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A B S T R A C T

Background: Swine have been used as a large animal translational research model to investigate the effectiveness
of fibrinolytic agents. However, swine thrombi have different characteristics than human thrombi, which may
confer more resistance to fibrinolysis.
Methods: In this study, we performed an in-vitro clot lysis assay to compare both human and swine blood clots
lysis induced by alteplase, a recombinant tissue plasminogen-activator agent. Human and swine whole blood were
allowed to clot for 3 h at 37 �C. Increasing concentrations of alteplase (250–580,000 IU/mL) or phosphate-
buffered saline (PBS, pH 7.4) were added into the clots. Clot lysis was determined by calculating the differ-
ence between the clot mass pre- and post-lysis.
Results: At low alteplase concentrations (250–2000 IU/mL) we observed significantly less swine blood clot lysis
(14 � 1.7% - 35 � 4.9%) compared to the lysis found to human blood clots (52 � 4.8% - 68 � 3.3%, *p < 0.05). In
contrast, we did not find lysis differences between human and swine clots at higher alteplase concentrations
(5000–580,000 IU/mL).
Conclusions: In conclusion, our results suggest that the swine clot resistance to alteplase-induced thrombolysis is
concentration-dependent. A high concentration of alteplase allows equivalent thrombolysis of swine and human
blood clots in vitro.
1. Introduction

Animal models are commonly employed for in vivo drug studies prior
to human clinical trials. Swine (Sus scrofa) may be a suitable animal
model to study the fibrinolytic treatment for pulmonary embolism (PE)
because of their hematological and cardiovascular similarities to humans
[1]. They have been used to test the effectiveness of drugs in many dis-
eases characterized by hypercoagulability and thrombus formation
[2–4]. Alteplase is a tissue plasminogen activator (tPA) that cleaves
human plasminogen at the Arg561-Val562 site to form active plasmin. It
has an indication for use to treat massive PE from the Food and Drug
Administration. Highly controlled studies are deserved to point out the
limitations and validate the clinically relevant effects of alteplase or any
other fibrinolytic agent, tested in large animal models. Although some
evidence reveals the resistance of pig clots to alteplase-induced throm-
bolysis, different suggestions have been proposed to explain this phe-
nomenon [5–7].
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To further clarify the lytic efficacy of tPA on swine blood clots, we
performed an in vitro clot lysis assay to investigate the thrombolytic ef-
fects of alteplase, a recombinant tPA, by examining the concentration-
effect relationships in both human and swine blood clots.

2. Main text

2.1. Methods

This study was approved by the Institutional Animal Care and Use
Committee at the Indiana School of Medicine (Protocol Number: 10455
MD/R) and followed the ARRIVE guidelines. The Institutional Review
Boards at Indiana University School of Medicine also approved this study.
Healthy volunteers gave written informed consent before blood draws, as
previously mentioned [8].

The clot lysis assay was performed according to a modification of a
previously described method [9]. Briefly, 500 μL of venous blood was
grative Physiology, Indiana University School of Medicine, 720 Eskenazi Avenue,
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collected from six healthy human volunteers and eight anesthetized
Yorkshire pigs (51.7 kg � 0.40), as previously described [10]. Whole
blood was permitted to clot for 3 h at 37 �C in previously weighed
polypropylene tubes. After clot formation, the serum was gently aspi-
rated, and the tubes were reweighed. Alteplase (Activase®, Genentech
Inc, CA, USA) was diluted in phosphate-buffered saline (PBS, pH 7.4) and
added in increasing concentrations (250–580,000 IU/mL). The concen-
tration range used in our study corresponds to the plasma concentration
of alteplase found in humans during acute myocardial infarction [11].
Each concentration of alteplase was maintained in a final volume of 100
μL and was subsequently added to blood clots. PBS without alteplase was
used as a negative control. Fluid from the blood clot lysis was aspirated
after 2 h of incubation, and the plastic tubes were weighed again. The
percentage of clot lysis was determined by calculating the difference
between the tube weights taken pre- and post-lysis.

Data are presented as mean � SEM. Means were compared with one-
way ANOVA followed by Bonferroni post hoc test. The null hypothesis
was rejected at P < 0.05.

3. Results

A visual representation of the clot lysis assay is shown for human clots
(Fig. 1A) and swine clots (Fig. 1B) incubated by different concentrations
of alteplase or PBS for 2 h. Increasing alteplase concentrations
(250–580,000 IU/mL) produced lysis in human blood clots (52� 4.77% -
79 � 2.88%, respectively) and in swine blood clots (14 � 1.72% - 86 �
1.94%, respectively) in a concentration-dependent manner. Importantly,
at low alteplase concentrations (250–2000 IU/mL), we observed signif-
icantly less swine blood clot lysis (14� 1.72% - 35� 4.94%) compared to
the lysis found in human blood clots (52 � 4.77% - 68 � 3.26%, Fig. 1C,
*p < 0.05). In contrast, we did not find lysis differences between human
and swine clots at higher alteplase concentrations (5000–580,000 IU/
mL) (Fig. 1C, p > 0.05). In addition, a picture representing the time
course of the swine clot lysis is shown in Fig. 1D. A significant swine clot
lysis only may be seen at 16 and 24 h after alteplase (2000 IU) incubation
when compared to the PBS group (Fig. 1E, *p < 0.05).
Fig. 1. Evaluation of human and swine blood clots lysis in vitro by increasing co
B) whole blood samples were incubated with increasing concentrations of alteplase
after 2 h for each concentration of alteplase or PBS is shown in Panel C. Swine clots ar
to 2000 IU/mL (Panel C, *p < 0.05). In addition, a time course of swine clots lysis ca
incubation with 2000 IU of alteplase (Panel E, *p < 0.05). Results were calculated as
¼ 4–8 per group). PBS was used as a negative control.PBS: Phosphate buffered saline.
versus Swine group (Panel C), or alteplase groups versus PBS group (Panel E).
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4. Discussion

In this communication, we report a rightward shift in the
concentration-response curve for alteplase-catalyzed thrombolysis of
swine blood clots compared with human blood clots. To our knowledge,
data in Fig. 1 provide the first published evidence of the concentration of
alteplase required (>5000 IU/mL) to produce an equivalent degree of
thrombolysis in swine and human clots.

The resistance of swine found here may be influenced at least by two
factors. First, the weak activation of swine plasminogen may be
explained by the interspecies differences in the amino acids sequence of
plasminogen, which tPA cleaves to convert plasminogen into plasmin
[5]. BLAST alignment reveals approximately a 20% difference in the
amino acid sequence between humans and swine plasminogen whole
protein. The amino acid sequence differences at critical locations may
explain the difference in endogenous activation of swine plasminogen by
human tPA. It can also be speculated that on a molar basis, swine plasmin
dissolves swine clots at a slower rate because swine clots have a higher
fibrin network density compared with human clots, as shown by electron
microscopy [6].

In conclusion, our results align with prior studies showing that swine
blood clots are resistant to thrombolysis. However, the resistance to
alteplase-induced thrombolysis was only found at low concentrations.
Increasing the concentration of alteplase maximizes thrombolysis of
swine blood clots in vitro. Moreover, the appropriate dose of optimal tPA
has yet to be determined in vivo for pigs and is open to further investi-
gation. Future work should be directed toward parameters of fibrinolysis,
optimal concentration in vivo, and comparison of thrombolytic activity
with direct-acting thrombolytic agents such as plasmin.

5. Limitations

There are limitations to our study. The results reported in this
communication were performed in vitro in PBS and not plasma and is thus
lacks receptor-mediated clearance mechanisms for tPA and devoid of
fibrinolytic inhibitory proteins, including plasminogen-activator inhibi-
tor and antiplasmin. Additionally, our static in-vitro system lacks the
mechanical aspect of fluid flow past the clot, which could affect the
observed concentration-effect relations. Caution should be taken when
ncentrations of alteplase. Clots formed from human (Panel A) or swine (Panel
(250–580,000 IU/mL) or PBS. The quantification of the percentage of clot lysis
e more resistant to in vitro thrombolysis at low concentrations, ranging from 250
n be visualized in Panel D. Swine clots were significantly lysed 16 and 24 h after
the percentage of lysis (Lysis %), and the values are expressed as mean � SEM (n
IU: International Units.SEM: standard error of the mean* p < 0.05 Human group
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translating these results to in vivo conditions.
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