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Background. Thrombin is the key enzyme of blood coagulation that converts fibrinogen into fibrin
and activates multiple coagulation factors. However, the temporal relationship between thrombin-mediated
fibrin formation and the availability of thrombin for other physiological substrates during the initiation of
coagulation remains insufficiently understood. Objective. To investigate the role of fibrinogen and fibrin in
regulating thrombin activity during the initiation phase of thrombin generation in plasma. Methods. Throm-
bin generation was initiated in human plasma using activated partial thromboplastin time (APTT) reagent
or Thromborel. Fibrin formation was monitored turbidimetrically at 405 nm. Thrombin amidolytic activity
toward the chromogenic substrate S2238 was measured spectrophotometrically at 405 nm. Fibrin polymeri-
zation was inhibited with the synthetic peptide GPRP. The effects of plasma dilution and inhibition of fibrin
polymerization on the temporal profiles of fibrin formation and thrombin activity were analyzed. Results.
During initiation of thrombin generation with both APTT-reagent and Thromborel, the beginning of cleavage
of §2238 by thrombin coincided with the end of fibrin clot formation, marked by turbidimetric curve. At 1:3
plasma dilution, fibrin formation lag time was 210 s, amidase activity lag phase was 410 s. At 1:10 dilution,
the lag time for fibrin formation was 73 s, amidase activity was 200 s, indicating that dilution (and lower fi-
brinogen) accelerates thrombin generation. With 1 mM GPRP, fibrin and amidase activity lag times increased
by an order of magnitude. Conclusions. Thrombin generated during initiation of thrombin generation acts
primarily on fibrinogen, remaining bound to the molecule throughout its conversion into fibrin and clot for-
mation. Its amidase activity emerges only after protofibrils undergo lateral association into fibrin clot. Once
the binding sites in the fibrin clot are saturated, thrombin becomes available for other substrates (FV, FVIII,
FXI) and physiological functions.
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T hrombin is a multifunctional enzyme [1].
As the main enzyme of the hemostasis sys-
tem, it ensures blood coagulation and the
formation of clots to maintain the integrity of the
cardiovascular system [2-4]. After clot formation,
thrombin activates the anti-coagulant mechanisms
of the hemostasis system, inactivating the tenase and
prothrombinase complexes [5, 6]. Thrombin’s multi-
functionality is realized over time and through the
compartmentalization of its action in different parts
of the cardiovascular system with the participation of
LDL and PAR receptor proteins, thrombomodulin,
and its interaction with the glycocalyx and vascular
endothelium of the circulatory system [7-9]. There-
fore, the determination of thrombin activity during
its in vitro generation is an important diagnostic
method for assessing the activity of the components
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of the coagulation and anti-coagulation systems of
hemostasis, their balance, and for determining the
state of the hemostasis system [10, 11].

The activation of hemostasis coagulation sys-
tem has three phases, namely: the initiation phase
of coagulation, the amplification phase of thrombin
activity, where the maximum thrombin activity is
determined, and the resolution phase, which is char-
acterized by endogenous thrombin potential of blood
plasma [10, 11]. The most complex and important
for thrombin generation and fibrin clot formation is
the initiation phase, during which the activity of the
formed thrombin is focused only on the transforma-
tion of fibrinogen into fibrin, the formation of a fibrin
clot, and does not act on other enzyme substrates
[12].
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The amplification phase of thrombin activity
begins after completion of initiation phase with the
formation of fibrillar structure of the clot [13, 14]. It
is associated with completion of the fibrinogen into
fibrin transformation and thrombin binding sites sat-
uration on the polymeric fibrin. It is assumed that the
excess concentration of thrombin, which is formed
within the fibrin clot both in vitro and in vivo in case
of major bleeding, is necessary for the rapid comple-
tion of clot and its surface formation [15]. This is
primarily due to the activation of FXIII to FXIlla,
followed by the cross-linking of fibrin via y-y chains,
the inclusion of a2-AP, PAI-1 in the clot, the acti-
vation of platelets, and the cross-linking of IIbllla
with polymeric fibrin to form a strong and protease-
resistant thrombus surface [16, 17].

Due to the absence of amidase activity in the
initiation phase of coagulation system activation,
less attention has been paid to the relationship be-
tween fibrin clot formation and thrombin formation
than to subsequent phases of thrombin generation
[10-18]. This work presents the results of a study on
the temporal relationship between the stages of clot
structure formation and thrombin generation in hu-
man blood plasma in vitro.

Material and Methods

Activated partial thromboplastin time (APTT)
reagent from Granum (Ukraine) and recombinant
tissue plasminogen activator (t-PA) from Boehringer
Ingelheim (Germany). S2238 pNA-labeled pep-
tide substrate was purchased from Chromogenix,
Gly-Pro-Arg-Pro (GPRP) pNA-labeled peptide
substrate - from Sigma-Aldrich, St. Louis, USA).
Thrombin-like enzyme Ancistron was purified from
the venom of A. halys halys using Blue-Sepharose
(Sigma-Aldrich, St. Louis, USA).

Donor blood samples were collected in 3.8%
sodium citrate (1 part sodium citrate and 9 parts
blood, pH 7.4). Plasma was separated from blood
cells within one hour after blood collection by cen-
trifuging the latter at 1500 g for 30 min. Aliquots of
plasma were stored at -20°C.

Blood plasma coagulation was studied using
the turbidimetric method by recording the turbidi-
ty of the fibrin clot at 405 nm on an SF-2000 Spec-
trophotometer [19]. The clot was formed in plastic
cuvettes to which 0.02 M HEPES buffer containing
0.15 M NaCl, 0.005% Tween-20, pH 7.4, 40 ul or
133 ul of blood plasma and 50 pul of the APTT rea-
gent or 2,0 pul TF were added. Chromogenic sub-

strate S2238 at 0.3 mM concentration was used to
determine thrombin amidase activitie. The plasma
coagulation process was initiated by adding 25 mM
CaCl,. The final volume of the reaction mixture was
400 pl.

Non-clotting plasma was obtained by adding
proteolytic enzyme from the venom of Agkistrodon
halys halys. After 30 min of incubation of plasma
with this enzyme (0.02 mg/ml) at 37°C, the Aa
chains were hydrolyzed while the Bff and y chains
remained intact but plasma lost clotting ability [20].

The results were processed using the standard
Excel statistical program. The average values of the
parameters and their standard deviation were deter-
mined.

Results and Discussion

Activation of the human plasma coagulation
system begins with the initiation phase, which pro-
ceeds through two activation pathways — the primary
extrinsic and the additional intrinsic [5, 6]. In vitro,
the initiator of the extrinsic pathway is tissue factor
(TF), whereas the initiator of the intrinsic pathway
is the APTT reagent.

A study of the temporal relationship between
clot formation and thrombin generation at the ini-
tiation stage of coagulation activation showed, as
seen in Fig. 1, that in both systems at the initiation
stage of coagulation activation, the start of recording
thrombin generation by its amidase activity coin-
cides in time with the completion of clot formation
in blood plasma. Thrombin generation accelerates
sharply in both systems after the completion of the
clot structure formation.

In the system with an APTT reagent, a high
level of spontaneous activity is observed, which
probably belongs to three enzymes capable of being
activated by the APTT reagent, namely: FXII, kal-
likrein, and FXI, which, after activation, hydrolyze
the thrombin substrate [21]. The kinetics of S2238
cleavage indicates a simultaneous and complete ac-
tivation of all non-specific enzymes by the APTT
reagent, Fig. 1 (right panel).

The obtained result indicates the existence of a
temporal sequence between the appearance of fibrin
clot and the amidase activity of generated thrombin,
namely: thrombin generated during the initiation
phase of coagulation begins to exhibit its amidase
activity at the stage of clot completion in plasma.
This may reflect a temporal relationship between
thrombin generation and the stages of clot formation
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Fig. 1. Comparative analysis of plasma clotting and amidase activity growth with activation by Thromborel
(tissue factor, left) or APTT reagent (right). Each curve represents the average of two experiments: turbidi-
metric clotting without S2238 (dark red, 405 nm); thrombin generation with S2238 (orange, 405 nm); both in
the presence of 1 mM GPRP peptide (dark blue). Vertical segments indicate that amidase activity acceleration

coincides with completion of fibrillar clot formation

in human plasma, initiated by TF or APTT reagent,
and may suggest the involvement of fibrinogen (Fg)
and fibrin in the regulation of prothrombin activation
during initiation.

Fg is at the boundary between the system of
prothrombin activation into thrombin, which is gen-
erated by action of TF-FVIla-FXa and FIXa-FXa
complexes, and formation of fibrin clot, Fig. 2. The
concentration of Fg in plasma is normally in range
of 5.8 — 11.6 uM. At the beginning of the coagulation
initiation phase, Fg is the only substrate for throm-
bin, under the action of which it transforms into
desA-fibrin, and the latter begins to form polymeric
clot structures, Fig. 2. S2238 cannot affect these pro-
cesses due to its weak affinity for thrombin and its
weak influence on fibrin polymerization [1-5].

It should be noted that the cleavage of fibrino-
peptides A and the formation of desA-fibrin occurs
at sub- and nM concentrations of thrombin [11]. The
formation of desA-fibrin protofibrils and their lateral
association stimulates the cleavage of fibrinopep-
tides B and the formation of desAB-fibrin fibrils and
the clot as a whole. The amidase activity of thrombin
begins to manifest itself only after the formation of
a fibrin clot, as is clearly seen in Fig. 3 (plasma dilu-
tion 1 : 10). During the time of lateral association of
protofibrils and due to the high affinity of thrombin
for the fibrin that is forming and formed into a clot,
the generated thrombin saturates the binding sites
on the fibrin fibrils of the clot, transforming it into
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a thrombin depot and begins to be released into the
interfibrillar space of the clot, Fig. 2 [10].

Thrombin, which in increasing concentration
enters into interfibrillar space of the blood plasma
clot, switches to the activation of FVIII, FV and
FXI, which form tenase (FVIIla - FIXa- FXa-PL)
and prothrombinase (FVa-FXa-PL) complexes,
causing a “burst” in the growth of the amidase ac-
tivity of thrombin. It is likely that in this way Fg and
fibrin sequentially and in different forms regulate the
initiation of activation of the coagulation system.

It should also be noted that under conditions
of weak prothrombin activation, Fg can block the
polymerization of desA-fibrin at the soluble fibrin
stage [22]. This delay the formation of protofibrils
and the fibrin clot, which serves as thrombin reser-
voir required for the further activation of the initia-
tion phase of plasma coagulation.

To determine the role of polymeric fibrin struc-
ture in the initiation of thrombin generation, we used
the highly specific polymeric fibrin formation inhibi-
tor — GPRP peptide [23]. As the data presented in
Fig. 1 show, 1 mM GPRP completely suppressed not
only the clot formation in blood plasma initiated by
TF or aPTT reagent, but also completely inhibited
the initiation stage of thrombin’s amidase activity
generation in both systems.

In contrast to donor plasma, in nonclotting
plasma the (TF—FVIla)—-FXa complex exhibited had
no lag phase and activated thrombin generation al-
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Fig. 2. Schematic representation of thrombin generation initiation and subsequent participation of thrombin
in the reactions of initiation phase of plasma coagulation. The figure illustrates the sequence of reactions of
thrombin initiation, starting with the formation of TF-FVlla-FXa and FIXa-FXa complexes, clot formation,
and participation of its structures in the initiation of thrombin generation. Plt — platelets, EC — endothelial
cells, PrC — protein C, TAFI — thrombin activatable fibrinolysis inhibitor, FXIII — transglutaminase, TM —

thrombomodulin

most linearly and significantly more slowly. Thus,
Fig. 3 shows the thrombin generation curve initiated
by TF (Thromborel, Siemens, Germany). In nonclot-
ting plasma, the release of the p-NA label from the
S2238 thrombin substrate in 500 s was ~ 0.4 a.u. at
405 nm. At the same time, in donor plasma in the
presence of TF or aPTT reagent, the entire substrate
is destroyed in 250 and 230 s, respectively, Fig. 3.
This result indicates that TF-FVIIa-FXa and FIXa-
FXa complexes in blood plasma are weak activators
of thrombin generation in the absence of polymeric
fibrin (clot).

On the other hand, this study indicates the ab-
solute necessity of Fg and fibrin participation in the
formation of the fibrin clot to ensure rapid and ef-
fective thrombin generation in donor plasma, Fig. 1.

The effect absence of 1 mM GPRP peptide on
thrombin generation in defibrinated blood plasma is
direct evidence of the necessity of fibrin in the form
of a clot for the effective initiation of thrombin gene-
ration. The mechanism of fibrin clot’s participation
in stimulating prothrombin activation is not fully
understood.

To clarify the effect of blood plasma dilution on
clot formation and the initiation of thrombin gene-
ration (Fig. 4), we compared the onset of thrombin
generation, as measured by its amidase activity, in
a system containing plasma + S2238 + Thromborel
(TF). It was 410 s with a 1:3 plasma dilution, while
the lag period before the start of clot formation was
210 s.
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Fig. 3. The effect of I mM GPRP peptide on throm-
bin generation initiated by tissue factor in nonclot-
ting human blood plasma

In the 1:10 diluted plasma, lag period for clot
was 73 s, and for amidase activity, it was 200 s. The
decrease in fibrinogen concentration in the 1:10 di-
luted plasma accelerated thrombin generation. These
data confirm our hypothesis that fibrinogen acts not
only as a substrate for thrombin but also as an in-
hibitor of fibrin polymerization (Antithrombin I),
since it increases the lag period for clot formation by
three times. Evidently, inhibition of fibrin polymeri-
zation by fibrinogen is reduced much more strongly
when fibrinogen concentration is diluted tenfold than
threefold. Secondly, the capacity of fibrin clot as a
thrombin reservoir, under threefold plasma dilution,
significantly exceeds the concentration of generated
thrombin. This increases the time required to satu-
rate the clot with thrombin and prolongs the tenase
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and prothrombinase complexes formation twofold,
thereby delaying the burst of amidase activity in
plasma.

Conclusion. Thrombin generation, as measured
by amidase activity, appears and begins to accelerate
simultaneously with the completion of fibrin clot’s
fibrillar structure formation. Clearly, the three-di-
mensional structure of polymer fibrin is essential
for thrombin accumulation [24]. The clot serves as
a thrombin reservoir that enables the realization of
multifunctional potential of thrombin (Fig. 2). As
mentioned earlier, after clot saturating with throm-
bin, excess of the latter switches to activating FVIII,
FV, and FXI factors, leading to the formation of
tenase and prothrombinase complexes. These com-
plexes cause a burst in thrombin activity, which is
necessary for the final stages of clot and thrombus
formation. In vitro, this allows for the determina-
tion of important diagnostic parameters of thrombin
generation, such as the lag period of thrombin gene-
ration initiation, the maximum rate of prothrombin
activation, maximum thrombin activity and concen-
tration, and the endogenous thrombin potential of
the patient’s blood plasma. In vivo, a high concentra-
tion of thrombin is essential for platelet activation,
the completion of clot formation, and the formation
of a thrombus surface structure resistant to the ac-
tion of proteolytic enzymes and the fibrinolysis sys-
tem.

Thus, thrombin generation during the initiation
phase of coagulation activation is a process strictly
directed at fibrin clot formation. The observed pat-
tern of thrombin activity generation, linked to fibrin
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Fig. 4. The effect of 1:10 and 1:3 blood plasma dilution on the parameters of coagulation activation and the ini-
tiation of thrombin generation in blood plasma, where coagulation is initiated by tissue factor (Thromborel)
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clot formation, can indicate the balance between the
activation of the coagulation system and the anti-
coagulation hemostasis of blood plasma.
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POJIb ®IGPUHOTEHY TA ®IBPUHY
B IHILIALIIi YTBOPEHHS
TPOMBIHY

A. B. Yoosenko ~, €. M. Maxozonenxo",
B. O. Yepruwenxo

TacTuTyT Gioximii im. O. B. [Mammanin
HAH VYkpaian, Kuis, Ykpaina;
®e-mail: nudovenko26@gmail.com

Beryn. Tpom0OiH € KIIFOYOBUM  CH3UMOM
CUCTEMM 3CiJJaHHS KpOBI, SKUH TEPETBOPIOE
¢iOpunoren Ha (GIOpUH 1 aKTUBYE YMCIEHHI (ak-
Topu 3ropraHHs. OAHAK YacOBHH B3a€EMO3B’SI30K
MK  TpOoMOiH-ONOCEPEAKOBAHUM  YTBOPEHHSM
¢iOpuHy Ta IOCTYMHICTIO TPOMOIHY ISl 1HIIMX
¢izionoriuHux cyOcTpaTiB Ha cramil iHimiamii
3TOpPTaHHS 3aJUIIAETHCS HEAOCTATHHO BUBUCHHM.
Merta. [ocninutu pons QpidpuHOreny ta GpiopuHy B
peryJssnii akTHBHOCTI TPOMOIHY Ha cTajii iHiIiarii
rerepanii Tpom0Oiny B ma3mi. Metoau. ['enepariito
TpOMOiIHY B TuIa3Mmi KpOBi JIIOAMHH 1HIIIIOBAaJIH
3a JIOIIOMOTOK0 PEareHTy aKTHBOBAHOI'O YaCTKO-
Boro TtpomOoruiactuoBoro uacy (AUTY) abo
Thromborel. ®opmyBanHs (iOpHHY KOHTpPOJIOBA-
mu TypOiguMerpudno mipu 405 HM. AMiTOTITHYHY
AKTHUBHICTh TPOMOIHY IMIOAO XPOMOTCHHOI'O CyO-
crpary S2238 Bu3HaAuai M CHEKTPO(GOTOMETPUUHO

npu 405 am. [lonimepusanito ¢Gidpuny iHTriOyBan
cunretnuynuM nentugoM GPRP.  Anamizysann
BIUIMB PO3BEICHHS IUJIa3MH Ta 1HTIOyBaHHs
noximepusanii ¢idpuny Ha uacosi mpodini dop-
MyBaHHSl (DiOpuHY W akTUBHOCTI TpomOiHy. Pe-
3yabraTu. [lig yac inimiaumii reHepanii TpomOiHy
gk pearenToM AUYTY, tak i Thromborel, mouaTok
po3suerierHs: S2238 TpomOiHOM 30iraBes i3 3aBep-
HIeHHSIM (QopMyBaHHsI (IOPUHOBOrO 3ryCTKY, IO
BU3HAYaJIHM 33 TYpPOIIMMETPUYHOI KPUBOKO. Y pa3si
po3BeneHHs miuasMu 1:3 yac 3aTpuMKHu GOpMYBaHHS
¢idpuny cranosus 210 ¢, a nar-gaza aMiOTITHYHOT
aktuBHOCTI — 410 c¢. 3a po3BenenHs 1:10 gac 3a-
TpuMKHu (opmyBaHHsS (QiOpuHY craHoBUB 73 C, a
nar-¢asa amigonitnyHoi aktuBHOCTI — 200 ¢, 10
CBIAYMTH MPO NPUCKOPEHHS TeHepauii TpoMOiHy
IpH PO3BeACHHI T1a3Mu (1 3HUKEHH1 KOHLEHTpaLii
¢ibpunoreny). 3a nHasiBHOCTi 1 MM GPRP nar-
da3u ¢dopmyBanHs (IOpUHY Ta aMIiJIOIITHYHOL
AaKTUBHOCTI 30iMblIyBanucs NPUOIU3HO HA TO-
psinok. BuchoBku. TpoMOiH, IO YTBOPIOETHCS
Ha craail iHidianii reHepamii TpomOiHy, Hacam-
nepes B3aemojlie 3 (DIOPUHOINEHOM 1 3aJIMIIAETHCS
3B’S13aHUM 13 I[I€F0 MOJICKYJIOK) MPOTSITOM YChOTO
nporiecy ii mepeTBopeHHs Ha QiOpuH i popMyBaHHs
3rycTKy. Moro amina3sHa akTHBHICTb POSBIISETHCS
JMILe Micist JIaTepalbHOl acouianii mpoTodioput
y (iOpuHOBHE 3rycToK. Ilicnms HacuueHHs calTiB
3B’ s13yBaHHS y (HiOpHHOBOMY 3IyCTKY TpPOMOIH
CTa€ JIOCTYIHUM JUIsl B3a€MOJii 3 IHIIMMH CYO-
crparamu (FV, FVII, FXI) Ta BuKoHaHHS 1HIINX
¢izionoriuHux QyHKIIN.

KnmouoBi cimoBa: TpoMOiH, (hiOpUHOTEH,
(hi6bpuH, anaini3 reneparii TpomOiny (TGA).
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