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Abstract

Background: Tranexamic acid (TXA) is used to reduce bleeding. TXA inhibits plasmin(ogen)
binding to fibrin and reduces fibrinolysis. TXA antifibrinolytic activity is typically measured by
clot lysis assays; however, effects on plasmin generation (PG) are unclear due to a lack of tools to
measure PG in plasma.

Aims: Develop an assay to measure PG kinetics in human plasma. Determine effects of TXA on
PG and compare with fibrinolysis measured by rotational thromboelastometry (ROTEM).
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Methods: We characterized effects of plasminogen, tissue plasminogen activator, fibrinogen, and
ap-antiplasmin on PG in vitro. We also studied effects of TXA on PG in plasma from 30 pregnant
women administered intravenous TXA (5, 10, or 15 mg/kg) during cesarean delivery. PG was
measured by calibrated fluorescence. PG parameters were compared with TXA measured by mass
spectrometry and ROTEM of whole blood.

Results: The PG assay is specific for plasmin and sensitive to tissue plasminogen activator,
fibrin(ogen), and ap-antiplasmin. Addition of TXA to plasma in vitro dose dependently prolonged
the clot lysis time and delayed and reduced PG. For all doses of TXA administered intravenously,
the PG assay detected delayed time-to-peak (<3 hours) and reduced the velocity, peak, and
endogenous plasmin potential (<24 hours) in plasma samples obtained after infusion. The PG
time-to-peak, velocity, and peak correlated significantly with TXA concentration and showed less
variability than the ROTEM lysis index at 30 minutes or maximum lysis.

Conclusions: The PG assay detects pharmacologically relevant concentrations of TXA
administered in vitro and in vivo, and demonstrates TXA-mediated inhibition of PG in women
undergoing cesarean delivery.
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1| INTRODUCTION

Hemorrhage associated with congenital bleeding disorders, trauma, surgical complications,
or obstetrical events can be life-threatening. Approximately 40% of trauma-associated
deaths are due to bleeding.X Hemorrhage is responsible for more than 25% of maternal
deaths worldwide, and cesarean delivery is particularly associated with increased blood loss.
23 The incidence of both postpartum hemorrhage (PPH) and severe outcomes from
hemorrhage is increasing.23

Tranexamic acid (trans 4-[aminomethyl]cyclohexanecarboxylic acid [TXA], Cyklokapron)
is a low molecular weight (157 Da) lysine analogue and potent antifibrinolytic (half maximal
inhibitory concentration [ICsq] ~ 2-5 pg/mL [10-25 umol/L]*®). TXA inhibits binding of
both zymogen plasminogen and its active form plasmin to fibrin. Because fibrin is a cofactor
for tissue plasminogen activator (tPA)-mediated conversion of plasminogen to plasmin,®
TXA reduces both tPA-mediated plasmin generation (PG) and plasmin cleavage of fibrin.
Consequently, TXA can prevent clot dissolution (fibrinolysis). Plasma concentrations of ~10
pg/mL are usually targeted to reduce bleeding and prevent morbidity and mortality.” When
administered within 3 hours of injury, TXA reduces bleeding and all-cause mortality in
patients with traumatic extracranial bleeding®® or acute traumatic brain injury.10 TXA also
reduces mortality and the probability of receiving a blood transfusion following surgery.11:12
TXA, alone or in conjunction with additional hemostatic therapies, enhances clot stability in
whole blood from people with hemophilia.13 TXA also reduces heavy menstrual bleeding,4
perioperative blood loss following elective vaginal or cesarean delivery,1-17 and death from
postpartum hemorrhage.1819 However, TXA does not show survival benefit in patients with
acute gastrointestinal bleeding2? or in some studies of trauma.2l Moreover, many of these
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situations are also associated with increased risk of thrombotic complications, and TXA has
been associated with increased risk of venous thromboembolism.92122 The role, if any, of
plasmin and agents that reduce fibrinolytic activity in these situations remains unclear.2324
In addition, seizures and visual disturbances have been described in patients receiving high
doses of TXA.25 Persistent questions regarding the mechanism of action of TXA underscore
the need for a reliable assay that accurately detects low concentrations of TXA, and call for
increased understanding of the pharmacokinetic and pharmacodynamic relationship between
TXA and PG and plasmin activity. This need is especially important for vulnerable
populations, including pregnant women at delivery.

Common methods to detect effects of TXA assess clot formation and lysis in whole blood
via rotational thromboelastometry (ROTEM) or thromboelastography (TEG), or in plasma
via turbidity.” These assays provide composite information on overall fibrin formation and
fibrinolysis, but do not differentiate between TXA'’s ability to reduce plasmin cleavage of
fibrin from its ability to block tPA-mediated generation of plasmin. Differentiating these
effects is important. In addition to fibrin, plasmin has many non-fibrin substrates in blood
(eg, complement C5; factors 1X(a), V, and VIII) and on the surface of cells, including
leukocytes, platelets, and endothelial cells.26-33 Once generated, plasmin cleavage of these
substrates may be differently sensitive to the effects of TXA.32:34-36 Thus, TXA
concentrations that effectively block fibrin dissolution may still permit the generation of
plasmin and the downstream consequences of plasmin activity. Therefore, it is essential to
define effective concentrations of TXA not only by its ability to reduce plasmin’s proteolytic
activity towards fibrin, but by its ability to inhibit PG.

We recently developed a new method to quantify PG kinetics during fibrinolysis in mouse
plasma.3” Herein, we adapted this PG assay to provide information on tPA-mediated PG in
human plasma. We then used this assay to measure the impact of intravenous TXA
administration on PG in a cohort of healthy women undergoing cesarean delivery, and
compared the ability of the PG assay to detect pharmacodynamic effects of TXA with that
detected by ROTEM.

METHODS

Materials

Recombinant tissue factor (Innovin) was from Dade Behring. Phospholipid vesicles (20 mol
% phosphatidylserine, 60 mol% phosphatidylcholine, 20 mol% phosphatidylethanolamine)
and a.,-macroglobulin-plasmin complex (a,M-Pm) were from Synapse Research Institute
(Maastricht, the Netherlands). Fluorogenic substrate for plasmin (Boc-Glu-Lys-Lys-AMC)
was from Bachem. Fibrinogen-deficient plasma, plasminogen-deficient plasma, and a.,-
antiplasmin-deficient plasma were from Affinity Biologicals Inc. Recombinant tPA (rtPA)
was Actilyse (Boehringer Ingelheim, PG assays) or Alteplase (Genentech, ROTEM assays).
TXA was from Sigma Aldrich.
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Preparation of normal pooled plasma from healthy, nonpregnant controls

Approval for the use of healthy, nonpregnant human subjects was obtained from the
University of North Carolina Institutional Review Board and the Medical Ethics Committee
of Maastricht University Medical Center. All participants provided signed informed consent
in accordance with the Declaration of Helsinki. Donors had no known bleeding disorder,
liver or kidney disease, cancer, or history of surgery or thrombotic event within the past 3
months, and were not on antiplatelet or anticoagulant therapy. Whole blood from 24
volunteers (12 males and 12 females, mean age 40 years [range 24-62]) was obtained by
venipuncture and collected into tubes containing 0.105 mol/L citrate (Becton Dickinson,
10% vlv, final). Individual plasmas were centrifuged (2840g, 10 minutes, twice) and pooled.
The pool was then ultra-centrifuged (100 000g, 70 minutes). Aliquots were stored at —80°C.

Fibrin formation and lysis

A solution of tissue factor, phospholipids, and rtPA (10 uL, total) was added to a 96-well
plate. Plasma (40 pL of 1:2 dilution [20 pL plasma plus 40 uL 20 mmol/L 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid pH 7.4, 150 mmol/L NaCl [HBS] containing
TXA) was added to the 96-well plate, and incubated at 37°C for 10 minutes. Reactions were
then initiated by addition of 10 pL of CaCl,. Final concentrations were: tissue factor (0.5
pmol/L), phospholipids (4 pmol/L), rtPA (0.31 pg/mL), TXA (0-50 ug/mL, as indicated),
and CaCl, (16.6 mmol/L). Clot formation and lysis were monitored at 405 nm (SpectraMax
384Plus plate reader, Molecular Devices) for 1 hour at 37°C. The clot lysis time was defined
as the time from 50% of the turbidity increase to 50% of the turbidity decrease.

PG assay

Plasmin generation was measured in plasma using a calibrated, automated method based on
cleavage of a plasmin-specific fluorogenic substrate (338 and Figure 1A). Briefly, two
measurements were collected for each sample: one in which endogenous PG was triggered
(reaction wells) and one in which a,M-Pm was added (calibrator wells). To trigger PG, 10
pL of solution containing tissue factor, phospholipids, and rtPA were added to reaction
wells. The a,M-Pm calibrator (10 pL) was added to calibrator wells. Plasma was then
diluted (40 uL of 1:2 dilution [20 uL plasma: 40 L 20 mmol/L HBS containing TXA for in
vitro experiments as indicated]) and added to each well, and plates were warmed for 10
minutes at 37°C. CaCl, and fluorogenic substrate (in 10 pL) were dispensed into each well
and plates were mixed by shaking for 10 seconds. Final concentrations were: tissue factor
(0.5 pmol/L), phospholipids (4 pmol/L), rtPA (0.31 pg/mL unless otherwise indicated), TXA
(0-50 pg/mL, as indicated), CaCl, (16.6 mmol/L), and fluorogenic substrate (0.5 mmol/L).
Reactions were monitored every 20 seconds with a fluorometer (Fluoroskan Ascent,
Thrombinoscope) equipped with a dispenser and 390/460 filter set (excitation/emission).
Data were analyzed as described.3° Briefly, because plasma color can influence fluorescence
intensity, each plasma was compared with its own calibrator measurement to correct for the
inner filter effect and then transformed into a PG curve. By comparing the extent to which
the fluorescence increase in wells containing the a,M-Pm complex deviates from a straight
line, the calculation identifies and corrects for fluorescent substrate consumption during the
reaction. Fluorescence intensity that accrues at the end of each reaction (which is not
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inhibitable by adding ap-antiplasmin) provides a relative measure of the amount of plasmin
trapped in apM-Pm complexes, which is then subtracted from the fluorescence curves. This
transformation is analogous to calibrated automated thrombography3? and yields
quantitative parameters: lag time (time the plasmin concentration reached 6 nmol/L), time to
peak (TtPeak), velocity (peak/[TtPeak-lag time]), peak, and endogenous plasmin potential
(EPP) (Figure 1B).

Preparation of blood and plasma from pregnant women receiving TXA

Plasma samples from 30 pregnant women undergoing scheduled cesarean delivery were
obtained from a previous prospective, open-label, dose-finding study approved by the
Institutional Review Board of George Washington University (IRB#041737).40 Briefly,
women were assigned to one of three cohorts receiving 5, 10, or 15 mg/kg TXA,
respectively, via intravenous administration at the time of cord clamp. Mean biometric data,
preoperative laboratory assays, and comorbidities were similar between groups (Table S1
and*0).

Blood was obtained via venous access before delivery and at time points up to 24 hours after
TXA administration. Blood was collected into sodium citrate (Becton Dickinson Vacutainer
tubes, Na Citrate 0.109 mol/L, 3.2%) for ROTEM and PG assays. Blood was also collected
into potassium ethylenediaminetetraacetic acid (Becton Dickinson Vacutainer tubes, K»
EDTA 7.2 mg) for determination of TXA levels by mass spectrometry. Platelet-poor plasma
was prepared by centrifugation (3000g, 15 minutes), flash frozen on dry ice, and stored at
-70°C.

Mass spectrometry

Plasma concentrations of TXA were determined by ultrahigh-performance liquid
chromatography-tandem mass spectrometry. 4-Aminocyclohexanecarboxylic acid was used
as the internal standard®142 with modifications. Specifically, plasma samples were prepared
for analysis using protein precipitation with acetonitrile. Sample extracts were analyzed
using normal phase chromatography with a Waters BEH HILIC column (2.1 x 100 mm, 1.7
um, Waters Corp.) followed by detection with a Waters Xevo TQ-XS mass spectrometer.
The mobile phase was A (10 mmol/L ammonium formate in water/isopropanol/formic acid
50/50/0.1):B (10 mmol/L ammonium format in acetonitrile/water/formic acid 90/10/0.1) =
40:60 with 0.25 mL/min flow rate. The mass spectrometer used an electrospray ionization
source and a positive ion multiple reaction monitoring mode. For quantification of TXA,
mass-to-charge ratios were set to 158.2 > 95.2 for TXA and 144.2 > 109.1 for the internal
standard, respectively. Measurements for samples containing over 25 ug/mL TXA were
obtained after diluting the samples into control plasma. The lower limit for TXA
quantification was 0.04 pg/mL. Intra-assay (within-day) precision (% coefficient of variation
[% CV]) and accuracy (% bias) were 1.3% to 8.7% and 0.9% to 7.6%, respectively. Inter-
assay (between-day) % CV and % bias were 0.7% to 6.7% and 1.2% to 15.2%, respectively.

ROTEM

Fibrinolysis was measured in whole blood using a modification of a previously described
method.#0:43:44 Briefly, whole blood was recalcified per manufacturer instructions for
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EXTEM (Instrument Laboratories) and rtPA (0.3 pg/mL, final) was added ex vivo before
starting the ROTEM analysis. Clot formation and lysis were followed by changes in
amplitude in a ROTEM delta using software, version 2.7.1. The following parameters were
analyzed: clotting time, clot formation time (CFT), alpha angle (alp), amplitude at 10
minutes, amplitude at 20 minutes, maximum clot firmness, lysis index at 30 minutes (L130),
and maximum lysis (ML, percent decrease from maximum clot firmness at 60 minutes).

2.8 | Statistical methods

Descriptive statistics (means, medians, standard deviations, and range) were calculated using
GraphPad Prism, version 8.4.2. PG parameters vs TXA concentration (in vitro experiments)
or time after intravenous administration were analyzed by one-way ANOVA with Dunnett’s
post hoc testing using Prism 8.4.2. Buffer-treated samples (no TXA) or predelivery samples,
respectively, were used as the index condition, and £ < .05 was considered statistically
significant. The plasma TXA concentration-PG effect relationship following intravenous
administration was characterized using a population modeling approach similar to previous
reports#548 carried out by Pumas, version 1.0.5 (www.pumas.ai).#” A likelihood ratio test
method was applied to test the significance of the fitted models; £ < .05 was used to indicate
statistical significance with 95% confidence.

3| RESULTS

3.1| The PG assay is specific for plasmin and sensitive to tPA, fibrin(ogen), and a,-
antiplasmin

Previously we developed an in vitro assay to measure PG kinetic parameters in mouse
plasma.3” To adapt this assay to human plasma, we first assessed the sensitivity of the assay
to plasminogen, rtPA, a,-antiplasmin, and fibrin(ogen) concentrations. Consistent with that
seen in mouse plasma,3’” PG was not observed in plasminogen-deficient plasma,
demonstrating specificity of this assay to plasmin (Figure 1C). When normal pooled plasma
was mixed with plasminogen-deficient plasma, PG was dose dependent with respect to the
plasminogen concentration (Figure 1C). PG was also not observed in human plasma in the
absence of exogenous rtPA (Figure 1D), indicating neither basal levels of circulating tPA or
urokinase plasminogen activator (~1-5 ng/mL each),*8:49 nor any contaminating factor Xlla,
50.51 were sufficient to trigger measurable PG. Addition of rtPA increased PG in a rtPA
concentration-dependent manner (Figure 1D). To assess the sensitivity of PG to fibrin
cofactor activity, we mixed normal pooled plasma with fibrinogen-deficient plasma. As
expected,8:52 PG was not observed in the absence of fibrinogen, and increasing
concentrations of fibrin(ogen) enhanced PG in a dose-dependent manner (Figure 1E).
Mixing normal pooled plasma with a.,-antiplasmin-deficient plasma increased PG in a dose-
dependent manner (Figure 1F). Collectively, these data demonstrate sensitivity of the PG
assay to established endogenous mediators of PG in human plasma.

3.2 TXA inhibits PG in vitro

To assess sensitivity of the PG assay to TXA, we first added TXA (0-50 pg/mL, final) to
human plasma in vitro. These TXA concentrations are achieved in plasma after intravenous
administration,” and turbidity assays confirmed that these concentrations produced a dose-
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dependent prolongation in the clot lysis time (Figure 2A-B). In PG assays, TXA had a
slight, biphasic effect on the lag time, but the lag time was only significantly different at ~15
pg/mL TXA (Figure 2C-D). TXA produced a significant dose-dependent delay in the
TtPeak and a decrease in the velocity, peak, and EPP (Figure 2C, E-H). In particular, 10
ug/mL TXA delayed the TtPeak by 86 + 1.5%, reduced the velocity by 84 + 1.6%, and
decreased the peak by 54 + 6.7%. Similar inhibitory effects were detected in reactions
performed in the presence of lower rtPA concentrations (data not shown). In addition to
showing sensitivity of the PG assay to pharmacologically relevant concentrations of TXA,
these data specifically show TXA reduces tPA-mediated generation of plasmin in plasma.

Ex vivo detection of TXA after intravenous administration

To determine the sensitivity of the PG assay to TXA administered intravenously, we
measured PG in plasmas obtained from women undergoing cesarean delivery who received
TXA (5, 10, or 15 mg/kg) at the time of umbilical cord clamp. Baseline PG parameters
before TXA administration were generally similar to that seen in normal pooled plasma
(Figures 2 and 3), with the exception of a reduced PG velocity (26.8 + 4.3 vs 59.2 + 8.6
nmol/L/min, respectively) and peak (114.7 + 17.6 vs 144.89 + 20.8 nmol/L) in plasma from
pregnant women. This difference may reflect, in part, increased PAI-1 antigen and activity
associated with pregnancy.>3 We first analyzed plasma PG as a function of time after TXA
administration. As expected, all three TXA dosing levels significantly reduced PG (Figure
3). Similar to that observed following TXA addition to plasma in vitro, compared with
pretreatment samples, plasmas from women who received intravenous TXA showed little
change in the lag time, but a significantly delayed TtPeak and reduced velocity, peak, and
EPP (Figure 3). Effects of TXA were most profound immediately after TXA administration,
after which PG increased with time until parameters approached preadministration values.
Comparison of the three TXA dosing regimens revealed similar extent of PG inhibition
(Figure 3).

Because ROTEM is considered by many to be a “gold standard” assay for assessing
fibrinolysis in a complex milieu, we then compared the time-response of plasma PG
parameters with those of ROTEM measured in paired whole blood samples clotted in the
presence of rtPA. The ROTEM data are reported elsewhere?? and summarized here. Briefly,
the rtPA-initiated ROTEM curve is characterized by an initial increase in amplitude
indicating clot formation followed by a decrease in amplitude indicating clot lysis.#0:44
Multiple established parameters quantifying this curve, including amplitude at 10 minutes,
amplitude at 20 minutes, maximum clot firmness, L130, and ML detected effects of TXA. Of
these parameters, LI130 and ML showed the strongest correlation with time after infusion,
with strong antifibrinolytic activity detected immediately after TXA administration followed
by a time-dependent decline in activity up to 8 or 3 hours postinfusion, respectively (Figure
S1 and data not shown). Suppression of PG velocity, peak, and EPP persisted longer than
that detected by the ROTEM L130, suggesting significantly reduced velocity, peak, and EPP
up to 24 hours after administration.
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Pharmacodynamic relationship between TXA and PG

Finally, to characterize the relationship between TXA concentration and PG, we used a
population modeling approach to correlate plasma concentrations of TXA measured by mass
spectrometry with each PG parameter. As expected,> TXA exhibited a 1.7-hour half-life in
plasma following intravenous administration (data not shown). The TXA concentrations
significantly describe the changes in ROTEM LI30 and ML as well as PG parameters (P
<.001), indicated a strong concentration-effect relationship. Experimental observations vs
modeled predictions for each PG parameter are shown in Figure 4. The PG lag time
correlated poorly with the plasma TXA concentration (data not shown). However, the
TtPeak correlated positively with plasma TXA in an additive £y model (P<.001, Figure
4A), and the velocity, peak, and EPP correlated negatively with plasma TXA in a fractional
Emax model (each £<.001, Figure 4B-D). Consistent with the in vitro spiking experiments
(Figure 2), the TtPeak, velocity, peak, and EPP were delayed or reduced, respectively, at
TXA concentrations above 10 pg/mL. Of the PG parameters, the velocity demonstrated the
strongest dose-relationship at low TXA concentrations (<10 pg/mL). ROTEM LI130 and ML
also correlated strongly with plasma TXA concentration (both £< .001, Figure 4E-F). In
general, compared with ROTEM, modeled values for PG parameters adhered better to the
measured data (Figure 4A-F).

Concentrations of TXA that half-maximally reduced PG in plasma and altered ROTEM
parameters in whole blood ranged from 3.1 to 16.2 and 0.8 to 6.0 pg/mL, respectively (Table
1). These values are consistent with the concentration of TXA needed to half-maximally
inhibit tPA-mediated activation of plasminogen on fibrin in a purified system.> Compared to
LI30 or ML, the PG parameters showed less within-subject variability (measurement error,
Table 1). For example, at the therapeutic concentration of 10 pg/mL,” the predicted ML and
velocity responses were 11.8 £ 7.3% and 4.3 + 2.0 nmol/L/min, respectively, such that the
imprecision for the predicted ML was ~ 60% compared with 46% for the PG velocity.
Moreover, compared with ROTEM parameters, between-subject variability (% CV) was
smaller for PG parameters (Table 1). Collectively, these findings show the PG assay is
sensitive to antifibrinolytic activity of TXA in vitro and ex vivo, and reliably detects
suppressed PG in plasma from women undergoing cesarean delivery at pharmacologically
relevant concentrations of TXA.

DISCUSSION

Tranexamic acid has been shown to reduce or prevent bleeding in multiple clinical settings.
We previously described a calibrated assay to measure the kinetics of PG in mouse plasma3’
and have now extended, characterized, and applied this assay to understand effects of TXA
on PG in human plasma. The PG assay is sensitive to plasminogen, rtPA, fibrin(ogen), and
ap-antiplasmin concentration, and shows a dose-dependent reduction in PG in the presence
of pharmacologically relevant concentrations of TXA administered in vitro and ex vivo.
Development of this assay and its application to a cohort of women receiving TXA during
cesarean delivery yields insight into the pharmacodynamic effects of TXA in this population
that has heightened risk of bleeding and thrombosis. Our findings expand the technological
arsenal for assessing fibrinolytic mechanisms in vitro and in vivo.
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The PG assay is an extension of an assay we previously developed and characterized using
plasma from mice with genetically engineered deficiencies in procoagulant and fibrinolytic
proteins.3” This assay has similarities to previous methods that used fluorogenic substrates
to evaluate PG kinetics in plasma.>>-57 Each of these methods used similar concentrations of
tissue factor, phospholipids, and rtPA, operate at similar time scales, and test coagulation
and fibrinolytic mechanisms. These assays are sensitive to multiple coagulation factors,
including fibrinogen and plasminogen. Our assay differs from the previous PG assays via
several key features, including its use of a water-soluble substrate, calibration with
preformed a,M-Pm complex, and use of a mathematical model to correct for substrate
consumption and the inner filter effect.3% These differences enable us to assess the kinetics
of plasmin production during fibrinolysis and express PG parameters in molar
concentrations, yielding enhanced understanding of plasmin evolution during a fibrinolytic
reaction.

Tranexamic acid is a lysine analog capable of blocking both tPA-mediated generation of
plasmin and plasmin-mediated cleavage of fibrin. In an experimental system with purified
components, ~10 pg/mL (60-70 pmol/L) TXA provides near maximal inhibition of
plasminogen conversion to plasmin.>58 However, effects of TXA in whole blood and plasma
have been more difficult to define. In these settings, fibrinolysis is typically measured using
so-called “global assays” (eg, ROTEM/TEG, turbidity) that report a composite of reactions,
including thrombin generation, fibrin formation, and plasmin generation, that culminate in
fibrinolysis. Because most analyses of TXA use these global assays, existing studies have
not easily differentiated inhibitory effects of TXA on PG from plasmin cleavage of fibrin.
Given the lack of effect of TXA on plasmin-antiplasmin complexes, Godier et al®® suggested
TXA primarily inhibits plasmin activity, but not tPA-mediated PG.5° However, because the
circulating concentration of plasminogen is higher than a,-antiplasmin (2.4 vs 1.1 pmol/L,
respectively), the use of high rtPA (~4 nmol/L, ~2.8 pg/mL) in their reactions may have
generated high plasmin concentrations that consumed available a.,-antiplasmin.®0
Consequently, the use of plasmin-antiplasmin complexes as a biomarker of PG may not have
revealed the full dynamics of PG. Our ability to detect plasmin activity in plasma shows that
TXA inhibits PG. These findings support the premise that TXA’s antifibrinolytic effects
stem from its ability to reduce tPA-mediated conversion of plasminogen to plasmin.
Clarifying these effects is important because it indicates that, by reducing PG, TXA can
inhibit multiple downstream effects of plasmin, including proteolytic cleavage of nonfibrin
substrates that may be differently affected by TXA.

Sensitivity of the PG assay to both endogenous and pharmacologic mediators of fibrinolysis
suggests several potential applications, including assessment of other methods of TXA
administration (eg, oral delivery) and fibrinolytic abnormalities in individuals with
congenital or acquired bleeding disorders. In settings with abnormal lysis, whereas existing
technologies like the clot lysis time assay or thromboelastography cannot differentiate
between altered fibrin stability vs altered ability to produce plasmin, the PG assay provides
this information that is essential for understanding the operant mechanisms. For example,
use in plasma from patients experiencing trauma-induced coagulopathy may be especially
instructive for characterizing mechanisms implicated in hyperfibrinolysis, hypofibrinolysis,
and so-called “fibrinolysis shutdown” as defined by ROTEM or TEG.61-63 Characterization
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of specific fibrinolytic abnormalities in these settings may optimize the risk-benefit ratio
when using antifibrinolytics in selected populations.

Our study has limitations. First, the study design did not include a cohort of women that did
not receive TXA at cesarean delivery, so some of the observed reduction in PG attributed to
TXA in the ex vivo study may reflect biological changes in PG that accompany pregnancy
and cesarean delivery. However, normal tPA-modified ROTEM profiles were previously
observed in pregnant women,** and functional effects of TXA observed ex vivo (Figures 3—
4) were consistent with measured concentrations of TXA, as well as TXA effects observed
in the in vitro experiments (Figure 2). Second, median estimated blood loss for cohorts
receiving 5, 10, or 15 mg TXA was similar (750, 750, and 700 mL, respectively), and we
were unable to correlate blood loss with PG in this study. Third, the mathematical derivation
of plasmin concentration has caveats: formation of the a,-M-Pm complex is not necessarily
linear, substrate cleavage by plasmin differs slightly from that by plasmin trapped by a,-M,
and the plasmin substrate is consumed relatively quickly so the decay phase of the reaction
curves reflects both plasmin inactivation and substrate consumption, making the EPP
parameter less robust. Fourth, although our study evaluated effects of TXA on rtPA-
mediated PG, we did not assess the role of TXA on urokinase-mediated PG, which is
paradoxically stimulated by TXA.> Application of the PG assay to understand effects of
TXA on urokinase may reveal clues to negative outcomes associated with delayed
administration of TXA,8 when urokinase may have a larger role. Finally, we compared the
effect of TXA on PG measured in plasma with ROTEM parameters measured in whole
blood. Because cells carry plasminogen activators and inhibitors (eg, urokinase,
plasminogen activator inhibitor-1) that may affect PG and effect of TXA, caution must be
taken when comparing these results.

In summary, we have described a PG assay that is sensitive to pharmacologically relevant
concentrations of TXA administered in vitro and in vivo. Our assay, which can detect
reduced PG at low TXA concentrations (<10 pg/mL), may be useful for understanding
effects of TXA beyond that which can be appreciated from traditional fibrinolysis assays.
Continued development of the PG assay as a potential point-of-care method to assess PG
and TXA may reveal pharmacodynamic properties helpful for individualizing therapy.
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Essentials
. Tranexamic acid (TXA) is an antifibrinolytic drug used to reduce bleeding.
. Assaying plasmin generation (PG) in plasma detects clinically relevant TXA

levels in vitro and ex vivo.

. 3.1-16.2 pg/mL TXA half-maximally inhibits PG in plasma from women
undergoing cesarean delivery.

. PG velocity shows the strongest dose-relationship at low TXA concentrations
(<10 pg/mL).
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FIGURE 1.
The PG assay is specific for plasmin and sensitive to rtPA, fibrin(ogen), and a,-antiplasmin

in human plasma. A, Plasma was mixed with tissue factor (TF), phospholipids, and
recombinant tissue plasminogen activator (rtPA) (reaction wells), or a.,-macroglobulin/
plasmin complex (calibrator wells). Reactions were initiated by automatically dispensing
fluorogenic substrate and CaCl, to each well. B, Fluorescence was monitored over time, and
a PG curve was derived mathematically, yielding PG parameters: lag time, time to peak
(TtPeak), velocity, peak, and endogenous plasmin potential (EPP). C, PG in normal pooled
plasma mixed with plasminogen-deficient plasma. D, PGin normal pooled plasma; reactions
were triggered with the indicated concentrations of rtPA. E, PG in normal pooled plasma
mixed with fibrinogen-deficient plasma. F, PG in normal pooled plasma mixed with a.,-
antiplasmin-deficient plasma. Panels C-F show representative curves from three independent
experiments.
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PG parameters correlate with plasma TXA concentration. TXA concentrations measured by
mass spectrometry were correlated with (A) PG TtPeak, (B) PG velocity, (C) PG peak, (D)
PG EPP, (E) ROTEM LI30, and (F) ROTEM ML. The TXA concentration-effect
relationship for each parameter was characterized using a population modeling approach.
Each dot represents a separate sample.
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