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ABSTRACT

Optimal strategy for effective dissolution of the thrombus in

thrombolysis models

Young Dae Kim

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Ji Hoe Heo)

Thrombolytic treatment with intravenous (IV) recombinant tissue
plasminogen activator (rt-PA) is a proven therapy for acute ischemic stroke.
However, its efficacy is limited due to its relatively low potency in dissolving
thrombus, as well as the likelihood for hemorrhagic transformation and re-
occlusion. During thrombolytic treatment with rt-PA, the thrombus undergoes
dynamic changes. Lysis of the thrombus alternates with re-growth of the
thrombus, leading to re-occlusion and platelets play major roles in this process.
We investigated whether the combined use of aggrastat or atorvastatin can
potentiate the efficacy of rt-PA using a ferric chloride-induced carotid arterial
thrombosis model in mice and an in vitro model using rotation

thromboelastometry (ROTEM) and platelet aggregometry. Infusion of aggrastat
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immediately after the end of rt-PA infusion resulted in improved efficacy in
preventing re-occlusion in mice treated with rt-PA alone. However, when
aggrastat was administrated to mice simultaneously at the time of rt-PA bolus
infusion, it did not significantly improve the thrombolytic effects. Compared
with the group treated with rt-PA only, the group treated with concomitant
atorvastatin and rt-PA showed improved effects in terms of shorter time to
initiation of lysis or recanalization and longer persistent recanalization of the
blood flow. By ROTEM assay, clot firmness at 20, 25, and 30 minutes was
lower in the group treated with a combination of rt-PA and atorvastatin than in
the control group. Likewise, in terms of the lysis parameter, the EX lysis index
at 30 minutes was shorter in the group treated with concomitant atorvastatin and
rt-PA, which implies that clot lysis was greater at 30 minutes. However, there
was no significant difference in the variables of FIBTEM. These results suggest
that adding atorvastatin to rt-PA produces a faster thrombolytic response
through inhibition of the platelet-related pathway. Platelet aggregometry
confirmed that atrovastatin inhibited platelet aggregation as maximal
aggregation values and the area under curve were significantly lower in the
atorvastatin-treated group. However, lipid profiles were not different between
the two groups, which suggests that these effects were not due to the lipid
lowering effects of atorvastatin. Our results suggest that rt-PA treatment can be
improved by adjuvant use of aggrastat or atorvastatin, and that their

effectiveness is due to their antiplatelet actions.

Key words: recombinant tissue plasminogen activator, thrombolysis,

glycoprotein Gllb/l1la antagonist, statin
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I. INTRODUCTION

Thrombolytic treatment with intravenous (1) recombinant tissue plasminogen
activator (rt-PA) is a proven therapy for acute ischemic stroke." Thrombolytic
treatment can lead to recanalization of an occluded artery, which is associated

with favorable clinical outcome.’ Although IV rt-PA is effective in acute



ischemic stroke, the use of IV rt-PA is limited by its narrow therapeutic time
window and by the risk of intracerebral hemorrhage. Furthermore, the
thrombolytic efficacy of IV rt-PA is relatively low, with a successful
recanalization rate of only 20-30%,>* particularly in large artery occlusion with
a large thrombus burden.* To improve the thrombolytic efficacy, intra-arterial
approaches using chemical agents or mechanical devices have been tried.””
However, intra-arterial thrombolysis requires additional infrastructure including
angiographic suites and experienced personnel, which limits its wide use.
Recently, new thrombolytic agents have been developed, although the efficacy
of these agents has not been proven through the randomized controlled trials.?
During thrombolytic treatment, the thrombus undergoes dynamic changes.**
Our previous work revealed that lysis of the thrombus alternating with regrowth
of thrombus subsequently leads to re-occlusion during or after infusion of rt-PA.
In 20% of acute ischemic stroke patients, increase in thrombus volume was
observed byu thin-section noncontrast computed tomography scans, which were
taken before and after IV rt-PA infusion.™* Previous reports showed that re-
occlusion after successful recanalization developed in up to 30% of patients and
that re-occlusion resulted in a poor outcome.’**** Platelets play a major role in

the development of re-occlusion after thrombolytic treatment, and



administration of glycoprotein (GP)IIb/Illa antagonists, one of antiplatelet
agents, can be beneficial in re-opening a re-occluded artery.” Considering the
effect of GPIIb/Illa antagonists on inhibition of platelet aggregation, combined
use of GPIIb/Illa antagonists and rt-PA might be more effective for suppression
of thrombus re-growth compared with infusion of rt-PA alone. However, there is
a little data regarding the potential benefits of combining rt-PA and GPIIb/Illa

inhibitors in terms of the efficacy of recanalization.

Thrombolytic efficacy is determined by the patient’s underlying characteristics,
vascular status, and concomitant medication.”™*’ Statins, which are 3-hydroxy-
3-methylglutaryl coenzyme A (HMG-CoA)-reductase inhibitors, block the
synthesis of mevalonate and inhibit the biosynthesis of cholesterol. Their
efficacy in preventing cardiovascular disease has been established in many
clinical studies.® However, it has been reported that statins also have many
other beneficial actions, known as pleiotropic effects, on endothelial cells and
platelets."®® These pleiotropic effects are observed shortly after statin
treatment.”* A recent report showed that administration of statin within 72 hours
of stroke onset was associated with both early and late favorable outcomes in
ischemic stroke patients.22 Combination treatment with rt-PA and atrovastatin,

thrombolytic efficacy may potentiate the thrombolytic efficacy in animal stroke



models, as combination treatment blocks the expansion of the ischemic lesion
and improves the neurologic outcome and microvascular patency.”*? These
benefits may be due to the pleiotropic effects of statins, including reduction of
platelet activation and an increase in fibrinolysis. When considering this
evidence, statins may enhance the thrombolytic efficacy of rt-PA. However,

there has been little data studying the effects of statin on recanalization.

The aim of this study was to determine whether the combination of IV rt-PA
with a GPIIb/llla antagonist or atorvastatin would enhance thrombolytic

efficacy.



Il. MATERIALS AND METHODS

The care and use of laboratory animals in this experiment were performed
according to institutionally approved protocols in accordance with the
Association for Assessment and Accreditation of Laboratory Animal Care

(AAALAC).

1. In vivo model for investigation of combined thrombolytic agents
A. Animal model and FeCls-induced carotid artery thrombosis
Eight-week-old male mice from the Institute for Cancer Research (ICR)
were used in these experiments. For operative procedures, animals were
anesthetized by inhalation of 5% isoflurane in a mixture of 70% N,O and 30%
0O,. Anesthesia was maintained with 2% isoflurane. During the operative
procedures, body temperature was monitored using a rectal temperature probe,
and kept at 37.0 + 0.2 °C using a homeothermic blanket control unit and a
heating pad (Harvard Apparatus, Holliston, MA, USA). A FeCls-induced
carotid thrombosis model was used to test the thrombolytic activity of
thrombolytic agents in vivo. After shaving and sterile preparation of the mouse,
the left common carotid artery was carefully dissected under a surgical

microscope after a midline incision of the neck. An ultrasonic Doppler flow



probe (MAO.7PSB; Transonic Instruments, Ithaca, NY, USA) was placed
around the mid-portion of the common carotid artery (CCA). Carotid blood
flow was monitored with a Transonic TS420 Blood Flow Meter (Transonic
Instruments, Ithaca, NY, USA) and blood flow data was obtained using an
iWorx 1X-304T data acquisition system (iWorx Systems, Inc., Dover, NH).
Baseline flow of the CCA was measured for five minutes before the ultrasonic
Doppler flow probe was removed. After drying the surface of the CCA by
removing tissue fluid from the surface of the CCA and around the CCA,
thrombosis was induced by placing a filter paper (700 pum x 500 um) saturated
with 50% FeCl; on the adventitial surface of the midpoint of the exposed CCA
for five minutes. After removing the filter paper, the CCA was washed with
normal saline and its blood flow was recorded by placing the ultrasonic Doppler
flow probe. Thrombus formation and arterial occlusion were determined by a
decrease in blood flow, and complete occlusion was defined as a sustained

absence of blood flow for ten minutes.

B. Intravenous thrombolysis in vivo model
Ten minutes after occlusion of the CCA, thrombolytic agents were
administrated intravenously via the left femoral vein using an infusion pump

(KDS100 syringe pump; KD Scientific, Holliston, MA, USA) connected to PE-



10 tubing. Carotid blood flow was continuously monitored for two hours from

the initial time of drug administration.

(1) rt-PA infusion used in mice model

The total dose of rt-PA (Actilyse®; Boehringer Ingelheim, Germany) for IV
administration was 9 mg/kg, which is 10 times higher than a dose in humans, as
the plasma level of plasminogen activator inhibitor-1 is elevated in rodents and
the specific fibrinolytic effect of rt-PA is at least 10 times lower in rodents than
in humans.* Each mouse received rt-PA intravenously with 10% of total
volume as an initial bolus, followed by infusion of the remainder (90%) over 1

hour.

(2) Aggrastat infusion in the mouse model

We investigated the dose-response of aggrastat (Tirofiban®; Merck&Co
USA) because little data is available regarding the optimum dose of aggrastat in
a mouse model. Animals were randomly divided into seven groups (five mice in
each group): 0 (normal saline), 0.5, 1.25, 2.5, 3.75, 5, and 10 mg/kg of aggrastat
administration groups. Ten percent of the dose was initially administered as an
intravenous bolus, and the rest was infused continuously for 60 min.

The average blood flow was calculated in each animal according to the dose



of aggrastat. The thrombolytic effect was calculated as described below and
expressed as a percent of mean blood flow at baseline; [mean blood flow during
the two hours after administration of aggrastat / mean baseline blood flow) x
100 (%)]. The mean values of each group in the dose-response study were

calculated and graphed on a standard thrombolytic activity curve (mean £ SD).

(3) Atorvastatin use in the mouse model

Atorvastatin  (Lipitor®; Pfizer, Seoul, Korea) was administrated
intraperitoneally at a dose of 10 mg/kg immediately after confirmation of
thrombus formation at the left CCA by the blood flow meter. The dose of
atorvastatin (10 mg/kg) was selected based on results published previously,'*%

as the amount showing upregulation of eNOS in thrombocytes and decreased

platelet activation or cerebral ischemia.

(4) Sequential administration of agents in an in vitro model

For investigation of beneficial effect of sequentially administrated regimens,
three scenarios were tested: (1) IV aggrastat after the end of IV rt-PA infusion,
(2) combination treatment with IV rt-PA and IV aggrastat, and (3) combination
treatment with IV rt-PA and IP atorvastatin. The time to initiate lysis of the

thrombus and for recanalization, duration of persistent recanalization, the
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presence of re-occlusion, and final lysis of the thrombus were compared among

the three groups.

C. Assessment of recanalization

The presence of recanalization was assessed by continuous measurement of
blood flow. Baseline and continuous blood flow data after CCA occlusion were
acquired using iWorx Labscribe 2 data acquisition software (version 2.045000).
The raw blood flow per minute data of all mice included in each group were
merged into one graph, which was used in the analysis of time to recanalization,

the presence of re-occlusion, and final lysis of the thrombus.

(1) Onset time to initial lysis of thrombus

Time from administration of thrombolytic agents to initiation of lysis was
investigated. The definition of initiation of lysis was a blood flow of at least >
30% of the baseline level as documented using a Transonic TS420 Blood Flow

Meter.

(2) Time to persistent recanalization
Time from administration of thrombolytic agents to persistent recanalization

was assessed. Persistent recanalization was defined as the restoration of blood
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flow to at least > 50% of the baseline level maintained for longer than 30

minutes.

(3) The presence of re-occlusion
Re-occlusion after successful recanalization was defined when the blood
flow, which was restored to >50% of the baseline level, decreased to below 50%

of the baseline level.

(4) Total duration of recanalization
The definition of total duration of recanalization in this study was the
summation of the time from recanalization with restoration of blood flow to at

least > 50% of the baseline level to time of re-occlusion.

(5) Final lysis of thrombus
After two hours of infusion with thrombolytic agents, final mean blood flow
was checked. In case where final blood flow was = 100%, blood flow was

considered to be 100%.

2. In vitro model for investigation of statin effect on thrombolysis

A. Exposure of mice to atorvastatin

12



Mice were treated with intraperitoneal injection of atorvastatin at a dose of 10
mg/kg, and were sacrificed 60 min after the end administration of atorvastatin.
The control group received normal saline. Mice were anesthetized with
isoflurane and blood (900 pl) to be used for thromboelastography or platelet

aggregometry was drawn by cardiac puncture.

B. Rotation Thromboelastometry

For the investigation of possible mechanism of enhanced thrombolytic efficacy
in mice that were simultaneously treated with atorvastatin and rt-PA, we used
Rotation Thrombolelastometry (ROTEM).

Whole blood samples were analyzed using the protocol recommended by the
manufacturer. ROTEM measures the viscoelastic properties of the clot and
provides information on the speed of coagulation initiation, the kinetics of clot
growth, clot strength and lysis (Figure 1). Analyses were performed by pipetting
300 pL citrated whole blood and 20 uL 0.2 M calcium chloride with specific
activators into a plastic cup as previously described.?® The following tests were
performed: EXTEM, which uses rabbit brain thromboplastin as the activator,
and FIBTEM, which assesses the fibrin-based clot using cytochalasin-D to
inhibit the contribution of platelets. Tests were simultaneously done at 37°C in

four channels. Sample were tested against atorvastatin only (n=5), combined

13



atorvastatin and rt-PA (n=5) or saline (n=5). The concentration of rt-PA used
was 0.4 ug and rt-PA was directly put into the working cup. Characteristics of

the clots obtained by ROTEM are presented in Table 1.

60 mm
20 mm
MCF [mm]

Maximum clot firmness,

—» i Coagulation time, CT [sec]
»: Clot formation time, CFT [sec]

Figure 1. Normal thromboelastography in Rotation Thrombolelastometry
(ROTEM) tracing.
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Table 1. Parameters used for ROTEM assay.

Variables Parameter Definition Unit
Coagulation activation and clot polymerization parameters
CT Coagulation time Time from the test start S
to an amplitude of 2 mm
CFT Clot formation time  Time between 2 mm amplitude and 20 s
mm amplitude
A a-angle Angle between the baseline and a degree
tangent to the clotting curve through the
2-mm point
Clot firmness parameters
MCF Maximum clot Maximum amplitude reached during the mm
firmness test
A(X) Amplitude Clot firmness (in mm amplitude) at the mm
(firmness) at time X respective time point after CT
Clot lysis parameters
ML Maximum lysis Maximum lysis detected during the run %
time
LI(x) Lysis index at time Ratio of the amplitude and MCF at a %
X minutes given time point after CT
Research parameters
maxV Maximum velocity =~ Maximum of the 1st derivative of the mm/min
curve
maxV-T Time to maximum Time from reaction start S
velocity to the maximum of the 1st derivative of
the curve
AUC Area under 1st Area under 1st derivative curve from mm X
derivative curve start of the derivative curve until MCF 100
is reached
CFR Clot formation rate  Angle between the baseline and the degree
tangent at the maximum slope
ACF Actual clot firmness Clot firmness at the actual time point of mm
or last clot firmness  observation
MCF-T MCF-time Time from CT until MCF is reached S
MCE Maximum clot MCE=100 X MCF/(100-MCF)
elasticity

15



AR(x) Area under the Area under the curve from CT to the mm

curve at time X respective time point (minutes)
LOT Lysis onset time Time span from CT to the start of s
significant lysis
CLR Clot lysis rate Strongest lysis described by the angle degree

between the baseline and the tangent to
the declining firmness curve at the
minimum of the 1st derivative

LT Lysis time Time from CT until clot firmness s
decreased to 10% of the MCF
G G=5000MCF/(100-  Shear elastic modulus strength
MCEF)

16



C. Platelet aggregometry

The inhibitory effects of atorvastatin on platelet aggregation were
investigated using platelet aggregometry (Chronolog 700; Chronolog
Corporation, Havertown, PA, USA). Sixty minutes after intraperitoneal
administration of atorvastatin at a dose of 10 mg/kg, blood (900 pl) was drawn
by cardiac puncture from four mice anesthetized with isoflurane. The blood was
drawn into a syringe containing 100 pl of 150 USP sodium heparin solutions,
resulting in a final heparin concentration of 15 USP/ml. A total of 500 ul of
heparinized whole blood was mixed with the same volume of normal saline.
The same volume of normal saline was added as a control. A solution of 20 uM
ADP (Chronolog Corporation, Havertown, PA, USA) were used as a platelet
activator. Platelet aggregation activity was measured with an impedance method
in a platelet aggregometer. The effect of platelet disaggregation was calculated

as a percentage of restoration to the baseline level.

D. Statistical analysis

All statistical computations were performed using SPSS (version 18.0, SPSS
Inc, Chicago, IL. USA). The categorical variables were compared using a chi
square test or Fisher’s exact test and continuous variables were compared using

Mann-Whitney test, as appropriate. The values are presented as the mean *

17



standard deviation (SD). P < 0.05 was considered statistically significant.
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I11. RESULTS

1. Complete occlusion according to the concentration of FeClI3

For the assessment of recanalization after drug treatment, blood flow should
be monitored before and for sometime after the end of drug administration. The
arterial occlusive state should be sustained during that time. We investigated
which concentration of FeCl; was appropriate for leading to complete occlusion
in our study. As the concentration of FeCl; increased, blood flow at the carotid
artery reduced and time to occlusion decreased. A concentration of 50% FeCl;
was chosen for the remainder of the experiments, as the carotid artery was in a
completely occluded state without spontaneous recanalization for a 2-hour

period in all tested mice.

2. Dose dependent thrombolytic efficacy of aggrastat

Infusion of aggrastat resulted in the restoration of blood flow in a dose-
dependent manner. Blood flow was restored to nearly baseline levels at a dose
of 10 mg/kg (Figure 2). In each mouse, blood flow did not recover gradually,
but instead fluctuated, indicating that re-occlusion occurs frequently during the

process of recanalization (Figure 2).
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Figure 2. Dose-dependent responses of aggrastat. The Transonic TS420 Blood
Flow Meter showed that the thrombolytic efficacy of aggrastat gradually
increased as the dose increased. During recanalization, fluctuating blood flow
was observed. A: Time-patterns of blood flow according to concentration of

aggrastat. B: Time-flow curves of all mice in each group.
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3. Combined thrombolytic effects of two agents

A. Combination treatment of rt-PA and aggrastat
When rt-PA and aggrastat were given to mice simultaneously, thrombolytic
effects were not enhanced although the time to recanalization seemed to be
slightly shorter in comparison with those treated with rt-PA alone (18.4 + 13.3
minute in simultaneous administration of rt-PA and aggrast vs. 32.1 + 19.9
minute in rt-PA alone, p=0.347). However, infusion of aggrastat immediately
after the end of rt-PA infusion resulted in improved efficacy, in that re-occlusion,
which was seen in mice treated with rt-PA alone, was effectively prevented
(Figure 3). The final lysis of thrombus was significantly different between the
rt-PA alone group and the sequential administration group (28.0 £ 46.4 % vs.

124.8 + 9.8 %, p=0.009).
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Figure 3. Thrombolytic efficacy according to administration methods of
aggrastat. Sequential administration of aggrastat effectively prevented re-
occlusion. A: rt-PA only. B: rt-PA followed by aggrastat. C: Simultaneous

administration of rt-PA and aggrastat.

B. Combination treatment with rt-PA and atorvastatin
Compared with the rt-PA group, concomitant use of atorvastatin and rt-PA
showed improved effects in terms of a shorter time to initiation of lysis or
recanalization and longer persistent recanalization of blood flow (Figure 4),
although these differences were not statistically significant (Table 2). Notably,
the response to rt-PA was less variable in the group treated with simultaneous

use of rt-PA and atorvastatin (Figure 5, vertical arrow).
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None of the mice experienced bleeding complications such as intracerebral

hemorrhage, intraperitoneal hematoma, or airway hemorrhage.

atorvastatin

200 1

N
Q
o

150 1 150
100
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wn
o

Mean blood flow (% of baseline)
3

Mean blood flow (% of baseline)

o

60 80

Time (min) Time (min)

rt-PA 9 ma/kqg atorvastatin 10 ma/kqg (i.p.) + rt-PA 9 mg/kg

Figure 4. Thrombolytic efficacy of rt-PA and atorvastatin. Simultaneous
administration of rt-PA and atorvastatin showed earlier recanalization (blue
arrow) and longer maintenance of effective blood flow (red arrow). Effective
blood flow was defined as the restored blood flow above 50% of the baseline.

A: rt-PA only. B: Simultaneous administration of rt-PA and atorvastatin.
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Table 2. Effect of atorvastatin on thrombolysis with rt-PA.

rt-PA rt-PA + atorvastatin p
Onset time to initial lysis of thrombus, minute 32.1+19.9 18.7+ 125 0.175
Time to persistent recanalization, minute 27.8+20.1 18.8+ 125 0.347
Total duration of recanalization, minute 51.8+18.2 87.3+15.6 0.028
Final lysis of thrombus, % 28.0+46.4 70.4 + 26.0 0.115

Data are given as mean + standard deviation.

4. Effects of atorvastatin on rt-PA induced thrombolysis
A. Combination treatment with atorvastatin and rt-PA

The effect and possible mechanism of atorvastatin on clot lysis were
investigated with the use of a ROTEM analyzer. A dose of 0.4 ug rt-PA was
used to induce clot lysis since this concentration showed complete lysis in
ROTEM (Figure 5).

The percentage of rt-PA-induced clot lysis increased in mice treated with
atorvastatin (Figure 6). Among the variables, EX A (20), EX A (25), and EX A
(30) were smaller in the group treated with a combination of rt-PA and
atorvastatin (Table 3) than those in the control group. Likewise, in the lysis

parameters, EX LI (30) was shorter in the combination group, which implies
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that clot lysis was greater at 30 minutes. However, there were no significant
differences in the variables of FIBTEM (Table 4). These results suggest that the
addition of atorvastatin to rt-PA produces a faster thrombolytic response through

inhibition of platelet-related pathway.

A i BT B o

ST: 14:31:58 ST: 14:32:53
RT: 01:00:08 RT: 01:00:08

mm
mm

10 20 30 40 50 60 10 20 30 40 50 60
minutes minutes

ST: 14:34:24
RT: 01:00:08

mm

{0043 - 0065)

65 mm
[0050 - 0072]
ML 9%

10 20 30 40 50 60 10 20 30 40 50 60
minutes minutes

Figure 5. Thromboelastometry analyses (EXTEM) according to concentration

of rt-PA. A: 0.1 ug rt-PA. B: 0.2 ug rt-PA. C: 0.3 pug rt-PA. D: 0.4 pg rt-PA.

25



3 [2mear 2 (21000637 3 [Romear

A
10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60
minutes minutes minutes minutes minutes
3 (3o ST 3 [3 0BT 3 j2inzeaT 3 st |
B g

1020 30 40 5060 10 20 30 40 50 60 10 20 30 40 5060 10 20 30 40 5060 10 20 30 40 50 60

minutes minutes
— e — 1L © s sy MINULES minutes

- ——

10 20 30 40 5060 10 20 30 40 5060 10 20 30 40 5060 10 20 30 40 50 60 10 20 30 40 5060

42 et

minutes minutes minutes minutes minutes

wpearar wEosmay Ty Cpieamar

10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 5060
minutes minutes minutes minutes minutes

Figure 6. Thromboelastometry analyses (EXTEM) of combination treatment
with rt-PA and atorvastatin. EXTEM A, B (A: control with rt-PA. B:
atorvastatin with rt-PA). FIBTEM C, D (B: control with rt-PA. D: atorvastatin

with rt-PA).
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Table 3. Comparison of EXTEM variables between groups according to

combination treatment of rt-PA and atorvastatin.

rt-PA rt-PA + atorvastatin p

EX_CT, second 224+ 0.6 216+ 1.7 0.313
EX_CFT, second 17.2+3.4 206+ 3.4 0.073
EX a, ° 86.8+0.5 86.2+0.8 0.189
EX_AS5, mm 67.4+39 66.6 £ 2.1 0.396
EX_A10, mm 71.2+3.0 69.2+2.2 0.089
EX_A15, mm 720+ 3.0 69.0+£ 2.0 0.074
EX_A20, mm 70.4 £ 3.7 62.8+19 0.011
EX_A25, mm 65.2+7.6 50.4 + 3.8 0.009
EX_A30, mm 53.2+124 28+ 8.9 0.016
EX_MCF, mm 720+ 35 69.6 + 2.3 0.090
MX_ML, % 92.8+5.2 96.4+£ 2.6 0.344
EX_LI30, % 73.6£15.7 40.4 + 13.7 0.027
EX_LI45, % 18.8+17.0 7.0+ 39 0.142
EX_LI160, % NA NA

EX_maxV, mm/min 75.2+11.1 61.4 +10.2 0.047
EX_maxV-T, second 274+ 0.6 27.0+1.2 0.729
EX_AUC, mm x 100 6950.8 + 287.1 6749.2 + 183.2 0.076
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EX_MCE
EX_MCEF-T, second
EX_CFR, °

EX LT, second
EX_CLR, °
EX_ACF, mm
EX_G

EX_ARS5, mm?

EX_AR10, mm?

261.8 + 37.8

796.2+ 7.0

86.8 £ 0.5

2778.5 + 551.2

735+27

5.4+37

13100.4 + 1888.1

553.6 + 36.3

1251 +70.3

230.4 + 21.7

669.6 + 101.7

86.2+ 0.8

2317.4 + 388.7

71075

3.2+1.38

11525.2 + 1077.4

541.6 + 26.8

1223.4 + 46.3

0.076

0.076

0.189

0.142

0.386

0.343

0.076

0.347

0.251

Data are given as mean * standard deviation. Abbreviations are defined as

follows: EX, EXTEM; CT, Coagulation time; CFT, Clot formation time; a, a-

angle; A(x), Amplitude at time x minutes; MCF, Maximum clot firmness; ML,

Maximum lysis; LI(x), Lysis index at time x minutes; NA, not accessible; maxV,

Maximum velocity; maxV-T, Time to maximum velocity; AUC, Area under 1*

derivative curve; MCE, Maximum clot elasticity; MCF-T, MCF-time; CFR,

Clot formation rate; LT, Lysis time; CLR, Clot lysis rate; ACF, Actual clot

firmness; G, G=5000MCF/(100-MCF); AR(x), Area under the curve at time x

minutes.
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Table 4. Comparison of FIBTEM variables between groups according to

combination treatment of rt-PA and atorvastatin.

rt-PA rt-PA + atorvastatin p

FIB_CT, second 23.4+09 234+13 0.910
FIB_CFT, second 25.6+11.3 354+ 134 0.295
FIB a, ° 86.2+0.8 85.0+1.9.0 0.167
FIB_A5, mm 408+ 7.9 39.4+64 0.754
FIB_A10, mm 40.0+ 8.0 39.2+6.9 0.675
FIB_A15, mm 38.6+£6.9 384171 0.600
FIB_A20, mm 35.6+6.4 35.0+7.38 0.492
FIB_A25, mm 31.2+58 29.8+9.2 0.459
FIB_A30, mm 23.8+6.6 214+ 124 0.343
FIB_MCF, mm 408+ 7.9 39.6+6.8 0.754
MX_ML, % 96.8+ 3.1 97.8+44 0.331
FIB_LI30, % 58.8+14.8 52.2£20.0 0.530
FIB_LI45, % 13.6 £ 15.8 10.0+ 18.0 0.396
FIB_LI60, % NA NA

FIB_maxV, mm/min 66.4 + 18.3 52.0+24.2 0.142
FIB_maxV-T, second 29.2+16 286+1.3 0.513
FIB_AUC, mm x 100 3840.2 £ 803.6 3818.2 £ 630.6 0.754
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FIB_MCE
FIB_MCF-T, second
FIB_CFR, °
FIB_LT, second
FIB_CLR, °
FIB_ACF, mm
FIB_G

FIB_AR5, mm?

FIB_AR10, mm?

70.8 £ 21.7

298.0 + 61

86.4+1.1

2689.4 + 522.2

50.3+21.4

14+11

3543.8 + 1094.6

353.2+69.0

757.0 + 150.3

67.6+20.9

483.2 £ 190.2

85.2+1.8

2217.8+135.9

424 +19.5

14+21

3375.0 £ 1044.0

333.0+ 634

667.2 + 40.4

0.754

0.175

0.159

0.142

0.177

0.585

0.754

0.754

0.249

Data are given as mean * standard deviation. Abbreviations are defined as

follows: FIB, FIBTEM; CT, Coagulation time; CFT, Clot formation time; a, a-

angle; A(x), Amplitude at time x minutes; MCF, Maximum clot firmness; ML,

Maximum lysis; LI(x), Lysis index at time x minutes; NA, not accessible; maxV,

Maximum velocity; maxV-T, Time to maximum velocity; AUC, Area under 1*

derivative curve; MCE, Maximum clot elasticity; MCF-T, MCF-time; CFR,

Clot formation rate; LT, Lysis time; CLR, Clot lysis rate; ACF, Actual clot

firmness; G, G=5000MCF/(100-MCF); AR(x), Area under the curve at time x

minutes.
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B. Combination treatment with atorvastatin but without rt-PA

In contrast with the group with combined rt-PA and atorvastatin treatment, the
group treated with atorvastatin alone did not show any thrombolytic effects
(Figure 7). When the variables including EXTEM or FIBTEM on ROTEM were
compared between the two groups, there were no differences except in FIB CT

and FIB maxV-T (Table 5 and 6).
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Figure 7. Thromboelastometry analyses (EXTEM) of acutely administrated
atorvastatin. EXTEM A, B (A: atorvastatin B: control). FIBTEM C, D (C:

atorvastatin. D: control).
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Table 5. Comparison of EXTEM variables between groups with or without

atrovastatin.

control Atrovastatin p

EX_CT, second 204+15 192+1.1 0.146
EX_CFT, second 172+ 3.7 19.8+ 3.7 0.245
EX a, ° 87.0+0.7 86.4+0.5 0.166
EX_A5, mm 714+ 27 72.4+23 0.525
EX_A10, mm 76.2+25 77.2+20 0.456
EX_A15, mm 78.0+£2.3.0 79.0+ 16 0.525
EX_A20, mm 79.2+25 80.2+15 0.665
EX_A25, mm 79.6+£25 80.8+19 0.456
EX_A30, mm 80.4+23 81.2+15 0.745
EX_MCF, mm 80.4+23 81.2+15 0.745
MX_ML, % 02+04 0.0+£0.0 0.317
EX_LI30, % 100.0£ 0.0 100.0+ 0.0 1.00
EX_LI45, % 100.0£ 0.0 100.0z£ 0.0 1.00
EX_LI160, % NA NA

EX_maxV, mm/min 76.8+ 14.4 66.4 + 10.8 0.173
EX_maxV-T, second 27.2+13 260019 0.309
EX_AUC, mm x 100 8059.0 £ 578.6 7943.2 £ 135.0 0.602
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EX_MCE
EX_MCF-T, second
EX_CFR, °

EX LT, second
EX_CLR, °
EX_ACF, mm
EX G

EX_ARS5, mm?

EX_AR10, mm?

417.6 £ 55.6

2199.2 + 285.3

87.0+0.7

20.3+28.3

80.6 £ 2.3

20882.4 + 2790.2

573.6 £ 29.0

1319.2 £ 535

438.2 + 46.8

2007.2 £ 284.9

86.6 £ 0.5

3.0+0

81.2+15

21920.4 + 2356.3

578.0+27.9

1331.2 + 48.3

0.917

0.251

0.339

0.078

0.750

0.917

0.675

0.602

Data are given as mean * standard deviation. Abbreviations are defined as

follows: EX, EXTEM; CT, Coagulation time; CFT, Clot formation time; a, a-

angle; A(x), Amplitude at time x minutes; MCF, Maximum clot firmness; ML,

Maximum lysis; LI(x), Lysis index at time x minutes; NA, not accessible; maxV,

Maximum velocity; maxV-T, Time to maximum velocity; AUC, Area under 1*

derivative curve; MCE, Maximum clot elasticity; MCF-T, MCF-time; CFR,

Clot formation rate; LT, Lysis time; CLR, Clot lysis rate; ACF, Actual clot

firmness; G, G=5000MCF/(100-MCF); AR(x), Area under the curve at time x

minutes.
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Table 6. Comparison of FIBTEM variables between groups with or without

atorvastatin.

control Atrovastatin p

FIB_CT, second 230+ 17 202+1.1 0.029
FIB_CFT, second 36.8+11.6 30.0+18.5 0.465
FIB a, ° 854+05 86.0+ 2.0 0.395
FIB_A5, mm 36.6+4.1 404+7.1 0.344
FIB_A10, mm 37.6+35 416+6.5 0.346
FIB_A15, mm 38.4+3.3 42.6 £ 6.5 0.344
FIB_AZ20, mm 38.8+3.1 43.2+6.5 0.347
FIB_A25, mm 39.0+ 3.0 43.2+6.5 0.346
FIB_A30, mm 39.0+3.0 43.0+6.8 0.344
FIB_MCF, mm 39.2+3.1 42.8+ 6.5 0.402
MX_ML, % 36+15 40124 0.519
FIB_LI30, % 99.2+1.38 99.2+13 0.700
FIB_LI45, % 97.2+1.3 97.0+£ 2.3 0.670
FIB_LI60, % NA NA

FIB_maxV, mm/min 52.6+5.7 66.4 + 28.1 0.530
FIB_maxV-T, second 28.0+0.0 256+13 0.014
FIB_AUC, mm x 100 3781.6 £ 287.2 41440 £ 631.8 0.465
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FIB_MCE
FIB_MCF-T, second
FIB_CFR, °
FIB_LT, second
FIB_CLR, °
FIB_ACF, mm
FIB_G

FIB_ARS5, mm?

FIB_AR10, mm?

64.8+7.9

1292.8 + 353.5

85.4+0.5

NA

6.5+ 0.7

38.2+3.4

3235.8 + 396.5

307.2 £ 35.7

678.0 £ 73.2

77.2+20.4

1053.6 + 503.9

86.2+ 1.6

NA

41.8+6.1

3860.8 + 1014.9

348.8 + 66.2

760.6 £ 135.7

0.347

0.347

0.386

0.221

0.347

0.347

0.347

0.347

Data are given as mean * standard deviation. Abbreviations are defined as

follows: FIB, FIBTEM; CT, Coagulation time; CFT, Clot formation time; a, a-

angle; A(x), Amplitude at time x minutes; MCF, Maximum clot firmness; ML,

Maximum lysis; LI(x), Lysis index at time x minutes; NA, not accessible; maxV,

Maximum velocity; maxV-T, Time to maximum velocity; AUC, Area under 1*

derivative curve; MCE, Maximum clot elasticity; MCF-T, MCF-time; CFR,

Clot formation rate; LT, Lysis time; CLR, Clot lysis rate; ACF, Actual clot

firmness; G, G=5000MCF/(100-MCF); AR(x), Area under the curve at time x

minutes.
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C. Effects of atorvastatin on platelet aggregation

The early effect of atorvastatin on platelet aggregation was examined using
blood obtained from mice treated with atorvastatin (10 mg/kg, IP) one hour
before blood sampling. Platelet aggregometry showed that atrovastatin inhibited
platelet aggregation (Figure 8). Maximal aggregation values inhibited by
atorvastatin were compared with a control value of maximal aggregation (saline
treated group). Although the inhibitory effect of atorvastatin varied, an overall
effect of platelet aggregation by atorvastatin was observed. Maximal
aggregation values and the area under curve were significantly lower in the
atorvastatin-treated group (p<0.05) (Table 7), which suggests that acute
atorvastatin therapy may inhibit platelet aggregation.

However, the lipid profiles were not different between the two groups, and as a
result, these effects are not attributable to the lipid lowering effects of

atorvastatin (Table 8).
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Figure 8. Results of platelet aggregometry showing inhibition of platelet

aggregation. A: control. B: atorvastatin.
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Table 7. Comparison of platelet aggregometry variables between groups.

control atorvastatin p
Maximum amplitude, ohms 155+1.7 6.8+ 6.2 0.034
Slope, degree 240+ 3.7 135+ 14.2 0.203
Lag time, minute 53%+15 165+ 15.2 0.191
AUC, mm x 100 60.6 £ 8.3 228+ 17.6 0.008
Table 8. Comparison of lipid profiles between groups.
control Atorvastatin p
Total cholesterol, mg/dL 147.8+ 36.9 157.8+5.1 0.248
Triglyceride, mg/dL 70.0 £ 37.7 119.0+ 55.7 0.149
High density lipoprotein, mg/dL 795+17.1 82.8+10.5 0.564
Low density lipoprotein, mg/dL 58+ 13 85%24 0.144
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IV. DISCUSSION

In this study, we demonstrated that the concomitant use of aggrastat with rt-
PA can improve thrombolytic efficacy and this beneficial effect is greater when
aggrastat is sequentially administrated after rt-PA infusion. Simultaneous
administration of atorvastatin and rt-PA may lead to improved thrombolytic
effect. These effects were ascertained by the inhibition of the platelet-related

pathway.

The clinical usefulness of a GPIIb/Illa inhibitor in acute ischemic stroke is
controversial. A clinical trial using Abxicimab in acute ischemic stroke within 5
hours of stroke onset failed to demonstrate either safety or efficacy and was
terminated prematurely.”” However, another highly selective GPIIb/Illa
antagonist, aggrastat which is a fast-acting nonpeptide GPIIb/Illa platelet
receptor antagonist, showed beneficial effects in ischemic stroke patients.
Recently, the Safety of Tirofiban in acute Ischemic Stroke (SaTIS) trial
demonstrated that the use of aggrastat in acute ischemic stroke is safe within a
wider time window after symptom onset as the risk of intracranial hemorrhage
was not higher than that of placebo and had potential benefit in mortality

reduction (2.3% vs. 8.7%, p=0.03).”® During rt-PA infusion, the thrombus,
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which occludes the artery, undergoes dynamic changes. In this study, lysis of the
thrombus and rethrombosis occurred during rt-PA infusion. Thrombolytic agents
paradoxically result in thrombogenic condition within the first hours after
treatment by increasing platelet activation and thrombin activity. These
conditions can persist for up to 3 days,>****?*% put can be reversed with
antiplatelet agents such as GPIlIb/Illa inhibitors, which may result in
potentiation of thrombolytic efficacy. In patients receiving 1V rt-PA treatment,
combined use of aggrastat showed prevention of re-occlusion, leading to

31 which is reflected in our results.

enhancement of the recanalization rate,
Considering the dynamic change of the thrombus during rt-PA treatment and the
safety of aggrastat in acute ischemic stroke, adjuvant administration of aggrastat

with rt-PA may be considered for improving thrombolytic effects.

Our results demonstrated that the efficacy of adjuvant administration of
aggrastat may be dependent on the timing of infusion. During rt-PA infusion,
successful recanalization was achieved in 25 % patients within the first 30
minutes, 50% within 30-60 minutes, 11% within 61-120 minutes, and 14% after
the first 2 hours.* As discussed above, thrombolytic treatment with rt-PA can
activate platelets and induce massive hypercoagulable state within the first hour

after treatment that can persist for up to 3 days.”® In residual thrombus induced
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by thrombolytic agents, platelets act as the main determinant of rethrombosis.
Because aggrastat has a short half life, sequential administration of aggrastat
followed by rt-PA may be more effective than concomitant use of the two agents,

which is supported by our results.

Statins are known to be effective for prevention of cardiovascular events.™
Their beneficial effects are ascribed to lipid lowering effects and pleiotropic
actions including the anti-thrombotic and anti-inflammatory actions,'%20233334
Chronic administration of atorvastatin reduces plasma PAI-I concentration and
PAI-I expression in adipose tissue.*® In contrast to the lipid lowering effect
which requires 2-4 weeks after administration of the statin to begin, the lipid-
independent effects can be observed during an acute phase. Although there are
few data regarding the safety or efficacy of statins administrated immediately
after stroke onset, administration of rt-PA and statin shortly after cerebral
infarction in an animal model reduced the infarction size and was associated
with a positive outcome.”® Some clinical studies have suggested that statin use

with or without rt-PA in acute stroke patients can be safe and beneficial.***’

Recent meta-analysis showed that prior statin use was neither an independent

predictor of functional outcome nor of intracerebral hemorrhage in ischemic
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stroke patients receiving IV rt-PA treatment. However, this particular meta-
analysis focused on the neuroprotective effects of statin, not on the
recanalization efficacy.® In our study, we investigated the effect of statin on
recanalization, where it showed beneficial effects as an additional therapy in
mice treated with rt-PA. Our findings suggest that use of statin in selected
patients who are treated with rt-PA may improve clinical outcomes as successful

recanalization is a good predictor of favorable outcome.?

Our data from ROTEM and platelet aggregometry imply that statins loosen the
thrombus and enhance the thrombolytic activity of rt-PA, which is mediated by
inhibition of the platelet-related pathway. At initial thrombus formation, low
thrombin levels are required for making a porous fibrin scaffold, a process
which is affected by extrinsic activity.*® However, when the thrombus grows,
the fibrin network continues to evolve with the addition of new fibers, and
subsequently, the thrombus is larger and more integrated. Platelet-associated
intrinsic procoagulant activities are involved during this phase.*® Platelet
inhibition by atorvastatin might prevent ongoing thrombi formation when rt-PA

is administered.

Although ROTEM was developed for assessment of patient coagulation,
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hemostatic therapy, transfusion requirements, blood loss during cardiac surgery,
and massive trauma,® currently there are increasing interests in the application
of ROTEM for evaluation of the hypercoagulable state in thromboembolic
disorders. The hypercoagulable state as defined by thromboelastography can be
used as a predictor of postoperative thromboembolic events.* While no
information is available in the literature regarding use of ROTEM in ischemic
stroke patients, our study suggests that methods using this device would give
more information regarding the characteristics of thrombi and predictors of

successful recanalization in ischemic stroke patients.

V. CONCLUSION

Aggrastat improved thrombolytic efficacy in mice treated with rt-PA. Our
findings suggest that the administration timing of aggrastat has a significant
effect. Aggrastat was effective when it was administrated sequentially following
rt-PA infusion. Atorvastatin, a HMG-Co A reductase, also improved the efficacy
of rt-PA. The beneficial effects of aggrastat and atorvastatin were associated
with their antiplatelet actions, which resulted in prevention of re-occlusion after
rt-PA treatment and suggesting that appropriate adjuvant treatment during IV rt-
PA therapy may improve clinical outcome by potentiating successful

recanalization.
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