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Previously, the direct interactions of BB26-42 fibrin resi-
dues with prothrombin were demonstrated. It was also
shown that forming prothrombin complexes with E- or
DDE-fragments causes non-enzymatic prothrombin ac-
tivation. The direct measuring of the prothrombin level
in the blood plasma of patients with acute myocardial
infarction (AMI) allowed us to find a situation where
such an activation can occur in vivo. Blood coagulation
parameters in the blood plasma of patients with AMI
were measured at 2 hours, three days, and seven days
after the thrombolysis by streptokinase accompanied
with intravenous administration of anticoagulants: un-
fractionated high molecular weight heparin (HMWH) and
low-molecular-weight heparin (LMWH). The prothrom-
bin level in the blood plasma of patients with AMI was
normal before thrombolytic therapy and substantially
decreased after streptokinase administration. This ef-
fect was prominent in the case of concomitant antico-
agulant therapy with LMWH and was not observed when
HMWH was applied. It can be explained by the fact that
LMWH preferentially inhibits factor Xa, while the HMWH
is an effective inhibitor of both factor Xa and thrombin.
This observation suggested that the prothrombin level
decrease was caused by the thrombin-like activity and
possible autolysis of prothrombin by thrombin. Also,
thrombolytic therapy with streptokinase caused the ac-
cumulation of fibrin degradation products (FDPs), some
of which were able to bind prothrombin. The dramatic
decrease of prothrombin level in the blood plasma of
patients with AMI during thrombolysis allowed us to
conclude the non-enzymatic prothrombin activation with
the following autolysis of prothrombin that contributes
to the pathology.
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INTRODUCTION

Thrombotic complications are the main reason for the
development of cardiovascular diseases, particularly acute
myocardial infarction (AMI), which causes acute or per-
sistent ischemic anoxia of the coronary artery. Such an-
oxia and the occlusion of the coronary artery are caused
by intravascular thrombus formation that terminates the
proper blood flow in coronary vessels (Grover ez al,.,
2018; Karbach ez al,., 2019; Hudeca ez al,., 2020; Wiec-
26t et al.,., 2020).

Activation of the blood coagulation system leads to
the appearance in the bloodstream of a considerable
amount of thrombin due to the activation of prothrom-
bin. Thrombin leads to the activation of platelets and
conversion of fibrinogen to fibrin monomer, which,
upon polymerization, forms a fibrin clot — the core of
a thrombus (Pasupathy ef al, 2018; Toshiaki ez al, 2016;
Wood ¢ al, 2011).

Thrombin and prothrombin (its inactive precursor)
are crucial factors in physiological and pathophysiolog-
ical coagulation. A general assessment of thrombin ac-
tivity and prothrombin content is necessary for proper
patient management (Korolova e al, 2021). However,
determining the prothrombin time, which characterizes
the state of the coagulation factors of the external blood
clotting pathway, does not allow for determining the
contribution of prothrombin in the test result. Increases
in thrombin generation are being detected by the deter-
mination of prothrombin fragment 142, thrombin-anti-
thrombin complex, prethrombin-1, or soluble fibrin as
products of thrombin-catalyzed reactions. The total level
of prothrombin in the blood plasma of patients needs
to be measured (Negtier ez al, 2019; Wexels ez al, 2016;
Zhao et al., 2023; Elged et al., 20106).

The purpose of our work was to apply the direct
measuring of the level of prothrombin in the blood plas-
ma of patients with acute myocardial infarction (AMI).
To achieve this goal, we studied blood coagulation pa-
rameters in the blood plasma of patients with AMI at 2
hours, three days and seven days after the thrombolysis
by streptokinase accompanied with intravenous admin-
istration of anticoagulants: unfractionated heparin and
low-molecular-weight heparin (LMWH).
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MATERIALS AND METHODS

Materials
Chromogenic substrates S2238 (H-D-Phe-Pip-Arg-
pNA), 82765 (Z-D-Arg-Gly-Arg-pNA), and S2236

(p-Glu-Pro-Arg-pNa) were purchased from BIOPHEN
(Neuville-sur-Oise, France). Factor X activator from Rus-
sel vipera venom (RVV), thrombin from human blood
plasma, sodium citrate, phosphate-buffered saline (PBS)
tablets (pH 7.2, sodium chloride, 0.15 M) were pur-
chased from Sigma-Aldrich (St. Louis, USA). APTT-re-
agent, control donors’ blood plasma, and test systems
for determining Protein C and antithrombin III levels
were purchased from Siemens-Biomed (Marburg, Ger-
many). The thrombin-like enzyme was purified from the
venom of Agkistrodon halys halys according to the method
described in (Solovjov ez al, 1998). The activator of pro-
thrombin (ecamulin) was purified from Ecbis multisqua-
matis venom according to the method of Solovjov and
others (Solovjov ez al, 1996). Monomeric fibrin desAB
was purified according to the method described (Pozdn-
jakova et al, 1979).

Patients

The study included patients with large-focal and trans-
mural AIM under 70 without signs of cardiogenic shock
(n=57). The patients were treated at the State Institu-
tional Scientific Center The M.D. Strazhesko Institute of
Cardiology, Clinical and Regenerative Medicine of The
National Academy of Medical Sciences of Ukraine, Kyiv.

On average, patients were taken to the division of re-
animation and intensive therapy in the first 6 hours after
the heart attack in 3.1+0.2 h. Patients were 57.4 years
old on average. Some of them had arterial hypertension
(45.5%), diabetes (7%), and 64% were smokers. The av-
erage BMI was 28.4 kg/m>

Inclusion criteria were clinical signs of acute coronary
syndrome, registration of the elevation of the ST seg-
ment of the electrocardiogram by 2 mm or more in two
measurements, age from 30 to 70 years.

Exclusion criteria were cardiogenic shock, severe
forms of diabetes, bronchial asthma, kidney or liver fail-
ure, documented disorders in the blood coagulation sys-
tem, bleedings during the last six months, level of hemo-
globin below 100 g/1, violation of cerebral blood flow,
and body weight above 110 kg or below 60 kg.

Systemic thrombolytic therapy was performed with
streptokinase (SK) (Kabikinase from ‘Pharmacia&Up-
john’, USA) at 1500000 IU and was carried out for
30—40 minutes. All patients received basic anti-platelet
therapy, therapy by beta blockers, statins, ADP inhibi-
tors, and nitrates.

Anticoagulant prophylaxis was performed with fraxi-
parin or heparin 4-6 hours after the start of thrombo-
Iytic therapy. Standard unfractionated heparin was ad-
ministered by an intravenous infusion lasting 48 hours
(activated partial thromboplastin time (APTT was con-
trolled), in an average dose of 1000 IU per hour, then
subcutaneously four times a day for 5-7 days.

Fraxiparine (‘Sanofi-Synthelabo,” France) was admin-
istered by bolus administration (0.6 ml) and then three
hours later under the skin at the same dose for 3 days.
Administration of Fraxiparine was then continued at half
the dose until the 6-7th day of myocardial infarction.

Platelet-poor blood plasma was prepared from citrated
blood by centrifugation at 1200Xg for 30 min. Sodium
citrate (3.8%) added immediately after collection to the

whole blood at a 1:9 ratio was used as an anticoagulant.
All work was conducted under the Declaration of Hel-
sinki. Studies were conducted per the Ethical Commit-
tee Approval N 3 form 04.04.2019 (Palladin Institute of
Biochemistry of NAS of Ukraine).

Methods

Fibrinogen concentration

Fibrinogen concentration in the blood plasma was de-
termined by the modified spectrophotometric method.
Blood plasma (0.2 ml) and PBS (1.7 ml) were mixed in a
glass tube. Coagulation was initiated by adding 0.1 ml of
the thrombin-like enzyme from the venom of Agkistro-
don halys halys (1 NIH/ml), which allowed to avoid fibrin
cross-linking. The mixture was incubated for 30 min at
37°C. The fibrin clot was removed and re-solved in 5
ml of 1.5% acetic acid. The concentration of protein was
measured using a spectrophotometer POP (Optizen, Ko-
rea) at 280 nm (e=1.5) (Sokolovska ez al, 2002).

Activated partial thromboplastin time

Activated partial thromboplastin time (APTT) was
performed following the procedure: 0.1 ml of stud-
ied blood plasma was mixed with an equal volume of
APTT-reagent and incubated for 3 minutes at 37°C.
Then, the coagulation was initiated by adding 0.1 ml of
0.025 M solution of CaCl,, and clotting time was moni-
tored. The clotting time was evaluated using a coagulom-
eter CT2410 (Solar, Belarus).

Prothrombin time

Prothrombin time (PT) was measured as follows: clot-
ting was initiated by mixing 0.1 ml of blood plasma with
0.1 ml of 0.025 M CaCl, and 0.1 ml of thromboplastin
reagent, time of clotting was monitored. Thromboplas-
tin acts through the tissue factor pathway of coagulation
and activates only carboxylated and uncleaved forms of
prothrombin. The clotting time was evaluated using a
coagulometer CT2410 (Solar, Belarus).

Prothrombin level

Total prothrombin level was measured using ecamulin
(the prothrombin activator from Echis multisqumatis snake
venom) and chromogenic thrombin-specific substrate
52238 (H-D-Phe-Pip-Arg-pNA). Ecamulin activates pro-
thrombin and all of its inactive forms to determine total
prothrombin level (Korolova ef al., 2023).

In a well of a 96-well plate, 0.02 ml of studied blood
plasma sample, 0.03 ml of S2238 solution (0.25 mM),
and 0.03 ml of ecamulin solution (0.06 mg/ml) were ad-
mixed in the PBS with 0.001 M CaCl, at final volume of
0.25 ml. The generation of colorful p-nitroaniline (pNa)
was monitored at 405 nm using a ThermoMultiscan
multi-plate reader (ThermoFisher, USA). Results were
presented as % from control values.

Soluble fibrin monomeric complexes (SFMCs)

For the SFMCs measurement in the glass tube, the 0.25
ml of studied blood plasma sample was mixed with an
equal volume of 0.1 M KH,PO, buffer pH 7.5. Then 0.4
ml of 1 M KH,PO, buffer pH 7.5 was added to the whole
volume after gentle mixing. Samples were incubated for 30
min at ambient temperature. After incubation, the accumu-
lation of saturated SFMCs was estimated semi-quantitatively
in the range of concentrations 7-140 ug/ml by following
gradation: clear solution without turbidity — negative result;
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Table 1. Hemostasis system parameters of the patients with AMI at the time of admission to the clinic. The median value, minimum,

and maximum are given.

Parameter Healthy donors (n=30) Patients with AMI (n=57)
Fibrinogen level, g/ 2.5 (2.3-3.0) 3.2% (2.2-5.5)

APTT, sec 45 (41-49) 41.0% (23-71)
Prothrombin level, % 100 (85-105) 105* (64-127)

SFMCs, pg/ml 0.0 (0.0-3.0) 40.0* (17-140)

Protein C level, % 100 (90-115) 63* (40-110)

AT lll level, % 100 (90-110) 100 (62-120)

Clotting factor X level, % 100 (90-100) 92 (60-120)

*p<0.05, compared to donors

several dots in the solution — up to 7 pug/ml; visible turbidi-
ty — up to 35 pg/ml; formation of flakes — up to 70 pug/ml;
formation of fibers — up to 90 pg/ml; gellike sedimenta-
ton — up to 140 pg/ml. For the calibration, we used blood
plasma samples with monomeric fibrin desAB added at fi-
nal concentrations from 7-140 ug/ml prepared according
to the method (Pozdnjakova ez al, 1979).

Protein C level

Protein C (PC) level was determined using the activator
of PC (Berichrom, Germany). The generation of activated
PC was measured by chromogenic substrate assay using
specific chromogenic substrate $2236 (p-Glu-Pro-Arg-
pNa). The analysis was performed in 0.05 M Tris-HCI
buffer pH 7.4, at 37°C. The chromogenic substrate con-
centration was 30 mM. The generation of para-nitroani-
line was measured at 405 nm on a microtiter plate reader
Multiscan EX (Thermo Fisher Scientific, Waltham, USA).
Here and below for Multiscan EX: Linearity 0-2 Abs, &
2.0% at 405 nm; accuracy + 2.0% or * 0.007 Abs at 405
nm. Results were presented as the ratio of PC level in the
blood plasma of the studied sample to PC level in the
blood plasma of the healthy donor.

Antithrombin level

Antithrombin IIT (ATIII) activity is determined based
on its ability to neutralize thrombin in the presence of
heparin. The overabundance of thrombin was inhibited
by the ATIII-heparin complex proportionally to the
ATII in blood plasma.

The analysis was performed according to the recom-
mendations of the manufacturer. The remaining activity
of thrombin was measured using chromogenic thrombin-
specific substrate $2238 (H-D-Phe-Pip-Arg-pNA). Colorful
p-nitroaniline (pNa) generation was monitored at 405 nm
using ThermoMultiscan (ThermoFisher, USA). The amount
of ATIII was determined using the calibration curve.

Factor X level

The total factor X level was determined using RVV
(Russell’s viper venom reagent that specifically activates
factor X) and factor Xa-specific chromogenic substrate
S22765 (Z-D-Arg-Gly-Arg-pNA). In a well of 96-well
plate, 0.02 ml of studied blood plasma sample, 0.03 ml
of S2765 solution (0.25 mM), and 0.01 ml of RVV solu-
tion (Sigma, USA) were admixed in the PBS with 0.001
M CaCl, at a final volume of 0.25 ml. Colorful p-ni-
troaniline (pNa) generation was monitored at 405 nm
using ThermoMultiscan (ThermoFisher, USA). Results
were presented as % of control values (Budzynski e al,
2001).

Statistics

Statistical data analysis was performed using the Wil-
coxon-Mann-Whitney (WMW) test using an online calcu-
lator provided by Social Science Statistics (https://www.
socscistatistics.com/). Statistical analysis was petformed
using Microsoft Excel (Microsoft Corporation, Red-
mond, WA, USA). Results are presented as the group’s
median, maximum, and minimum values. All assays were
performed in a series of at least three replicates. Data
were considered significant when p<0.05.

RESULTS

Blood coagulation system parameters

An analysis of the parameters of the haemostasis sys-
tem was carried out in 57 patients with great magistral
transmural host myocardial infarction (AMI) at admis-
sion to the clinic (Table 1).

A significant reduction in the blood plasma clotting
time in the APTT test was revealed in 49% of patients,
an increase in fibrinogen content in 31% of patients, and
an accumulation of SFMC (17-140 pg/ml), which indi-
cates the activation of the blood clotting system, was de-
termined in all studied samples. Simultaneously with the
activation of the components of the coagulation system,
the potential of the anticoagulant link of the system (PC
and ATIII) decreases, which, together with the increased
content of fibrinogen, can contribute to the increase of
further thrombotic complications and re-occlusions.

Prothrombin level, %
o &
3 8

LMWH HMWH
after after

LMWH
3-d day

Donors Before HMWH

3-d day

Figure 1. Level of prothrombin in the blood plasma of patients
with acute myocardial infarction before thrombolysis (before)
and after thrombolysis accompanied by concomitant anticoag-
ulant therapy with low molecular weight heparin (LMWH after,
n=28) or high molecular weight heparin (HMWH after, n=29).
Samples were collected before, after 2 hours, and on the third
day after thrombolysis. Donors - healthy donors’ group (n=30).
*p<0.05 in comparison to donors.
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Figure 2. Level of soluble fibrin monomeric complexes (SFMC) in
the blood plasma of patients with acute myocardial infarction
before thrombolysis (Before) and after thrombolysis accompa-
nied by concomitant anticoagulant therapy with LMWH (LMWH
after, n=28) or HMWH (HMWH after, n=29).

Samples were collected before, after 2 hours, and on the third
day after thrombolysis. Donors - healthy donors’ group (n=30).
*p<0.05 in comparison to donors.

Prothrombin level after thrombolysis

The prothrombin level in the blood plasma of pa-
tients with AMI was determined before thrombolytic
therapy (at the time of admission to the clinic) and af-
ter thrombolytic therapy (on the first, third, and seventh
days). The prothrombin total level in the blood plasma
of patients with myocardium infarction was normal
(95£11%). During thrombolysis and concomitant thera-
py with LMWH, there was a decrease in the plasma lev-
els of prothrombin (median 55%; min 40%, max 80%,
$<0.001). Whereas less obvious change was observed in
the case of HMWH (median 84%; min 56, max 110%,
$<0.001) (Fig. 1). Statistic analysis in “Statistica 77 was
used to calculate the correlations of total prothrombin
level.

The low level of prothrombin in the case of concomi-
tant therapy with LMWH was also found on the third
day after thrombolysis. The normalization of prothrom-
bin level was detected only on the seventh day after
thrombolysis in this group of patients (median 87%; min
70, max 110%).

Correlation of prothrombin level and SFMC after
thrombolysis

A decrease in the level of prothrombin in the blood
plasma of patients who were injected with low molecular
weight heparin (LMWH) is accompanied by a significant
accumulation of SEFMC (Fig. 2). In the group of patients
who were injected with high molecular weight heparin
(HMWH), the level of SMFC after thrombolysis was
lower than in the case of LMWH injection. These data
correlate to the decrease of prothrombin content at the
same time points presented in Fig. 1.

DISCUSSION

A study of the blood coagulation system of patients
with AIM revealed a violation of the balance between
pro- and anticoagulants, which is a consequence of ac-
tivating the coagulation link of the hemostasis system.
The activation of the blood coagulation system is evi-
denced by the increased level of fibrinogen, the accumu-
lation of SFMC, and the significant consumption of the
main inhibitors — ATIII and protein C (Hudeca ez al,
2020; Hoshino et al., 2018; Refaai ez al, 2018).

Contact activation Tissue factor

(intrinsic) pathway  (extrinsic) pathway Fibrinogen Streptokinase
\@/
Prothrombln —_— Thrombln Fibrin Plasmin <= Plasminogen

\'/

[Prothrombin +FDP] v FDP
®)

Figure 3. Scheme of prothrombin activation by fibrin degrada-
tion products during thrombolysis.

1 — canonical prothrombin activation, 2 — thrombin cleaves fibrin-
ogen with fibrin formation, 3 - streptokinase activates plasmino-
gen with plasmin formation, 4 — plasmin cleaves fibrin with fibrin
degradation products (FDP) formation, 5 — prothrombin and FDP
form complexes, 6 — prothrombin in (prothrombin-FDP) complex
forms thrombin-like active site.

The accumulation of SFMC is the result of the work
of the central enzyme of the blood coagulation system
— thrombin (Dizhou e al, 2023). The content of SEFMC
corresponds to the activity of thrombin and character-
izes the degree of activation of the hemostasis system.
There is no doubt that SFMC, as a marker of activation
of the blood coagulation system, has a high prognostic
value (Masahiro ez al, 2009).

The prothrombin level in the blood plasma of pa-
tients with AMI was normal before thrombolytic therapy
and substantially decreased after streptokinase adminis-
tration. This effect was prominent in the case of con-
comitant anticoagulant therapy with LMWH and was not
observed when HMWH was applied. It can be explained
by the fact that LMWH preferentially inhibits factor Xa,
while the HMWH is an effective inhibitor of both factor
Xa and thrombin. This observation suggested that the
prothrombin level decrease was caused by the thrombin
activity and possible autolysis of prothrombin by throm-
bin (Croles et al, 2019; Makarem et al, 2023; Spencer ef
al., 2000).

Another important issue is fibrin degradation products
(FDPs) accumulation due to thrombolytic therapy with
streptokinase. Some of the FDPs (including DDE-com-
plex and fibrin E-fragment) still have sites of interac-
tions with thrombin and prothrombin (Capitanescu ez al,
2016) (Fig. 3).

Previously, we demonstrated the direct interactions
of high molecular weight E-fragment of fibrin (E,-frag-
ment) and DDE-complex with prothrombin. We con-
firmed that prothrombin can bind to BB26-42 fibrin
residues, and the formation of such a complex causes a
non-enzymatic prothrombin activation (Chernyshenko ez
al., 2015).

A similar complexation with the formation of a
thrombin-like active site was shown for staphylocoagu-
lase. Staphyloprothrombin, similar to prothrombin in a
complex with E -fragment, is enzymatically active (Asho-
ka et al., 2020; Crosby ez al., 2016).

As shown 7z wvitro, non-enzymatic activation of pro-
thrombin in a complex with E,-fragment and DDE-
complex was assumed as the additional mechanism of
autolysis of prothrombin (Platonova e# af, 2002; Savchuk
et al., 2000). A study of the state of a hemostatic system
at thrombolysis in AMI allowed us to find a pathology
in which the proposed mechanism can occur z» vivo. This
suggestion was confirmed by the dramatic decrease of
prothrombin level that occurs alongside the accumula-
tion of FDPs and the inability to inhibit thrombin activ-
ity by low molecular weight heparin (LMWH).
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CONCLUSIONS

The drop in total prothrombin level in the blood plas-
ma of patients with acute myocardial infarction during
thrombolysis was observed. It was strongly dependent
on the type of anticoagulant therapy and was not obvi-
ous in the case of concomitant therapy with HMWH. It
can be explained by the non-enzymatic activation of pro-
thrombin by FDPs that contain B326-42 residues (DDE,
E, fragments). Such a novel type of non-enzymatic pro-
thrombin activation was previously shown z vitro. Cur-
rent findings allowed us to conclude the possibility of
the activation 7z vivo when a huge amount of FDPs are
forming. This newly discovered effect should be taken
into consideration during patient management.
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