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Fibrinolytic system activation
immediately following trauma

was quickly and intensely
suppressed in a rat model of severe
blunt trauma
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Tomonao Yoshida, Tomoyo Saito, Kenichi Katabami, Takeshi Wada & Kunihiko Maekawa

In severe trauma, excessive fibrinolytic activation is associated with an increase in the transfusion
volume and mortality rate. However, in the first several hours after a blunt trauma, changes in
fibrinolytic activation, suppression, and activation-suppression balance have not yet been elucidated,
which the present study aimed to clarify. Anesthetized 9-week-old male Wistar S/T rats experienced
severe blunt trauma while being placed inside the Noble—Collip drum. Rats were randomly divided
into four groups of seven. The no-trauma group was not exposed to any trauma; the remaining
groups were analysed 0, 60, and 180 min after trauma. Immediately following trauma, total tissue-
plasminogen activator (tPA) levels significantly increased in the plasma, and the balance of active tPA
and active plasminogen activator inhibitor-1 (PAI-1) significantly tipped toward fibrinolytic activation.
After trauma, both tPA and PAI-1 levels increased gradually in various organs and active and total
PAI-1 levels increased exponentially in the plasma. Total plasma tPA levels 60 min after trauma
returned quickly to levels comparable to those in the no-trauma group. In conclusion, fibrinolytic
activation was observed only immediately following trauma. Therefore, immediately after trauma,
the fibrinolytic system was activated; however, its activation was quickly and intensely suppressed.

In severe trauma, excessive fibrinolytic activation is associated with an increase in the transfusion volume and
mortality rate'. Many investigations have reported that excessive fibrinolytic activation is observed in patients
immediately following severe trauma®=°. Early administration of tranexamic acid, an anti-fibrinolytic agent, to
severe trauma patients has improved the mortality rates in large international randomized control trials®-®, in
which tranexamic acid was administered continuously during the first 8 h after trauma. However, changes in
the fibrinolytic system during the first several hours after severe trauma have not been sufficiently elucidated.

Tissue-plasminogen activator (tPA) may play a central role in excessive fibrinolytic activation immediately
following trauma in patients with severe trauma'®. In the fibrinolytic system, tPA triggers fibrinolytic activa-
tion to convert the proenzyme plasminogen into the proteinase plasmin'’. Large amounts of tPA are stored in
granules of vascular endothelial cells throughout the body and are released acutely for a rapid increase in blood
tPA levels in response to various stimulations, including coagulation activation!’. The released tPA then acti-
vates plasminogen to plasmin, which degrades fibrinogen and fibrin'’. This fibrinolytic system is regulated by
three distinct inhibitors comprising plasminogen activator inhibitor-1 (PAI-1), a, plasmin inhibitor (a,PI), and
thrombin-activatable fibrinolysis inhibitor (TAFI)'-'3.

At the initial fibrinolytic step to activate plasminogen to plasmin via tPA, PAI-1 regulates free active tPA!!.
PAI-1 is mainly synthesized in vascular endothelial cells and hepatocytes by various stimulations (interleukin-1,
tumour necrosis factor-a'® and thrombin'®, etc.) and is secreted into the plasma'”. Active PAI-1 can rapidly inhibit
tPA activity by binding 1:1 with free active tPA, resulting in the formation of the tPA-PAI-1 complex'!. After
forming the tPA-PAI-1 complex, the activities of both tPA and PAI-1 are irreversibly lost!!. After plasmin genera-
tion, a,,PI can rapidly inhibit plasmin by binding 1:1 with plasmin, resulting in the formation of the plasmin-a,PI
complex (PIC)'%. TAFI is converted to activated TAFI (TAFIa) by thrombin, and TAFIa reduces the binding of
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Figure 1. The schema of the experimental procedures. In no-trauma group, blood and tissue samples were
collected following anesthesia. In the 0 min group, 60 min group and 180 min group, following anesthesia,
severe blunt trauma was inducted. In the 0 min group, blood and tissue samples were collected immediately
following induction of trauma. In the 60 min and 180 min group, blood and tissue samples were collected 60
and 180 min following induction of trauma, respectively. White arrow, anesthesia; black arrow, induction of
severe blunt trauma; grey arrow, mean arterial pressure recorded and samples collection.

plasminogen on the fibrin surface by partial degradation of fibrin"’. As a result, activation of plasminogen to
plasmin by tPA on the fibrin surface strongly reduces’.

In the acute phase of severe blunt trauma, temporal changes in fibrinolytic activation, suppression, and
the balance between activation and suppression have not yet been elucidated. Our hypothesis is that although
the fibrinolytic system is activated immediately following trauma, the activation does not continue for a long
duration and is supressed quickly. Therefore, the present study aimed to use a severe blunt trauma rat model to
clarify the temporal changes in fibrinolytic activation, suppression, and the balance between the two during the
first several hours after trauma.

Methods

Animals. Nine-week-old male Wistar S/T rats were obtained from Japan SLC (Hamamatsu, Japan). All ani-
mal procedures were approved by the Institutional Ethical Review Board of Hokkaido University. All rats were
housed and treated in accordance with the standards of animal experiments at Hokkaido University. The study
was carried out in compliance with the ARRIVE guidelines. Animals were allowed to acclimate for several days
at our animal breeding quarters before being subjected to experimentation. The breeding quarters were main-
tained at 20 °C on a 12-h light/dark cycle. The animals were provided ad libitum access to a standard diet and
water. One day before the experiments, the animals were housed in the fasted state but provided ad libitum
access to water.

Experimental procedures. Twenty-eight rats (body weight, 280-320 g) were anesthetized by a combi-
nation anesthetic prepared with 0.375 mg/kg of medetomidine, 2.0 mg/kg of midazolam, and 2.5 mg/kg of
butorphanol’®. During the experimental period, the rectal temperature was maintained at 37-39 °C. After the
rats were anesthetized, they were restrained in the supine position. A tracheostomy was performed using a small
incision, and the left carotid artery and right external jugular vein were exposed. The rats were randomly divided
into four groups of seven rats each: no-trauma group, 0 min group, 60 min group, and 180 min group.

In the no-trauma group, mechanical ventilation using SERVO 900C (FUKUDA DENSHI, Tokyo, Japan)
was initiated via tracheostomy. Mechanical ventilation was set as the pressure control mode with FiO,=0.4,
PEEP =4 cmH,0, pressure control = 15 cmH,0, and respiratory rate =80/min. The left carotid artery was imme-
diately catheterized with a 24-gauge SURFLO catheter (Terumo, Tokyo, Japan) to permit mean arterial pressure
monitoring and arterial blood sampling. The mean arterial pressure was monitored using a TruWave Dispos-
able Pressure Transducer (Edwards Lifesciences, Irvine, CA, USA) and a Viridia component monitoring system
(Hewlett-Packard Japan, Tokyo, Japan). To maintain arterial catheter patency, normal saline (19 mL) with 3.2%
sodium citrate solution (1 mL) was constantly infused at 2 mL/h. Furthermore, the right external jugular vein
was immediately catheterized using a silicone microtube. After these procedures, the mean arterial pressure was
recorded. Furthermore, blood sample and tissue samples from the lung, liver, and kidney were collected (Fig. 1).

In the 0 min group, 60 min group, and 180 min group, rats were subsequently placed in the Noble-Col-
lip drum, a plastic wheel 38 cm in diameter with internal shelves (supplementary figure) and rotated for 500
revolutions at 50 rpm'®~?'. During rotation, the anesthetized rat was repeatedly struck down from the top of the
drum’s interior'®-%. Even though each hit is not completely same, the total severity of trauma is averaged in each
rat since the model receives many hits. This trauma model is a quantitative, severe blunt trauma model without
massive bleeding!®~%%. In the present study, we confirmed no massive intraabdominal and intrathoracic bleeding
on sampling of the organs. After induction of severe trauma, mechanical ventilation, catheterization into the left
carotid artery and right external jugular vein were performed similar to the no-trauma group. In the 0 min group,
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Components

Description

Soluble fibrin

It is generated after cleaving fibrinogen by thrombin and its elevation indicates coagulation
activation

Plasminogen activator inhibitor 1 (PAI-1)

It is a principal inhibitor of active tPA

Active PAI-1

It is PAI-1 which is able to inhibit active tPA by binding at 1:1

Total PAI-1

It includes active PAI-1 and in-active PAI-1 (latent form and tPA-PAI-1 complex)

Tissue- plasminogen activator (tPA)

It has a central role in fibrinolytic system by activating plasminogen to plasmin

Active tPA

It is tPA which is able to activate plasminogen to plasmin

Total tPA

It includes active tPA and tPA-PAI-1 complex

Plasminogen

It is a zymogen of plasmin, which is the major enzyme that degrades fibrin clots

a,-plasmin inhibitor (a,PI)

It is a primary and fast inhibitor of plasmin, which is an important enzyme to degradate
fibrin clots

Plasmin a,PI complex (PIC)

It is a complex of plasmin and a,PL. Its elevation indicates production of plasmin

Table 1. Components of coagulation and fibrinolytic system measured in the present study.

blood and various tissue samples were collected immediately. In the 60 min and 180 min group, observation
durations were 60 and 180 min following the induction of severe trauma, respectively. During the observations,
Ringer’s lactate solution was continuously administered to maintain a mean arterial pressure of 60 mmHg via
the right external jugular vein. Following the observations, the mean arterial pressure was recorded and, blood
and various tissue samples were collected (Fig. 1).

Blood and tissue sample collections.  Blood samples were immediately diluted with 3.2% sodium citrate
(1:9 v/v). A portion of the whole blood sample was used for arterial blood gas analysis. The remainder of the
blood sample was separated through serial centrifugation (15 min at 3,500 rpm at 25 °C, twice). The supernatant
was collected and frozen at—80 °C until analysis. Tissue samples from the lung, liver, and kidney were immedi-
ately collected and immersed in RNAlater (QIAGEN K. K., Tokyo, Japan). The tissue samples in RNAlater were
incubated at 4 °C overnight and stored at—80 °C after removal from the RNAlater.

Real-time quantitative polymerase chain reaction (RT-PCR). To detect the mRNA expression of
PAI-1 and t-PA in the lung, liver, and kidney after various observation periods, we performed real-time RT-PCR.
Total RNA was extracted from tissue samples using the RNeasy Lipid Tissue Mini Kit (QIAGEN K. K.) according
to the manufacturer’s instructions. To eliminate contaminating DNA, an RNase-Free DNase Set (QIAGEN K.
K.) was used. RNA (1 pg) was reverse transcribed using the SuperScript® VILO™ cDNA Synthesis Kit (Thermo
Fisher Scientific K.K, Tokyo, Japan) in a final volume of 20 puL. A volume of 1.25 pL of the reverse transcription
reaction was amplified using the TagMan® PreAmp Master Mix (Thermo Fisher Scientific K. K). Primers for rat
SERPINEI1 (PAI-1; Rn01481341_m1), rat PLAT (t-PA; Rn01482578_m1), and rat GAPDH (glyceraldehyde-3
phosphate dehydrogenase; Rn01775763_gl) as an endogenous control were purchased from TagMan® Gene
Expression Assay (Thermo Fisher Scientific K. K.). Real-time PCR was performed using TagMan® Universal
Master Mix II, no UNG (Thermo Fisher Scientific K. K.), and BioMark™ 96.96 Dynamic Array (Fluidigm K. K.,
Tokyo, Japan). The results of RT-PCR were analyzed using Fluidigm Real Time PCR Analysis 3.0.2 (Fluidigm
K. K.) to calculate C, values. GAPDH values were used to normalize the data. A relative quantitation method
[AAC,] was used to evaluate the expression of each gene relative to that of the control?”. AC, of the calibrator was
defined as the mean AC, in the control group. All procedures were performed according to the manufacturer’s
instructions.

Blood sample measurements. Arterial blood gas analysis was performed using ABL 700 (Radiometer,
Tokyo, Japan). Soluble fibrin and a2PI were measured using the latex agglutination test and synthetic substrate
assay, respectively, using the STACIA CN10 instrument (LSI Medience Corporation, Tokyo, Japan). Active PAI-1
antigen, total PAI-1 antigen, active tPA antigen, total tPA antigen, plasminogen antigen, and plasmin a,PI com-
plex antigen were measured using the Rat PAI-1 Activity ELISA Kit, Rat PAI-1 Total Antigen ELISA Kit, rat
tPA activity ELISA Kit, rat tPA total antigen assay ELISA kit (all from Molecular Innovations, Inc., MI, USA),
rat plasminogen ELISA kit (Abcam, Cambridge, UK), and rat plasmin-antiplasmin complex (PAP) ELISA kit
(Wuhan Huamei Biotech Co., Ltd., Wuhan, China), respectively. The rat PAI-1 Total Antigen Assay ELISA Kit
cannot discriminate free PAI-1 from the tPA-PAI-1 complex, whereas the rat tPA Total Antigen Assay ELISA
kit cannot discriminate free tPA from the tPA-PAI-1 complex. All procedures were performed according to the
manufacturers’ instructions. The description of the measurement components of the present study are presented
in Table 1.

Statistical analyses. Unless otherwise indicated, all measurements are expressed as the mean + standard
deviation. Comparisons among the four groups were performed using one-way ANOVA with the Dunnett’s
multiple comparison test. Comparisons of mRNA expression of tPA and PAI-1 among the four groups were
performed using two-way ANOVA. SPSS 25 (IBM Japan K. K., Tokyo, Japan) was used for all statistical analyses.
The level of statistical significance was set at P<0.05.
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Trauma

No-trauma | 0 min 60 min 180 min

n=7 n=7 n=7 n=7 P value
Mean arterial blood pressure (mmHg) 137+17 83+£19*** 76 £744* 96 +19*** <0.001
Hemoglobin (g/L) 149+1.4 16.5+1.1 16.5£1.9 153+1.3 0.108
Lactate (mmol/L) 0.54+0.11 4.67£1.21%%* 2.53+£1.08** | 2.16+1.42* <0.001
Infusion volume (mL/kg) 0+0 0+0 28+38 39+23%* 0.004
Soluble fibrin (ug/mL) 25.3+24.5 63.7+11.6 101.3+£65.6 332.3+102.7** <0.001

Table 2. General characteristics and coagulation activation of each group. No-trauma and 0 min groups were
not infused with Ringer’s lactate solution. P values are obtained using one-way ANOVA. ***P<0.001 using
Dunnett’s test for the no-trauma group; **P <0.01 using Dunnett’s test for the no-trauma group; *P <0.05 using
Dunnett’s test for the no-trauma group.
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Figure 2. Changes in plasma tPA and PAI-1 levels. Although total tPA levels increased immediately after
trauma (0-min group) (P<0.001, one-way ANOVA), active tPA levels did not change after trauma. Although
active PAI-1 levels decreased immediately after trauma (0-min group), active PAI-1 levels increased gradually
(P<0.001, one-way ANOVA). Active and total PAI-1 levels gradually increased to more than 100 times the levels
of the no-trauma group 180 min after trauma (P<0.001, one-way ANOVA). tPA, tissue-plasminogen activator;
PAI-1, plasminogen activator inhibitor-1. ***P <0.001 using Dunnett’s test for the no-trauma group; **P<0.01
using Dunnett’s test for the no-trauma group.

Results

The general characteristics and coagulation activation of each group are shown in Table 2. Immediately following
the severe blunt trauma, a decrease in arterial blood pressure, lactic acidosis, and haemoconcentration, which
would result from vascular permeability induced by massive tissue damage, were observed. Over time, the lac-
tic acidosis improved. Although infusion of Ringer’s lactate solution was needed to maintain the mean arterial
pressure, haemodilution was not observed even 180 min after trauma induction. Soluble fibrin levels, indicating
coagulation activation, gradually increased after trauma (P <0.001, one-way ANOVA). The soluble fibrin level
180 min after trauma was higher than that in the no-trauma group (P<0.001).

tPA and PAI-1 levels in the plasma. Changes in the active and total tPA levels in the plasma are pre-
sented on the left panel of Fig. 2. The total tPA level immediately following trauma (0-min group) significantly
increased (P<0.001, one-way ANOVA; P<0.01, post-hoc Dunnett’s test). However, active tPA levels did not
change. Changes in the total and active PAI-1 levels in the plasma are presented in the right panel of Fig. 2.
Although active PAI-1 levels decreased immediately following trauma, the active and total PAI-1 levels in the
180-min group were several hundred times higher than levels in the no-trauma group (P<0.001, one-way
ANOVA).
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Figure 3. Balance between activation and suppression of the fibrinolytic system. Active tPA and active PAI-1
ratios are presented. Although the balance tipped toward fibrinolytic activation immediately after trauma,
the balance tipped toward fibrinolytic suppression at 60 and 180 min (P <0.001, one-way ANOVA). tPA,
tissue-plasminogen activator; PAI-1, plasminogen activator inhibitor-1. *P <0.05 using Dunnett’s test for the
no-trauma group.

Balance between activation and suppression of the fibrinolytic system. Figure 3 presents the
balance between active tPA and active PAI-1 in the plasma. Although the balance tipped toward fibrinolytic
activation immediately following trauma, the balance tipped toward fibrinolytic suppression at 60 and 180 min
(P<0.001, one-way ANOVA).

mRNA expression of tPA and PAI-1. Figure 4 shows changes in the mRNA expression levels of tPA and
PAI-1 in the kidney, lung, and liver. The mRNA expression levels of both tPA and PAI-1 gradually increased in
all organs after trauma (all comparisons revealed P<0.001 by one-way ANOVA). The increase in PAI-1 mRNA
expression was higher than that of tPA mRNA (in kidney, P <0.001; in lung, P=0.062; in liver, P < 0.001; two-way
ANOVA).

Plasminogen, o, plasmin inhibitor, and PIC levels in the plasma. Figure 5 presents changes in
plasminogen, a,PI, and PIC levels in the plasma. The plasminogen level significantly decreased immediately
following trauma (P <0.001, one-way ANOVA), whereas the PIC level, which is indicative of plasmin produc-
tion, significantly increased immediately following trauma (P<0.001, one-way ANOVA). However, a,PI levels
slightly decreased immediately following trauma but did not reach statistical significance.

Discussion

In the present study, we used a rat model of severe blunt trauma to elucidate the temporal changes in the balance
between activation and suppression of the fibrinolytic system in the hours following severe trauma. Coagulation
activation, which was indicated by elevated soluble fibrin levels, was observed immediately following trauma
and gradually enhanced. Although fibrinolytic activation was observed immediately following the trauma, it
did not continue. The fibrinolytic system was intensely suppressed based on an exponential increase in plasma
PAI-1 levels.

In the present study, immediately following severe blunt trauma, the fibrinolytic balance tipped significantly
toward fibrinolytic activation, compared with the fibrinolytic status before trauma. The fibrinolytic potential
in the plasma is governed by the balance between PAI-1 and tPA levels in the plasma, but not by the balance
between active and total tPA'". Elevation in tPA levels in the plasma immediately following trauma overcame
the inactivating effect of PAI-1 and induced fibrinolytic activation. In Fig. 3, we clearly presented this change of
balance between fibrinolytic activation and suppression as a ratio of active tPA and active PAI-1 in the plasma.
Large amounts of tPA are stored in granules of vascular endothelial cells and are released acutely for a rapid
increase in blood active tPA levels by various stimulators, including coagulation activation'®. The active tPA
released into the plasma was inactivated by binding to the active PAI-1 to form tPA-PAI-1 complex, resulting in
the increase of the total tPA. From the PAI-1 side, the active PAI-1 was also released into the plasma and bound
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Figure 4. Changes in tPA and PAI-1 mRNA expression levels in various organs. The mRNA expression levels of
both tPA and PAI-1 gradually increased after trauma in all organs (all comparisons revealed P< 0.001, one-way
ANOVA). The increase in PAI-1 mRNA expression was higher than that of tPA mRNA (in kidney, P< 0.001;

in liver, P<0.001; in lung, P=0062; two-way ANOVA). tPA, tissue-plasminogen activator; PAI-1, plasminogen
activator inhibitor-1. ***P <0.001 using Dunnett’s test for the no-trauma group; **P <0.01 using Dunnett’s test
for the no-trauma group; *P < 0.05 using Dunnett’s test for the no-trauma group.

to active tPA to form tPA-PAI-1 complex, which was inactivated, resulting in total PAI-1 increase. However,
active PAI-1 decreased consumptively since the amount of released active tPA was greater than the amount of
released active PAI-1. As a result, the active tPA and active PAI-1 ratios significantly increased compared to the
ratio before trauma (no trauma group), and the balance between activation and suppression of the fibrinolytic
system tipped toward fibrinolytic activation. The fibrinolytic potential on vascular endothelial cell surfaces is
also governed by the balance between active PAI-1 and active tPA and reflects the plasma concentrations of
active PAI-1 and active tPA'"?. However, the vestige of fibrinolytic activation disappeared quickly and was not
observed for more than 60 min after trauma.

In the present study, fibrinolytic activation produced plasmin from plasminogen and was also observed
immediately after trauma as plasminogen depletion and PIC elevation. The significant elevation of the PIC level
immediately following trauma indicated massive production of plasmin. Thus, the significant depletion of plasmi-
nogen level immediately following trauma would result from consumption owing to massive plasmin production.
Elevated plasma PIC levels were continuously observed until 180 min after trauma. However, although the half-
life of free active plasmin is quite short at less than 100 ms, the half-life of PIC is about 4.5 h'>?***. Moreover, no
further depletion of plasminogen was observed more than 60 min following trauma. Therefore, the elevated PIC
levels more than 60 min after trauma were probably a remnant of the PIC increase immediately following trauma.

In the present study, although total tPA levels in plasma more than 60 min after trauma did not differ from
those before trauma, total and active PAI-1 levels increased exponentially after trauma. This difference between
tPA and PAI-1 levels in the plasma results from the following two points: 1) The mRNA expression levels of both
tPA and PAI-1 gradually increased after trauma; however, the upward trend of the PAI-1 mRNA expression level
was significantly stronger than that of tPA and 2) there are large differences between the in vivo half-lives of tPA
and PAI-13132, The half-life of tPA is several minutes, but the half-life of PAI-1 is several hours®2. Therefore,
plasma PAI-1 levels, but not tPA levels, gradually increased.

Although tPA has central roles in the fibrinolytic activation to convert the plasminogen into the plasmin,
urokinase-type plasminogen activator (uPA) can also activate plasminogen into plasmin'’. Few studies have
reported on the elevation of uPA levels following trauma®-**. Although the uPA levels elevated similar to tPA
following trauma, certain characteristics were different. (1) Although the baseline concentrations of uPA and tPA
were not so different'?, the active uPA concentration in plasma following severe trauma was one order of mag-
nitude less than that of active tPA*, (2) Although the peak of tPA elevation was immediately following trauma,
the peak of uPA elevation was several hours following trauma?. In the present study, we did not evaluate the
temporal changes of uPA, which is one of the limitations. However, as mentioned in previous studies, the plasma
concentration of active uPA is much lower than that of active tPA during the first several hours after trauma®, and
PAI-1 can inhibit both tPA and uPA". The present study showed that the plasma level of active PAI-1 increases
intensely after trauma. Therefore, we speculate that uPA will not significantly affect the fibrinolytic status during
the first several hours after trauma.
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Figure 5. Changes in plasminogen, a, plasmin inhibitor, and plasmin-a, plasmin inhibitor complex levels in
the plasma. The plasminogen level decreased immediately after trauma (P<0.001, one-way ANOVA). The a,PI
levels decreased slightly after trauma. Although PIC was not detected before trauma (the no-trauma group),
PIC increased immediately after trauma (P< 0.001, one-way ANOVA). However, a2PI levels slightly decreased
immediately after trauma but were not significant. a,PI, a, plasmin inhibitor; PIC, plasmin-a, plasmin inhibitor
complex. ***P< 0.001 using Dunnett’s test for the the no-trauma group group; **P<0.01 using Dunnett’s test for
the no-trauma group; *P<0.05 using Dunnett’s test for t the no-trauma group.

There have been only three studies regarding fibrinolytic regulations by TAFI following trauma®*-, Lusten-
berger et al. indicated that low TAFIa levels on arrival at emergency department were associated with coagu-
lopathy following trauma®. However, detail the pathophysiological changes of the TAFIa levels were unclear
following trauma®*-, In the present study, we did not evaluate the temporal changes of TAFI and TAFIa levels,
which is one of the limitations to this study.

Although many clinical studies have reported hyperfibrinolysis after severe trauma, few clinical studies have
examined the balance between activation and suppression of fibrinolysis. In previous clinical studies, similar
to our results, massive release of tPA overwhelmed the suppression effects of PAI-1 in the plasma immediately
following severe trauma>*>*’. Coats et al. indicated that PAI-1 levels in the plasma gradually increased and
induced an anti-fibrinolytic state several hours after severe trauma, similar to our results?. However, the rat
models in the present study did not complicate the massive bleeding. Massive bleeding induces hypoperfusion
and activates further tPA release’. Therefore, in patients with trauma with massive bleeding, fibrinolytic acti-
vation immediately following trauma will be further accelerated**. Several studies reported the fibrinolytic
phenotypes, which included hyperfibrinolysis, and physiologic and fibrinolytic shutdown, on arrival at emergency
departments*'~*. The fibrinolytic phenotypes were strongly related with the transfusion amounts, frequency of
organ failure, and mortality rate*'~*>. However, the pathophysiologic differences that induced each fibrinolytic
phenotype have been unclear*' .

Recent guidelines on the management of major bleeding in severe trauma suggest that tranexamic acid
should be administered to patients as early as possible and continuously infused over 8 h***. This suggestion is
based on large international randomized control trials®-®. In the trials, although tranexamic acid administrations
improved outcomes in severe trauma patients, there was no pathophysiological evidence for tranexamic acid
administration®®. As mentioned in the previous paragraph, the fibrinolytic phenotypes included fibrinolytic
shutdown, which were observed on arrival at emergency departments*' ~**. Therefore, selective use of tranexamic
acid would be needed based on the fibrinolytic phenotypes*'~*. Based on the results of the present study, the
early administration of tranexamic acid is appropriate and necessary to suppress the fibrinolytic activation
immediately following severe trauma. Furthermore, late administration of tranexamic acid can paradoxically
increase plasminogen activation by uPA, which elevates at a later time point following trauma, and could increase
bleeding®>“¢. Therefore, late time administration of tranexamic acid, including continuous infusion during several
hours after trauma may be unnecessary because the fibrinolytic activation is quickly and intensely suppressed
by exponential increase of PAI-1.
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Conclusion

Immediately following severe blunt trauma, the massive release of tPA overwhelmed the suppressive effects of
PAI-1 in the plasma. However, the production of PAI-1 increased gradually in various organs, and plasma PAI-1
levels increased exponentially. Therefore, immediately following trauma, the fibrinolytic system was activated;
however, its activation was quickly and intensely suppressed. Furthermore, the results of this study suggest that
although the early administration of tranexamic acid is essential to inhibit fibrinolytic activation immediately
following severe trauma, continuous infusion for several hours after trauma is not necessary.
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