits thrombin gen
eration by cleavage and inactivation of factors Va and
VIIIa. Using antibodies against thrombomodulin and
mutated forms of thrombin that are deprived of catalytic
activity (and, consequently, of ability to cleave PAR1)
but retaining the ability to bind thrombomodulin, it was
demonstrated that thrombomodulin could inhibit the
proliferation of endothelial cells. This was caused by the
ability of thrombomodulin to prolong significantly the
phosphorylation (and retention in the nucleus) of MAP
kinases (namely of ERK, protein kinases activated by
extracellular signal). This phosphorylation is induced by
thrombin though PAR1 activation [4, 71]. Thus, throm
bomodulin may act like an unsplittable thrombin receptor
that modulates the mitogenic signal induced by PAR1
activation.

INTERACTION OF THROMBIN
WITH MAST CELLS
Mast cells play a very important role in cellular
“ensembles” that are involved in inflammation, tissue
repair, and blood coagulation due to their ability to
secrete a broad spectrum of antiinflammatory, vasoactive
mediators, growth factors, and pro and anticoagulants,
which have various biological functions (Table 1) [72
112].
It was demonstrated that degranulation of mast cells is
one of the major effector links of the antiinflammatory
effect of thrombin in animal models [30, 89]. However, the
mechanisms of the nonimmune activation of mast cells in
a whole organism remain obscure: PAR1 agonist peptides
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increase vascular permeability and induce edema like
thrombin when injected into animals, but the link of these
effects with degranulation of mast cells is questionable [30,
89]. In this connection, investigations of the mechanisms
of direct thrombin interaction with mast cells, notably
studies of the origin of thrombin receptors and general reg
ularities of the cellular effector reactions, are rapidly devel
oping in recent years. In some publications activation of
peritoneal mast cells by thrombin was not detected [34,
113], while the populations of bone marrow and skin mast
cells of the same connective tissue type were able to secrete
mediators of inflammation [34, 114]. At the same time, the
presence of PAR1 [34, 35] and PAR2 [35] mRNAs in the
peritoneal mast cells suggests the exposure of the receptors
on the membrane and the secretory activity of the cells in
the presence of serine proteinases—the physiological acti
vators of PAR. Indeed, it was demonstrated in our labora
tory that highly purified thrombin induces the release of
histamine, βhexosaminidase, and heparin by peritoneal
mast cells [115, 116, 118]. These data allow attributing of
thrombin to the nonimmunologic activators of mast cells
together with several peptides, lipids, and exogenous liber
ators (Table 2).
Peptide agonists of murine and human PAR1
(SFFLRN and SFLLRN, respectively) activate dose
dependently mast cells like thrombin. Cathepsin G, a
PAR1 inhibitor, decreases the secretion of the mediators
in response to thrombin by cleavage of peptide bonds
Phe43–Leu and Phe55–Trp in the Nterminal domain
(in addition to Arg41–Ser cleavage by thrombin).
Analysis of these data suggests that the thrombin effect on
peritoneal mast cells is mediated by PAR1, although
other receptor types might not be excluded.
Blood coagulation factor Xa and peptide agonist of
murine PAR2 [116] induce increased secretion of βhex
osaminidase. This observation suggests the existence of
factor Xa receptors on the membrane of peritoneal mast
cells, in particular of PAR2.
PARs are characterized by rapid desensitization after
their activation by proteinases. In our experiments PAR
desensitization by thrombin in mast cells led to the
decrease of the secretory response to the PAR1 agonist
peptide [116]. This result provides additional evidence for
PAR1 involvement in the effector response to thrombin.
At the same time, preliminary treatment of mast cells
with thrombin was accompanied by an augment of βhex
osaminidase secretion in response to the PAR2 peptide
agonist. The observed effect may be explained by an
increase of PAR2 quantity on the membrane of a mast
cell due to an additional exposure of preformed intracel
lular pool. The existence of the latter was demonstrated
recently [35].
The results obtained in our study that PAR1 activa
tion may stimulate PAR2 exposure on the membrane
suggest the existence of cooperative relationships between
the receptors of mast cells including those from the PAR
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Table 1. Mediators released by mast cells and several of their functions
Mediator

Functions

References

Preformed mediators
Histamine

vasodilator of intact vessels and vasoconstrictor of atherosclerotic coro
nary arteries, activator of endothelium (expression of Pselectin, induc
tion of leukocyte rolling)

[7278]

Heparin

cofactor of growth factors, anticoagulant, inhibitor of aggregation

[7983]

Tryptase

PAR2 agonist, activator of endothelium, mitogen of smooth muscle
cells, MMP activator, fibrinogenolysis activator

[21, 62, 8488]

Chymase

tissue remodeling, conversion of angiotensin I in II, cleavage of lipopro
teins, TGFβ1 activation

[8992]

Carboxypeptidase

metalloproteinase, remodeling of tissues

[9294]

Cathepsin G

PAR1 antagonist, platelets activator, vasodilator

Tissue plasminogen
activator

plasminogen activator

[9, 95, 96]
[97]

Newly generated mediators
Nitric oxide

vasodilator, inhibitor of platelet aggregation and leukocytes adhesion

PAF

vasoconstrictor, inductor of platelet aggregation

PGD2, PGE2, LTC4,
LTB4

inducers of chemokinesis and chemotaxis of leukocytes and smooth mus
cle cell contraction

Thromboxanes

inducers of platelet aggregation

Cytokines (IL4, 5, 6,
13, TNFα)

activators of endothelium, monocyte recruitment, chemotaxis

Chemokines (MCP1,
IL8, RANTES)

activators of monocyte recruitment, foam cell formation

Hematopoietic factors
(IL3, GMCSF)

hematopoiesis, foam cell formation

[74, 103, 104, 110]

Growth factors (bFGF,
VEGF, TGFβ, PDGF)

cell proliferation, chemotaxis

[74, 103, 111, 112]

family. The proposed hypothesis is in agreement with
published data. Thus, it was demonstrated that PAR3
stimulates thrombin interaction with PAR4 on platelets
[52]. Gordon et al. [108] observed not only the activation
in response to thrombin on murine peritoneal mast cells,
but also detected a selective modulation of cell reactivity
by the enzyme. It was revealed that thrombin induces
dosedependently (similar to immune liberator, allergen)
the interleukin6 synthesis in the cells and its subsequent
secretion. The response of mast cells to underthreshold
concentrations of allergen increased more than 100fold
in the presence of threshold thrombin concentrations.
The observed permissive effect of low concentrations of
immune liberator on the synthesis and secretion of
cytokine in response to the nonimmune activator of
mast cells, thrombin, to our mind clearly indicates the

[4, 72, 98102]
[4, 27, 98, 99, 102]
[74, 103105]
[74, 106, 107]
[74, 97, 103, 105, 107, 108]
[73, 74, 103, 104, 110]

cooperative relationships between receptors on the mast
cell and the possibility of thrombin involvement in the
generation of cytokines during inflammation.
However, the possibility of the presence of other
types of thrombin receptor on mast cells together with
PARs should not be excluded. Our early observation
about the influence of different thrombin forms and con
centrations on varying the membrane ionic permeability
of mast cells, Na+/H+ exchange, and intracellular Ca2+
concentration [115, 119], and data about a significantly
higher IL6 concentration released by thrombin from
murine mast cells in comparison to the secretion on the
PAR1 peptide agonist [108] provide evidence for this
suggestion.
Nitric oxide is an endogenous regulator of the activi
ty of mast cells; it activates guanylate cyclase and inhibits
BIOCHEMISTRY (Moscow) Vol. 67 No. 1 2002
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Table 2. Nonimmunologic activators of mast cells
Activator

References

Proteases:
thrombin,
factor Xa

[113116, 118]
[116]

Peptides:
substance P, bradykinin, neu
rotensin, endothelin1, defen
sin, vasoactive intestinal pep
tide, calcitonin gene related
peptide

[73, 74, 103, 104, 117]

[74, 104]

Cytokines
Lipids:
PAF, leukotrienes LTB4, LCT4,
prostaglandin D2
Exogenous liberators:
substance 48/50, mastoparan,
polymyxin B
Ca2+ionophore A23187
peptide agonist of PAR1
peptide agonist of PAR2

[73, 74, 103, 104]

[74, 117 ]
[74, 117]
[116, 118]
[116]
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histamine and PAF secretion during activation by
cytokines [99, 120]. The possibility of modulation of the
reactivity of mast cells mediated by PAR1 was demon
strated in the study of the receptor agonist influence on
NO release [98]. The PAR1 agonist peptide stimulated
NO release in mast cells; the effect was blocked in the
presence of LNAME (an inhibitor of NO generation) or
calmidasolium (an inhibitor of calmodulin and Ca
dependent constitutive isoform of NOsynthase (c
NOS)). It was demonstrated that NO donors inhibit
degranulation of peritoneal mast cells [121] and histamine
release by mast cells activated by lipopolysaccharides and
prevent leukocyte activation and the increase in endothe
lium permeability induced by histamine [100102].
Thus, blood coagulation activation during inflamma
tion leads to the generation of thrombin, factor Xa and
other proteinases. Interacting with their receptors (of the
PAR family and/or others), these proteinases are involved
in the regulation of the early stages of inflammation
through NO release and blockage of the expression of the
adhesive molecules, as well as in the stimulation of inflam
mation and tissue repair through activation of mast and
endothelial cells, fibroblasts, smooth muscle cells, and oth
ers (see figure). Receptors of proteinases of the blood coag

thrombocytes
PAR4

THROMBIN
prothrombin
Ха

PAR1

Х
TF/VIIa

monocyte

NO
ICAM1
PAR2

PAR1

EPR1

PAR2
THROMBIN
prothrombin
NO

Ха
PAR1

histamine
proteases
heparin
PAF
cytokines
growth
factors

macrophage

TF/VIIa
PAR2

mast
cell

Х

Involvement of PARfamily receptors in the regulation of function of cells participating in blood coagulation and inflammation. PAR1 is
expressed on platelets and on endothelial and mast cells. Thrombin is generated from prothrombin in blood vessels and tissues
(macrophages). Thrombin activates: 1) endothelial PAR1 leading to the secretion and expression of the mediators of inflammation and
anticoagulants (NO, ICAM1, and others); 2) PAR1 and PAR4 of platelets stimulating adhesion and aggregation followed by the activa
tion of blood clotting cascade; 3) PAR1 of mast cells inducing the secretion of proinflammatory (histamine, PAF, cytokines, and others)
and antiinflammatory (NO, heparin) mediators. Factor Xa activates prothrombin conversion to thrombin, and also interacts with endothe
lium through EPR1 and PAR2 receptors, with mast cells through PAR2 (TF is tissue factor)
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ulation system serve as their sensors on the target cells and
are involved in the association of blood coagulation and
inflammation.
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