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Purpose: In order to evaluate the thrombolytic effects of reteplase in pulmonary 

thromboembolism (PTE), we developed a novel canine PTE model. The efficacy of reteplase 

against PTE in comparison to alteplase was clarified for the first time, and this PTE model could 

be further applied to studies of novel thrombolytic therapies.

Patients and methods: Twenty-four dogs were divided into four groups: sham operation, 

vehicle, alteplase, and reteplase. Autologous thrombi/saline were injected into the pulmonary 

artery, and thrombolytic agents were administrated. Thrombus formation and dissolution were 

monitored by real-time digital subtraction angiography (DSA), and pulmonary pressures were 

measured simultaneously. Blood coagulation, blood gas, hematology, and histopathologic 

examinations were used as subsidiary methods.

Results: The canine PTE model was established with a significant decrease of blood flow 

and ~75% blocking area. Administration of reteplase (0.6 mg/kg) resulted in effective thrombus 

dissolution with a recovery of over 80% blood flow, as effective as alteplase (1.6 mg/kg). Corre-

spondingly, the elevated pulmonary systolic, diastolic, and mean arterial pressures declined to 

the normal level. Blood coagulation was changed by reteplase, with a dramatic elongation of 

prothrombin time, activated partial thromboplastin time, and thrombin time, even longer than 

alteplase. In contrast to the vehicle group, no obvious pathological changes were found in the 

two thrombolytic groups. Hematological, blood biochemical, and blood gas results also indicated 

that reteplase had no adverse reactions in this PTE model.

Conclusion: Reteplase proved to be an effective and safe therapy for PTE for the first time, and 

a small dosage of reteplase exerted an efficacy comparable to the routine dosage of alteplase. Our 

findings indicated the potential of reteplase as clinical treatment against PTE. This technically 

innovative, stability- and validity-proved canine PTE model developed by minimally invasive 

surgery and DSA resembled major clinical features. This may further facilitate our understanding 

of thrombotic disorders and development of prophylactic and therapeutic approaches.

Keywords: reteplase, canine pulmonary thromboembolism model, thrombolytic therapy

Introduction
With a high morbidity and mortality, pulmonary thromboembolism (PTE) has 

become the third most common cause of death among hospitalized patients follow-

ing stroke and myocardial infarction worldwide.1–3 With ~600,000 cases annually 

and 100,000–180,000 deaths related to PTE all over the world, sub-massive and 

massive pulmonary embolism have a high rate of mortality from 28% up to 68%.4,5 
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The incidence rate of PTE was as high as 112 cases per 

100,000 person-years in USA alone.6 The 2011 guidelines 

of the American Heart Association and the guidelines of 

the American College of Chest Physicians recommended 

that patients with massive pulmonary embolism, evidence 

of hemodynamic compromise, and acceptable bleeding risk 

should receive thrombolytic treatment.7,8 Therefore, develop-

ment of efficient and effective therapies against PTE is of 

great clinical significance. Thrombolytic regimens, such as 

alteplase, streptokinase, and urokinase, were usually recom-

mended clinically as treatments against massive PTE and 

sub-massive PTE. Clinical treatment on time could largely 

reduce the mortality rate of PTE from ~30% to 4%–8%.9–12

Recombinant human tissue-type plasminogen activator 

derivative (reteplase), as a third generation of thrombolytic 

agents, is used as thrombolytic treatment in patients with acute 

ST-segment elevation myocardial infarction (STEMI) caused 

by coronary artery infarction.13 ST-segment refers to the flat 

section of an electrocardiography, and when a person has a 

heart attack, this segment will become abnormally elevated. 

Reteplase, a 39.6 kD recombinant protein with 355 amino 

acids, contains the kringle 2 and protease domains of the 

native tissue plasminogen activator (t-PA). Due to the lack of 

kringle 1 and fibronectin finger domains, and the epidermal 

growth factor binding domain, the binding capability of 

reteplase to the hepatocyte receptors was reduced. Therefore, 

reteplase was less recognized and degraded by hepatocytes, 

which elongated its half-life by 3–5 times. Reteplase could 

catalyze the inactive proenzyme plasminogen into the active 

protease plasmin, which subsequently degrades fibrin in the 

thrombus and leads to consequent thrombolysis. Reteplase 

was characterized with a higher thrombolytic potential 

than alteplase in the pharmacokinetic–pharmacodynamics 

perspective.14 In a canine model of coronary artery throm-

bosis, reteplase produced more beneficial reperfusion effects 

than alteplase, streptokinase, and urokinase.15 Up to now, 

reteplase has shown excellent thrombolytic effect in patients 

with myocardial infarction; however, its efficacy as a treat-

ment for PTE is yet to be established.

During the development of novel anti-PTE drugs, pre-

clinical studies were of great significance. The establishment 

of a proper PTE animal model with analogous clinical char-

acteristics became more and more critical for screening and 

efficacy evaluation of novel anti-PTE drugs. Inferior vena 

cava (IVC) ligation rodent models were widely used in the 

study of deep venous thrombosis (DVT), with obvious disad-

vantages though. The poor blood flow inhibited the maximal 

effects of systemic therapeutic agents on the thrombi, 

and hemodynamic parameters were not easy to monitor.16 

Currently, large animal models of PTE involving canines 

and pigs established by injecting thrombi or foreign bodies 

into the main pulmonary vessels exhibited similar disease 

symptoms compared to clinical patients. However, due to the 

effects of the fibrinolytic system, unstable shapes of blood 

clots might flow freely into other pulmonary arteries, and it 

was difficult to control the extent and persistence of these 

occlusions.17–19

Herein, in order to accurately evaluate the thrombolytic 

effects of reteplase in PTE, we developed a novel Beagle dog 

PTE model with autologous thrombus-induced blockage in 

the pulmonary artery through minimally invasive surgery. The 

reliability and applicability of this system were verified by 

the well-acknowledged thrombolytic drug, alteplase, which 

we used as a positive control. The thrombolytic capability 

of reteplase was systematically verified in a “what you see 

is what you get” way in this canine PTE model, by means of 

pulmonary digital subtraction angiography (DSA), the classic 

clinically diagnostic method of PTE. Hemodynamic, blood 

coagulation, blood gas, hematological, blood biochemical 

indexes, necropsy, and histopathologic examinations were 

used as subsidiary assessing indicators. Here, we developed 

a novel accurate and effective canine PTE model, which 

resembled the pathogenic and pathophysiological changes 

during disease progression. Reteplase, a clinical treatment 

for STEMI, proved to be an effective and safe therapy for 

PTE for the first time.

Materials and methods
animals
Beagle dogs (12 males and 12 females), weighing 8.0–12.0 kg 

and aged 7–12 months, were provided by Guangzhou Medical 

Research Institute Co, Ltd, China. At least 2 weeks were 

given to the animals to adapt to the laboratory environment 

(temperature: 18°C–25°C, relative humidity: 40%–70%), 

and healthy ones (nonpregnant if female) were chosen for 

the experiment. All experimental procedures were conducted 

in accordance with the guiding principles for the care and 

use of animals in research, approved by Sichuan University, 

China. The experiments were approved by the Animal Care 

and Ethics Committee of the West China Hospital, Sichuan 

University (Chengdu, China).

Thrombolytic agents
Reteplase (lot: 201511005, 39.6 kD, fibrin-specific activ-

ity $9.0×104 IU/mg) was provided by Angde Biotech 

Pharmaceutical Co, Ltd, Shandong, China. Alteplase 
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(lot: 406396) was purchased from Boehringer Ingelheim, 

Ingelheim, Germany.

groups and drug administration
Twenty-four dogs were randomly divided into four groups 

by weight (six dogs per group): the sham operation group, the 

vehicle group, the alteplase group, and the reteplase group. 

After thrombi in the pulmonary artery stabilized for 1 hour, 

dogs in the reteplase group were administrated bolus injection 

once (0.6 mg/kg) within 2 minutes, and dogs in the alteplase 

group were treated with alteplase (1.6 mg/kg, 6 mL/kg) by 

intravenous infusion for 30 minutes. Animals in the sham 

operation group and the vehicle group underwent the same 

procedure with intravenous infusion of physiological saline 

(6 mL/kg).

establishment of the PTe model
Blood (5 mL/kg) was extracted from the extremity vein of 

the experimental animals, and injected into the sterile plastic 

capillary. Thrombus with an approximate length of 5 cm, 

diameter of 1 mm was generated, kept in a 37°C water bath 

for 30 minutes after being sealed, followed by 2°C–8°C 

overnight, and sucked into a syringe as backup.

After fasting for 12–16 hours, all dogs were anesthetized 

by vein injection of pentobarbital sodium (30 mg/kg, lot: 

020M2298V; Sigma-Aldrich Co, St Louis, MO, USA), and 

the intravenous line was established in the animal’s left arm. 

Peripheral arterial pressures were monitored by a pressure 

sensor placed in the femoral artery via the indwelling needle 

after anesthesia. Femoral vein puncture was performed by 

the Seldinger method. Upon successful puncture, a catheter 

sheath was placed, and a 5-F guiding catheter was inserted 

into the left pulmonary artery with the guidance of the super 

hydrophilic guide wire. After confirmation of the proper 

positioning of the 5-F guiding catheter, the pressure sensor 

was connected and used to monitor the pulmonary arterial 

pressures. Contrast medium was injected through the 5-F 

catheter sheath before model establishment for angiography. 

Afterward, the pre-prepared thrombi were injected into the 

left pulmonary main artery or its major branch through the 

5-F guiding catheter at a volume of 3 mL each time under 

DSA. Three clots of thrombus (a total volume of 9 mL per 

dog) were injected into each dog in the vehicle group, the 

alteplase group, and the reteplase group. The same amount 

of saline was injected into the sham operation group. The 

contrast medium was injected through the 5-F catheter sheath 

into the right femoral vein, so as to enable angiography of 

the embolic sites and to ensure real-time blocking of the 

pulmonary arteries. Results of the angiography were graded 

based on the Miller standard,20 and level 1 (moderately 

reduced blood flow volume, ,50%) was considered as a 

successful PTE model.

Pulmonary angiography analysis
The contrast medium was injected through the 5-F catheter 

sheath into the femoral vein of the animal, immediately 

before, right after, and 1 hour after thrombus injection and 

immediately after, 60, and 120 minutes after drug administra-

tion. Pulmonary angiography of the embolic sites was carried 

out under DSA (Allura Xper FD20; Philips, Amsterdam, the 

Netherlands) and graded by the Miller standard.

hemodynamic measurements
The pulmonary arterial systolic pressure, pulmonary arterial 

diastolic pressure, and pulmonary mean arterial pressure 

(MAP) were monitored (Multichannel Physiology Recorder, 

MP150; Biopac, Goleta, CA, USA) immediately before, right 

after, and 1 hour after thrombus injection and immediately, 

60, and 120 minutes after drug administration.

analysis of blood gas
Approximately 1 mL of peripheral venous blood was col-

lected from the animal’s femoral artery via the indwelling 

needle, immediately before, after, and 1 hour after thrombus 

injection and immediately, 60, and 120 minutes after drug 

administration. The blood sample (non-anticoagulant) was 

analyzed by an i-STAT 1 blood gas analyzer (Abbott Labo-

ratories, Abbott Park, IL, USA).

hematology and blood chemistry 
examination
Blood was collected from the cephalic vein in the dog’s fore-

limb before thrombus injection, 1 hour after thrombus injec-

tion, 1 hour after drug administration, and 6 days later. Blood 

sample was anticoagulated with EDTA for classification and 

examination of blood cells. Hematological test parameters 

included red blood cell, hemoglobin, hematocrit, mean 

corpuscular volume, mean corpuscular hemoglobin, mean 

corpuscular hemoglobin concentration, reticulocyte, white 

blood cell, neutrophil, lymphocyte, monocyte, eosinophils, 

basophilic granulocyte, and platelet counts (automatic blood 

analyzer, ADVIA2120; Siemens, Munich, Germany). Blood 

samples were anticoagulated with sodium citrate, and plasma 

was separated for the examination of blood coagulation 

indexes. The examined blood coagulation indexes included 

prothrombin time (PT), activated partial thromboplastin time 
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(APTT), thrombin time (TT), and fibrinogen (FIB) (auto-

matic coagulation analyzer, CA-7000; Sysmex Corporation, 

Kobe, Japan). Serum was separated for examination of blood 

biochemical indexes, such as aspartate amino transferase, 

alanine aminotransferase, creatine phosphokinase, alkaline 

phosphatase, urea, L-γ-glutamyl transpeptidase, total protein, 

albumin, albumin–globulin ratio, blood glucose, creatinine, 

total bilirubin, total cholesterol, triglycerides, total serum 

calcium, and concentrations of Na+, K+, Cl− (Cobas C501; 

Hoffman-La Roche Ltd, Basel, Switzerland).

necropsy and histopathologic 
examination
Surviving animals were euthanized and autopsy was con-

ducted at day 7 of the experiment. All animals were fasted 

at least 12 hours before the dissection. Animals to be eutha-

nized were first anesthetized with pentobarbital (30 mg/kg, 

intravenous injection). After a thorough observation of the 

appearance, animals were exsanguinated via the femoral 

artery for euthanasia, followed by necropsy. Presence of 

bleeding in all organs was observed. Pathological speci-

mens were made and fixed by 10% formaldehyde solution. 

The pulmonary lobe with thrombus injected was taken and 

paraffin-embedded. A 4-µm thick slice was generated and 

stained with Prussian blue. Morphological changes in the 

vascular intima of the pulmonary arteries, lung interstitium, 

and alveoli were observed under a microscope.

statistical analysis
SPSS program (version 22.0; IBM Corporation, Armonk, 

NY, USA) was used for all data analysis. Due to the small 

sample size in each group (n=6), and according to the 

Shapiro–Wilk test and Q–Q plots, the data did not fully 

conform to a normal distribution. Pairwise comparisons 

in the parameters were performed by nonparametric tests 

(Kruskal–Wallis) followed by Dunn’s post hoc test to deter-

mine the differences. Measurement data were presented as 

median (range: min–max). A P-value ,0.05 was considered 

statistically significant.

Results
establishment of the novel canine PTe 
model
After injection of the pre-prepared quantitative autologous 

thrombi or same amount of saline into the secondary branch 

of the dog’s pulmonary artery by using the minimally inva-

sive guiding catheter, pulmonary angiography was carried out 

under DSA at different time points as indicated to visualize 

the embolic sites (Figure 1A, Videos S1–S4). Comparison 

of angiography results before and after thrombus injection in 

both the vehicle and treatment groups suggested successful 

establishment of embolisms, with a significant decrease of 

blood flow volume in the pulmonary artery, which stabilized 

till 60 minutes after thrombus injection, with ~75% blocking 

area in the median (Figure 1B). In contrast, dogs in the sham 

operation group did not show noticeable change of blood 

flow volume after injection of the same volume of saline 

(Figure 1A). This PTE model was graded to have high sen-

sitivity by the Miller standard, suggesting its suitability and 

capability for the evaluation of thrombolytic drugs.

Thrombolytic effects evaluation of 
reteplase in the PTe model
Real-time thrombolytic effects of reteplase were captured 

by angiography under DSA. Blocking area of pulmonary 

embolism was calculated as (pixel of pulmonary artery 

before thrombus injection – pixel of pulmonary artery after 

thrombus injection or drug administration)/pixel of pulmo-

nary artery before thrombus injection ×100 (Figure 1B). 

As stated above, embolism was successfully established 

and sustained for .1 hour in the vehicle, alteplase, and 

reteplase group, with ~75% blocking area. Partial recov-

ery of blood flow, with blocking area decreased from 

79.53% (74.35%–87.39%) to 59.54% (37.76%–77.49%), 

was achieved immediately after a single intravenous bolus 

injection of reteplase (0.6 mg/kg). Continuous large recov-

ery of blood flow was observed 60 and 120 minutes after 

the bolus injection, and the blocking area was decreased to 

32.02% (20.10%–46.57%) and 16.79% (11.47%–34.08%), 

respectively. Compared to the vehicle group, with 68.42% 

(57.29%–78.57%) blocking area 2 hours after drug admin-

istration, the vessel blocking area in the reteplase group was 

significantly reduced (P=0.028, n=6).

In contrast, alteplase (1.6 mg/kg) induced a similar level 

of recanalization as reteplase (0.6 mg/kg) in this canine PTE 

study (P=1, P=1, 60 and 120 minutes after drug administra-

tion, respectively, n=6). The median blocking area of pul-

monary artery in the alteplase group was reduced to 31.55% 

(11.21%–38.29%) and 12.70% (6.96%–36.45%), 60 and 

120 minutes after drug administration, respectively, signifi-

cantly different from the original 79.33% (69.75%–83.82%) 

upon thrombus injection (P=0.007 and P=0.004, respectively, 

n=6). In contrast, 68.42% (57.29%–78.57%) blocking area 

was sustained in the vehicle group 120 minutes after drug 

(saline) administration, suggesting sustainability of the embo-

lism and verifying the thrombolytic effects of both reteplase 

and alteplase (Figure 1B, Videos S1–S4).
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remission of pulmonary hemodynamic 
indexes by thrombolytic reteplase
Abnormally elevated blood pressures caused by PTE may 

injure blood vessels. Therefore, the pulmonary arterial pres-

sure, as a key indirect index for the evaluation of embolism, 

was monitored during the whole experimental process. 

Blockage caused by the injection of autologous thrombi led to 

increased resistance in the pulmonary artery. Consequently, 

pulmonary arterial systolic blood pressure (SBP), diastolic 

blood pressure (DBP), and MAP of dogs in the vehicle 

Figure 1 Pulmonary angiography and blocking area in dog pulmonary artery.
Notes: (A) Pulmonary angiography of the embolic site in the pulmonary artery monitored by digital subtraction angiography. (B) The blocking area in the dog pulmonary 
artery in the reteplase group (#P,0.05, n=6) and alteplase group (**P,0.01, n=6) was significantly decreased compared to the vehicle group after administration. Reperfusion 
rate of the pulmonary artery had no significant difference between the reteplase group and the alteplase group (P.0.05, n=6). Data are presented as medians (range: 
minimum–maximum).
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group (44.5 [34–57], 22.5 [14–33], and 29.5 [19–38] mmHg, 

respectively), the alteplase group (51 [40–61], 19 [16–24], 

and 27.5 [25–39] mmHg, respectively), and the reteplase 

group (48.5 [33–58], 25.5 [17–34], and 33 [26–39] mmHg, 

respectively) increased dramatically upon thrombus injection 

and stabilized within 60 minutes (Figure 2A–C). In contrast, 

dogs in the sham operation group exhibited consistently 

unchanged blood pressures during the experimental progress, 

with an SBP, DBP, and MAP of 27.5 (21–37), 11 (8.5–13), 

and 18.5 (15–22) mmHg, respectively, 60 minutes 

∆

∆∆

∆∆

∆

∆∆

∆

Figure 2 reteplase dramatically reduced pulmonary hemodynamics after administration.
Notes: (A) Compared to the sham operation group, SBP of the pulmonary artery was increased significantly upon thrombus injection, and high SBP maintained through 
the experimental procedure (*P,0.05, **P,0.01, n=6). Upon thrombus injection and after thrombus injection for 1 hour, SBP was increased significantly in the reteplase 
group (#P,0.05, n=6) and the alteplase group (∆P,0.05, ∆∆P,0.01, n=6), compared with that of the sham operation group. One and two hours after drug administration, 
sBP of the reteplase group was downregulated nearly to the normal level, compared with the vehicle group (P,0.05, n=6). compared to the vehicle group, sBP was also 
remarkably decreased after administration of alteplase (§P,0.05, n=6). Data are presented as medians (range: min–max). (B) compared to the sham operation group, DBP 
of the pulmonary artery was increased significantly upon thrombus injection, and high DBP maintained through the experimental procedure (*P,0.05, n=6). Upon thrombus 
injection and after thrombus injection for 1 hour, DBP was increased significantly in the reteplase group (#P,0.05, ##P,0.01, n=6) and the alteplase group (∆P,0.05, ∆∆P,0.01, 
n=6), compared with that of the sham operation group. Two hours after drug administration, DBP of the reteplase group (P,0.05, n=6) and the alteplase group (§P,0.05, 
n=6) was downregulated nearly to the normal level, compared with the vehicle group. Data are presented as medians (range: min–max). (C) compared to the sham operation 
group, MAP of the pulmonary artery increased significantly upon thrombus injection, and high MAP was also maintained through the experimental procedure (*P,0.05, 
**P,0.01, n=6). Upon thrombus injection and after thrombus injection for 1 hour, MAP was increased significantly in the reteplase group (#P,0.05, ##P,0.01, n=6) and 
the alteplase group (∆P,0.05, ∆∆P,0.01, n=6), compared with that of the sham operation group. One and two hours after drug administration, MaP of the reteplase group 
(P,0.05, n=6) and the alteplase group (§P,0.05, n=6) was downregulated nearly to the normal level, compared with the vehicle group. Data are presented as medians 
(range: min–max). Time points in the experimental procedure were A, before thrombus injection; B, upon thrombus injection; C, 1 hour after thrombus injection; D, upon 
drug administration; e, 1 hour after drug administration; F, 2 hours after drug administration.
Abbreviations: DBP, diastolic blood pressure; MaP, mean arterial pressure; sBP, systolic blood pressure.
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after thrombus injection. Pulmonary SBP, DBP, and MAP 

detected in the vehicle group were consistently high from 

thrombus injection till 120 minutes after drug administra-

tion (SBP, DBP, and MAP: 43.5 [21–61], 18.5 [11–29], and 

29.5 [18–38] mmHg, respectively). Whereas, pulmonary 

SBP, DBP, and MAP of animals in the reteplase and alteplase 

groups were all dramatically downregulated to a level similar 

to that of the sham operation group 120 minutes after drug 

administration (the reteplase group: 23 [21–45], 8.4 [6.4–16], 

and 16 [13–22] mmHg; the alteplase group: 27.5 [22–34], 

9 [6.8–15], and 18 [14–23] mmHg, respectively), signifi-

cantly different from that of the vehicle group (Figure 2A–C). 

Our study indicated that one bolus dosing of reteplase 

(0.6 mg/kg) and infusion of alteplase (1.6 mg/kg) had no 

significant difference in the relief of pulmonary hypertension 

caused by autologous thrombus blockage. Consistent with 

the angiogram results, dramatic elevation of the pulmonary 

blood pressures suggested successful establishment of the 

acute PTE model, and the immediately decreased blood pres-

sures upon reteplase administration verified its thrombolytic 

capability in this PTE study.21

impacts on blood coagulation
Blood coagulation capability was evaluated during the throm-

bolytic process by measuring PT, APTT, and TT. Thrombus 

injection did not cause obvious change of PT, APTT, or 

TT in all groups. Administration of saline in both the sham 

operation and the vehicle group did not influence the blood 

coagulation capability. In contrast, animals in the reteplase 

and the alteplase group exhibited a dramatic extension of PT, 

APTT, and TT after drug administration, statistically different 

from the sham operation and the vehicle groups (Table 1). 

Besides, 0.6 mg/kg reteplase induced longer extension of PT, 

APTT, and TT than 1.6 mg/kg alteplase. Recovery of PT, 

APTT, and TT to the basal levels detected before thrombus 

injection was achieved on day 6 after drug administration in 

the reteplase and the alteplase groups (Table 1). No significant 

changes in FIB were detected at different time points in the 

sham group and the vehicle group. However, administration 

of both reteplase and alteplase significantly reduced the blood 

FIB level (Table 1). Moreover, animals in the reteplase group 

exhibited a consistent much lower FIB level (0.25 g/L in 

median) within 2 hours upon drug administration, compared 

to the alteplase group (0.75 g/L in median).

impacts on hematological indexes
Hematological indexes were all monitored during the experi-

mental procedure: before thrombus injection, 60 minutes 

after thrombus injection, 60 minutes after drug administration, 

and 6 days after drug administration. None of the hemato-

logical indexes had any significant differences among the 

four groups before thrombus injection. White blood cell 

count, neutrophils, lymphocytes, eosinophils, basophils, 

and monocytes in the blood decreased slightly 60 minutes 

after thrombus injection, but increased 60 minutes after drug 

administration. No statistical difference was detected between 

any two groups on day 6 after administration of the throm-

bolytic agents. Platelet count in all four groups was lower 

compared to their basal levels after thrombus injection, and 

the decline ultimately recovered to the baseline on 6 day after 

drug administration. There was no obvious change in hema-

tological indicators such as red blood cells, large un-staining 

cells, hemoglobin, hematocrit, mean corpuscular volume, 

mean corpuscular hemoglobin, mean corpuscular hemoglo-

bin concentration, mean platelet volume, and reticulocytes 

throughout the whole experimental procedure (Table S1).

impacts on blood biochemical indexes
Basic values of blood biochemical indexes were similar 

among all dogs in the four groups. After thrombus injection 

or drug treatment, these biochemical indexes changed in a 

similar manner in all groups, but no significant difference 

was observed among all groups (P.0.05; Table S2), which 

suggested no dysfunction of the kidney and liver during the 

study period.

impacts on blood gas indexes
No remarkable changes of blood gas indexes such as PCO

2
, 

pH, HCO
3
, and TCO

2
 were observed upon thrombus injec-

tion or drug administration in all four groups (Table S3).

results of anatomical observation and 
tissue pathological examination
Our autopsy studies indicated that there was no obvious 

bleeding in all major organs. Thrombus organization was 

observed in four out of six dogs in the vehicle group by 

H&E staining 6 days after drug administration, while no 

dog in the sham operation group exhibited these symptoms, 

suggesting successful establishment of the acute PTE model. 

No obvious thrombus organization was found in the pulmo-

nary artery tissue H&E slices of the reteplase group and the 

alteplase group, indicating they could dissolve the thrombi 

and alleviate the occurrence of histopathologic symptoms. 

Nonspecific positive sites of Prussian blue staining were 

mainly observed in the blood cells of pulmonary artery, and 

no obvious positive staining was found in the lung tissue 

cells, indicating that no obvious bleeding occurred in the 

lung during reteplase thrombolysis (Figure 3). Consistent 
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Efficacy evaluation of reteplase in a PTE model

with previous biopsy studies of PTE patients,22 various 

degrees of granulomatous reactions were found in animals 

with thrombus injection. This might be attributed to inflam-

matory responses caused by fragments of the thrombus that 

blocked minute pulmonary vessels and lymphatics.

Discussion
Clinically, the gold standard for diagnosis of pulmonary 

embolism is angiography.23,24 Nearly 66%–93% of pul-

monary embolisms could be detected by using pulmonary 

angiography or computed tomography.24,25 Previously animal 

studies of PTE mainly used blood pressure as the principle 

index.15,18,21 Here, we used pulmonary angiography in animal 

studies by innovative DSA, which provided real-time visu-

alization all through, including accurate thrombus location, 

size and phenotypes; the conditions of arteries; and the throm-

bolysis procedure. Application of the minimally invasive 

interventional treatment enabled injection of the autologous 

thrombi specifically into the main pulmonary artery in the 

inferior lobe of the left lung, which endowed the study with 

high sensitivity, specificity, and replicability.

Mammalian PTE models including mice, rats, and piglets 

have been previously well established and studied.16,19,26–28 

Compared to them, our canine system has several advantages. 

Firstly, living in a similar environment endows dogs and 

humans similar disease causes and developing processes, 

especially complex ones such as PTE and DVT.29 Since 

canines exhibit more genetic homogeneity with humans 

compared to other mammals,18,29 the analogous coagulation 

and fibrinolytic system might enhance the research accuracy 

and comparability,18,30,31 which would likely provide better 

clinical applications. Thrombolytic effects of alteplase on 

canine autologous thrombus were previously validated,32 

and it was frequently used as a positive control in the canine 

coronary thrombosis model for efficacy evaluation of newly 

developed drugs.15,33 Alteplase (1.5 mg/kg) exhibited a much 

better thrombolytic effect than heparin (10 U/kg) in autolo-

gous canine PTE studies.34 Previous studies of a Beagle dog 

STEMI model found that canine autologous thrombus was 

composed of a large number of compacted FIB under a scan-

ning electron microscope. Five of the six dogs exhibited coro-

nary recanalization 2 hours after alteplase administration.32 

Although the role of reteplase in PTE has not been clarified 

earlier, intra-arterial reteplase has been proved to induce 

similar reperfusion in canine basilar artery thrombosis studies 

as intravenous alteplase, and reteplase has been characterized 

with a lower rate of intracerebral hemorrhage.35

Secondly, commonly used IVC stenosis and ligation 

mouse models have obvious disadvantages, such as significant 

thrombus size variations, even absence of thrombus, and lack 

of blood flow recovery, which were avoided in our system.16 

Usage of autologous thrombus largely excluded the occurrence 

of possible immunological reactions and activation of the 

canine fibrinolytic system.17,27 In order to better mimic disease 

occurrence, we optimized our thrombus preparation process. 

Previous studies usually used 3–8 hours for agglutination of 

canine autologous thrombus.18,32,34 In one study, it was observed 

that a thrombus incubated in a 37°C water bath for 4 hours 

Figure 3 Thrombus formation, bleeding examination and inflammatory reactions in dog lung tissue.
Notes: shown at ×200 original magnification. Obvious thrombus formation and organization was shown in the paraffin section of the vehicle group stained by H&E. 
No specific positive Prussian blue staining sites were observed in the pathological paraffin sections of different treatment groups. Different extents of granuloma symptom 
appeared in the thrombus-injected groups. The arrow points to thrombus formation in pulmonary artery.
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induced PTE with ~65% increase of mean pulmonary artery 

pressure (mPAP), from 15.60 to 25.74 mmHg.34 In this study, 

the thrombus incubated in a 37°C water bath for 30 minutes, 

followed by 2°C–8°C overnight (~12–16 hours) induced a 

137.5% increase of mPAP, from 16 to 38 mmHg. Hence, our 

thrombus might be endowed with better stability and block-

ing ability, which ensured maintenance of the PTE model and 

accurate drug evaluations. Lastly, in contrast to the difficulties 

of hemodynamic monitoring in mice, we monitored changes 

of blood pressures all through. In all, previous studies have 

adequately demonstrated the dissolving capability of canine 

autologous thrombus of both reteplase and alteplase. Hence, 

our studies well mimicked fatal PTE development in clinics; 

therefore, application of this animal model in preclinical stud-

ies of novel drugs would be of great clinical significance.

Alteplase has been approved by the US Food and Drug 

Administration (FDA) as clinical treatment for STEMI, 

acute stroke, and acute pulmonary embolism with different 

prescription dosages. For acute ischemic stroke patients, 

0.9 mg/kg alteplase by intravenous injection was routinely 

administered 3 hours within stroke onset.36,37 The recom-

mended dosage of alteplase was 100 mg intravenous infusion 

in 2 hours for acute STEMI and pulmonary embolism.38,39 

However, clinical acute pulmonary embolism meta-analysis 

studies indicated that 50 mg alteplase by intravenous infusion 

in 2 hours was as effective as the standard 100 mg, and the 

lower dosage improved therapy safety with reduced bleeding 

risks.40–42 Previous canine acute PTE studies with autologous 

thrombosis indicated that 1.5 mg/kg alteplase was capable of 

dissolving the thrombi and recovering pulmonary pressures.34 

Taken together, 1.6 mg/kg alteplase for dogs (equivalent to 

50 mg/60 kg for humans) was used in our experiment, in 

order to achieve an obvious thrombolytic effect as positive 

control while avoiding bleeding side effects.

Reteplase was approved by the China FDA as a throm-

bolytic treatment of acute myocardial infarction in 2008. 

As the third generation of thrombolytic agents, reteplase 

showed thrombolytic efficacy as treatment for STEMI/AMI 

patients, with a recommended regimen of 10 U (18 mg) 

bolus dose, twice, 2 minutes each time with a 30-minute 

interval.13,43,44 However, up to now reteplase has not been 

approved as therapy for PTE. Therefore, it is necessary to 

evaluate its thrombolytic effects in preclinical studies first. 

Here, we developed a canine acute PTE model that showed 

clinical-like features, and used alteplase as a positive con-

trol, which was approved as treatment for acute pulmonary 

embolism and acute stroke in 2002 by the FDA.8 In order 

to achieve a parallel comparison with alteplase, we used 

half of the clinical dosage, one bolus of 0.6 mg/kg reteplase 

in dogs, equivalent to one dose of 10 U (18 mg/60 kg) for 

humans.

Consistent with previous studies,38,45 our studies indi-

cated that pulmonary SBP, DBP, and MAP were elevated 

and sustained upon thrombus injection, and decreased after 

administration of thrombolytic agents, similar to successful 

performance in clinical therapies. The increased blood pres-

sures may be attributed to the increased resistance in the 

pulmonary artery caused by thrombus blockage, and the large 

amount of endothelium-derived contracting factors released 

from the vascular endothelial cells and blood platelets.28,46 

Meanwhile, the unchanged hemodynamic parameters in the 

sham operation group indicating the operation of surgery did 

not affect the blood pressures. Our angiography study vividly 

exhibited the process of thrombus formation, stabilization, 

dissolution, blockage, and recovery of blood flow, which 

were all consistent with changes of the hemodynamic param-

eters monitored. In all, thrombolytic effects of reteplase were 

vividly proved both directly and indirectly in our studies.

Administration of reteplase also led to dramatic changes in 

blood coagulation. While no obvious changes of coagulation 

parameters were observed in the vehicle and the sham opera-

tion group, PT, APTT, and TT were dramatically extended in 

groups with the thrombolytic regimens: reteplase or alteplase, 

and stronger effects were demonstrated by reteplase. Com-

pared to the vehicle group and the sham operation group, 

both reteplase and alteplase led to decreased FIB levels, and 

the FIB level in the reteplase group was almost undetect-

able. These findings suggest that the thrombolytic effects of 

reteplase were attributed to its influence on the blood coagula-

tion system, and reteplase demonstrated a better performance 

than alteplase. Recovery to the level before injection in both 

groups 24 hours after the operation suggested that throm-

bolytic drugs only had a temporary, rather than long-term, 

influence on blood coagulation, similar to studies of alteplase 

in other canine femoral artery thrombus models.47

As a most commonly used thrombolytic therapy, t-PAs 

such as alteplase share a similar side effect, dose-dependent 

risk of hemorrhagic complications.48,49 Due to the high 

incidence of bleeding, patients receiving thrombolytic treat-

ments for acute pulmonary embolism required monitoring 

of specific nursing and care based on their clinical status.7,50 

According to large randomized clinical trials of STEMI, the 

incidence, severity, and sites of bleeding events associated 

with reteplase treatment appeared to be similar to those asso-

ciated with other fibrin-specific thrombolytic agents.13 In our 

study, no obvious bleeding was observed in the puncture/

catheter drug-administered sites and no cases of abnormal 

bleeding or death were found in the vehicle and the sham 
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operation groups. These findings indicate that the disease 

animal model itself, the operation and the thrombus injec-

tion, would not cause the occurrence of bleeding. Therefore, 

our experimental system was suitable for evaluation of the 

potential bleeding side effects of novel thrombolytic thera-

pies. With one bolus dosing of reteplase (0.6 mg/kg) in this 

study, only equivalent to half of the clinical dose in STEMI, 

no noticeable bleeding was observed in the Prussian blue 

staining of main organs such as lungs, while this dosage of 

reteplase was able to dissolve most thrombi. Therefore, we 

have reason to believe that this thrombolytic strategy not only 

guarantees thrombolytic effects, but also exhibits safety with 

less bleeding side effects.

Advantages of reteplase were demonstrated in pre-

clinical studies as treatment for coronary artery or femoral 

artery thrombosis.51,52 Treatment of intermediate-risk acute 

pulmonary embolism with reteplase was effective and safe 

with no obvious side effects.53 Reteplase exhibited a longer 

activity half-life (12.6 minutes) than alteplase (,5 minutes) 

in patients with acute myocardial infarction,13 and less 

platelet aggregation was observed in the early phase of 

acute myocardial infarction patients treated by reteplase in 

contrast to alteplase.54 Clinical studies of massive pulmonary 

embolism indicated that reteplase led to a quick release of 

pulmonary resistance within 0.5 hours, in contrast to 2 hours 

in the alteplase group.38 In our study, the pulmonary DSA 

angiography results indicated that one single bolus dosing 

of reteplase (0.6 mg/kg) initiated embolism relief within 

seconds, and led to almost 90% pulmonary artery reperfusion 

2 hours after drug administration. What is more, half of the 

clinical effective dosage of reteplase (0.6 mg/kg) exerted 

an efficacy comparable to the clinically proved effective 

dosage of alteplase (1.6 mg/kg). The efficiency of reteplase 

might be attributed to its longer half-life or better affinity to 

plasminogen, which needs further studies for clarification. In 

addition, intravenous injection of reteplase is simple and easy, 

which may avoid drug treatment errors under emergency cir-

cumstances. Taken together, reteplase may be characterized 

as a safer, quicker, and more effective thrombolytic therapy 

for PTE patients than alteplase.13

In all, our novel canine acute PTE model was well 

characterized by resembling major clinical features, such as 

blocked pulmonary vessels and increased pulmonary arterial 

pressures. Reteplase, which dissolved the thrombus quickly 

and efficiently, exhibited a remarkable therapeutic effect on 

this acute PTE model. Our findings indicated the potential 

of reteplase in the clinical treatment of acute PTE. This 

system may greatly contribute to the design and evaluation 

of new prophylaxis, diagnostic approaches, or therapeutic 

treatments against PTE. In addition, this technically innova-

tive, stability- and validity-proved model provided a unique 

human-like biological environment, in which the biology 

behind relevant diseases, such as pulmonary embolism, DVT, 

cerebral infarction, ischemic myocardial infarction, hyperten-

sion, and heart attack, could also be investigated.

Conclusion
Our preclinical study has proved for the first time that 

reteplase is an effective and safe therapy for PTE, and a 

small dosage of reteplase exerts an efficacy comparable to 

the routine dosage of alteplase. Our findings indicated the 

potential of reteplase as a clinical treatment against PTE. We 

developed a novel canine acute PTE model characterized by 

a minimally invasive method and DSA, which made “what 

you see is what you get” of PTE progression possible. This 

experimental system could have great applications in the 

screening and evaluation of new anti-PTE or relevant pro-

phylactic, therapeutic, and diagnostic approaches.
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Supplementary materials
Video S1 Representative video of pulmonary embolism in 

Beagle dogs with digital subtraction angiography one hour 

after treatment: the normal pulmonary artery flow in the 

sham operation group.

Video S2 Representative video of pulmonary embolism in 

Beagle dogs with digital subtraction angiography one hour 

after treatment: massive embolism was still checked in pul-

monary artery of the vehicle group.

Video S3 Representative video of pulmonary embolism in 

Beagle dogs with digital subtraction angiography one hour 

after treatment: pulmonary artery thrombosis was clearly 

dissolved and the reperfusion of blood flow was very obvious 

after infusion of alteplase (1.6 mg/kg).

Video S4 Representative video of pulmonary embolism in 

Beagle dogs with digital subtraction angiography one hour 

after treatment: the thrombolytic effect of one bolus admin-

istration of reteplase (0.6 mg/kg) was very significant under 

digital subtraction angiography.
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