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Abstract
Tyrosine kinase inhibitors are known to clinically induce various types of cardiovascular adverse events; however, it is still 
difficult to predict them at preclinical stage. In order to explore how to better predict such drug-induced cardiovascular adverse 
events, we tried to develop a new protocol by assessing acute electrophysiological, cardiohemodynamic, and cytotoxic effects 
of dasatinib in vivo and in vitro. Dasatinib at 0.03 and 0.3 mg/kg was intravenously administered to the halothane-anesthetized 
dogs for 10 min with an interval of 20 min between the dosing (n = 4). Meanwhile, that at 0.1, 0.3, and 1 μM was cumula-
tively applied to the human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) (n = 7). In the dogs, the 
low and high doses provided peak plasma concentrations of 40 ± 5 (0.08) and 615 ± 38 ng/mL (1.26 μM), respectively. The 
low dose decreased the heart rate, impaired the left ventricular mechanical function, and prolonged the ventricular effective 
refractory period. The high dose prolonged the repolarization period, induced hemorrhagic tendency, and increased plasma 
cardiac troponin I level in addition to enhancement of the changes observed after the low dose, whereas it neither affected 
the cardiac conduction nor induced ventricular arrhythmias. In the hiPSC-CMs, dasatinib prolonged the repolarization and 
refractory periods like in dogs, while it did not induce apoptotic or necrotic process, but that it increased the conduction 
speed. Clinically observed major cardiovascular adverse events of dasatinib were observed qualitatively by currently pro-
posed assay protocol, which may become a useful guide for predicting the cardiotoxicity of new tyrosine kinase inhibitors.
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Introduction

Acquired fusion gene BCR-ABL1 [1] has been reported 
as the causative molecular event of chronic myeloid leu-
kemia (CML), which is translated into a constitutively 
activated tyrosine kinase that can enhance proliferation 
of cancer cells but suppress their apoptosis [2]. Target-
ing the BCR-ABL1 fusion gene product with imatinib, a 
first-generation tyrosine kinase inhibitor, has importantly 
increased the survival rates of patients with CML [3]. 
Dasatinib is a potent and orally-available small-molecule 
BCR-ABL inhibitor, which was approved by the US Food 
and Drug Administration in 2006 as a second-line treat-
ment drug for patients with imatinib-resistant/-intolerant 
CML [4]. Moreover, dasatinib has been reported to sup-
press various types of kinases including FGFR2, c-KIT, 
PDGFRα, PDGFRβ, EPHA, and Src family in addition 
to BCR-ABL1 [5, 6]. Thus, the drug is now being used 
as a first-line therapy for newly diagnosed patients with 
Philadelphia chromosome-positive  (Ph+) CML in chronic 
phase; and as a second-line therapy for patients who are 
resistant or intolerant to prior therapy including imatinib 
with any phase of  Ph+ CML or with  Ph+ acute lympho-
blastic leukemia  (Ph+ ALL) [7]. Dasatinib was shown to 
be able to induce apoptosis in senescence-accelerated cells 
via the inhibition of dependence receptors/tyrosine kinase 
involved in “senescent cell anti-apoptotic pathways” [8, 
9]. A first-in-human, open-label, pilot study of dasatinib 
plus quercetin provided initial evidence that the senolytic 
effect may alleviate physical dysfunction in patients with 
idiopathic pulmonary fibrosis [10].

In 5-year analysis from the phase III Dasatinib ver-
sus Imatinib Study in Treatment-Naïve Chronic Myeloid 
Leukemia Patients (DASISION, n = 259 in dasatinib arm 
and n = 260 in imatinib one) trial, dasatinib was shown 
to induce various kinds of cardiovascular adverse effects, 
including pleural effusion (28%) [11], cardiac-related fluid 
retention (8.5%), and conduction system abnormalities and 
palpitations (7%) [7]. Dasatinib was reported to modestly 
prolong the corrected QT interval (QTcF) with Frideri-
cia’s formula by an average of + 3 to + 6 ms (upper 95% 
confidence interval; ~ + 8 ms), which was less frequently 
associated with QTcF prolongation of > 500 ms (0.7%) 
or with increases of QTcF by > 60 ms from the baseline 
(2.9%), however, no relationship was seen between cumu-
lative exposure and QTcF prolongation [12]. While torsade 
de pointes was not induced, 5-beat runs of asymptomatic, 
non-sustained ventricular tachycardia were found in 2 
out of 911 patients [12]; thus, the proarrhythmic poten-
tial of dasatinib has not been fully excluded. On the other 
hand, 14 (5%) of dasatinib-treated patients were diag-
nosed as pulmonary hypertension by two-dimensional 

echocardiography, and right side cardiac catheterization 
was performed in one of the patients according to the 
WHO recommendation [11]. Nine of the 14 patients had 
pleural effusion. Based on the National Cancer Institute-
Common Toxicity Criteria (NCI CTCAE) Grade, rates of 
grade 3/4 (severe) hematologic adverse effects by dasat-
inib were 29% for neutropenia, 13% for anemia, and 22% 
for thrombocytopenia [11]. However, it is still difficult to 
comprehensively predict dasatinib-induced cardiotoxici-
ties by non-clinical studies. Evaluation of the toxicities of 
tyrosine kinase inhibitors largely focused on the primary 
pharmacology (tyrosine kinase inhibition), not considering 
the cardiac toxicities related to their unwanted off-target 
pharmacology [5, 13–16].

In order to explore how to better predict anticancer drug-
induced cardiovascular adverse events, we tried to develop a 
new assay protocol combining the evaluation of acute elec-
tropharmacological and cytotoxic effects of dasatinib in vivo 
and in vitro. We adopted the halothane-anesthetized dogs 
[17, 18] and human induced pluripotent stem cell-derived 
cardiomyocytes (iPSC-CMs) [19–22], shown to be reliable 
models [17, 18, 21–23]. In our studies, cardiac troponin I, 
lactate dehydrogenase, and creatine kinase were measured 
in plasma to evaluate the drug-induced minor myocardial 
damage in vivo [24, 25], whereas its cytotoxic effect was 
analyzed by assessing cell death in vitro, which may help to 
predict the onset of the drug-induced cardiotoxicities.

Materials and Methods

Experiment 1: Assessment 
with the Halothane‑Anesthetized Dogs

Induction of General Anesthesia

Experiments were performed in female beagle dogs weigh-
ing approximately 10 kg (n = 4) (Kitayama Labes Co., Ltd., 
Nagano, Japan). Dogs were initially anesthetized with 
thiopental sodium (30 mg/kg, i.v.). After intubation with 
a cuffed endotracheal tube, 1% halothane vaporized with 
100% oxygen was inhaled by using a volume-limited venti-
lator (SN-480-3; Shinano Manufacturing Co., Ltd., Tokyo, 
Japan). Tidal volume and respiratory rate were set at 20 mL/
kg and 15 breaths/min, respectively.

Cardiohemodynamic Variables

Four clinically available catheter-sheath sets (FAST-
CATH™ 406119; St. Jude Medical Daig Division, Inc., 
Minnetonka, MN, USA) were used; two were inserted at 
the right and left femoral arteries toward aorta, the other 
two were done at the right and left femoral veins toward 
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inferior vena cava. A pig-tail catheter was placed at the left 
ventricle to measure the left ventricular pressure through the 
catheter sheath placed at the right femoral artery, whereas 
the aortic pressure was measured at a space between inside 
of the catheter sheath and outside of the pig-tail cath-
eter through a flush line. The maximum upstroke (LVdP/
dtmax) and downstroke (LVdP/dtmin) velocities of the left 
ventricular pressure, and the left ventricular end-diastolic 
pressure were obtained during sinus rhythm to estimate 
the inotropic and lusitropic status, and preload to the left 
ventricle, respectively. A thermodilution catheter (132F5; 
Edwards Lifesciences, Irvine, CA, USA) was positioned at 
the right side of the heart through the catheter sheath placed 
at the right femoral vein to monitor the pulmonary arterial 
pressure and right atrial pressure. The cardiac output was 
measured with a standard thermodilution method by using 
a cardiac output computer (MFC-1100; Nihon Kohden Cor-
poration, Tokyo, Japan). The total systemic arterial vascular 
resistance (SysR) was calculated with the basic equation: 
[SysR (mmHg min/L)] = [mean blood pressure (mmHg)]/
[cardiac output (L/min)]. Similarly, the total pulmonary 
resistance (PulR) was calculated with the basic equation: 
[PulR (mmHg min/L)] = [mean pulmonary arterial pressure 
(mmHg)]/[cardiac output (L/min)].

Electrophysiological Variables

The surface lead II electrocardiogram was obtained from 
the limb electrodes. QT interval was corrected with Van de 
Water’s formula (QTcV): QTcV = QT − 0.087 × (RR − 1000) 
with RR given in ms [26]. A bi-directional steerable mono-
phasic action potential (MAP) recording/pacing combina-
tion catheter (1675P; EP Technologies, Inc., Sunnyvale, CA, 
USA) was positioned at the endocardium of the right ventricle 
through the catheter sheath placed at the left femoral vein to 
obtain MAP signals. The signals were amplified with a DC 
preamplifier (model 300; EP Technologies, Inc.). The dura-
tion (ms) at 90% repolarization level was defined as  MAP90. 
The heart was electrically driven by using a cardiac stimula-
tor (SEC-3102; Nihon Kohden Corporation) with the pacing 
electrodes of the combination catheter placed in the right ven-
tricle. The stimulation pulses were rectangular in shape, 1–2 V 
of amplitude (about twice the threshold voltage) and of 1-ms 
duration. The  MAP90 was measured at pacing cycle lengths 
of 400 ms  (MAP90(CL400)) and 300 ms  (MAP90(CL300)). The 
effective refractory period of the right ventricle was assessed 
with programmed electrical stimulation. The pacing proto-
col consisted of five beats of basal stimuli in a cycle length 
of 400 ms followed by an extra stimulus of various coupling 
intervals. The duration of the terminal repolarization period 
of the ventricle was calculated as the difference between the 
 MAP90(CL400) and effective refractory period at the same site, 

which reflects the extent of electrical vulnerability of the ven-
tricular muscle [17, 18].

Experimental Protocol

The aortic and left ventricular pressures, surface lead II elec-
trocardiogram, and MAP signals were monitored with a poly-
graph system (RM-6000; Nihon Kohden Corporation), which 
were analyzed with a real-time fully automatic data analysis 
system (WinVAS3 for Windows ver. 1.1R24; Physio-Tech Co., 
Ltd., Tokyo, Japan). Each measurement of electrocardiogram 
and MAP variables adopted the mean of three recordings of 
consecutive complexes. After the basal assessment, dasatinib 
monohydrate in a low dose of 0.03 mg/kg was intravenously 
infused over 10 min through the catheter sheath placed at the 
right femoral vein, and each variable was assessed at 5, 10, 
15, 20, and 30 min after the start of infusion. Then, dasatinib 
monohydrate in a high dose of 0.3 mg/kg was intravenously 
infused over 10 min, and each variable was assessed at 5, 10, 
15, 20, 30, 45, and 60 min after the start of infusion.

Plasma Concentration of Dasatinib and Biomarkers

Blood for the drug concentration measurement was sampled 
from the left femoral artery at 5, 10, 15, and 30 min after the 
start of the low dose infusion, and 5, 10, 15, 30, and 60 min 
after the start of the high-dose infusion, whereas that for the 
measurement of cardiac troponin I, lactate dehydrogenase, 
and creatine kinase was sampled from the left femoral artery 
at 30 min after the start of the low dose infusion, and 30 
and 60 min after the start of the high-dose infusion. The 
blood samples were centrifuged at 1500×g for 15 min at 
4 °C. The plasma was stored at − 80 °C until the measure-
ments. The plasma drug concentration was measured by liq-
uid chromatography-mass spectrometry (LC–MS) analysis 
using single quadrupole LC–MS system (Model 2020; Shi-
madzu Corporation, Kyoto, Japan) coupled with an HPLC 
system (Prominence 20A; Shimadzu) as described in the 
supplement (Online Resource File 1 and Online Resource 
Table 1). The plasma concentration of cardiac troponin I was 
measured by chemiluminescent enzymatic immunoassay 
(PATHFAST; LSI Medience Corporation, Tokyo, Japan), 
and those of lactate dehydrogenase and creatine kinase were 
determined by absorption spectrometry (BioMajesty™ JCA-
BM6057 and BioMajesty™ JCA-BM6058, respectively; 
JEOL Ltd., Tokyo, Japan) at LSI Medience Corporation.

Experiment 2: Analyses with hiPSC‑CMs Sheets

Preparation of hiPSC‑CMs Sheets

Cryopreserved hiPSC-CMs (iCell® Cardiomyocytes; Cellu-
lar Dynamics International (CDI), Madison, WI, USA) were 
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cultured as previously described [21, 27]. Briefly, the cryo-
preserved cardiomyocytes were thawed, incubated for > 2 days 
for recovery, dispersed with 0.25% trypsin–EDTA, and resus-
pended in culture medium (Maintenance Medium; CDI) at 
1.5 × 104 cells/μL. A volume of 2 µL of the cell suspension 
was plated onto 64-microelectrode arrays (MED probe MED-
P515A; Alpha MED Scientific Inc., Osaka, Japan) coated with 
50 μg/mL fibronectin. The culture medium around the probe 
was fully replaced with fresh one once a week. The cardiomyo-
cytes were cultured at 37 °C in an incubator with 5%  CO2 for 
3–5 days to form a cell sheet with spontaneous and synchro-
nous electrical automaticity, which were used for experiments 
within 3 weeks.

Electrophysiological Variables

The hiPSC-CMs sheet on the MED probe was kept at 37 °C 
with gas mixture of 95%  O2 and 5%  CO2. The hiPSC-CMs 
sheet was electrically driven through a pair of neighboring 
electrodes. The stimulation pulses were biphasic, rectangular 
in shape, 12–50 µA in amplitude (about 3 times the threshold 
current), and of 0.4 ms duration, which were applied in cycle 
lengths of 600–1400 ms.

The rate-adapted field potential duration and conduction 
speed were assessed with a train of 15 stimuli at a cycle length 
of 600–1400 ms before and 30 min after the drug treatment. 
Dasatinib at the concentration of 0.1, 0.3, and 1 μM was cumu-
latively applied to the hiPSC-CMs sheets (n = 7). Field poten-
tials were acquired with high- and low-pass filters of 0.1 Hz 
and 5 kHz, respectively, and digitized at a sampling rate of 
20 kHz with a MED64-Basic system (Alpha MED Scientific 
Inc.). The effective refractory period was assessed by the pro-
grammed electrical stimulation, consisting of six beats of basal 
stimuli at cycle lengths of 600–1400 ms that was followed by 
an extra stimulus of various coupling intervals with a pause of 
30 s between each sequence.

Field potential duration and conduction speed were ana-
lyzed with Mobius software (Alpha MED Scientific Inc.) as 
previously described [21]. Post-repolarization refractoriness 
was calculated by the formula; [post-repolarization refractori-
ness (ms)] = [effective refractory period (ms)] − [field poten-
tial duration (ms)] [28]. A coefficient a in each cell sheet was 
calculated by fitting the relationship between field potential 
duration (FPD, ms) and cycle length (CL, ms) of electrical 
pacing into a non-linear equation based on the standard cor-
rection formulae of QT interval [29];

FPD
CL=1000 ms

=

FPD
(

CL

1000

)

a

Analyses of Dasatinib‑Induced Apoptosis in hiPSC‑CMs

Cryopreserved hiPSC-CMs (iCell® Cardiomyocytes; CDI) 
were cultured in the density of 10,000 cell/well in 96-well 
plate, of which glass bottoms were coated with 0.1% gela-
tin, for 6 days. The cells were treated with 0.05% dimethyl 
sulfoxide, 0.1, 0.3, or 1 μM of dasatinib, or 1 μM of stauro-
sporine at final concentrations, respectively, for 3 h at 37 °C 
with 5%  CO2 in an incubator (n = 4 for each treatment). 
Apoptotic, necrotic, and intact hiPSC-CMs were detected 
by Cell Meter™ Apoptotic and Necrotic Detection Kit 
(AAT Bioquest®, Inc., Sunnyvale, CA, USA) without fixa-
tion. Fluorescence images were obtained with an all-in-one 
fluorescence microscope (BZ-X100; Keyence Corporation, 
Osaka, Japan), and cells in the condition of apoptosis, necro-
sis or intact were counted by using BZ-X Analyzer (Keyence 
Corporation) and Katikati Counter (Sun Microsystems, Inc., 
Santa Clara, CA, USA). Apoptosis ratio was calculated as 
follows; [apoptosis ratio] = [apoptotic cells’ number]/[total 
cells’ number].

Statistical Analysis

The software GraphPad Prism 6 (ver 6.03; GraphPad Soft-
ware, Inc., La Jolla, CA, USA) was used for statistical 
analysis. Differences within a parameter were assessed with 
one-way repeated measures analysis of variance (ANOVA) 
followed by uncorrected Fisher’s least significant differ-
ence test for mean value comparison (for Figs. 1, 2, 4 and 
5), whereas those before and after the drug treatment were 
examined by two-way repeated measures ANOVA followed 
by uncorrected Fisher’s least significant difference test for 
mean value comparison (for Figs. 7 and 8). Data were pre-
sented as mean ± SEM. p-values < 0.05 were considered to 
be statistically significant.

Drugs

The following drugs were purchased: dasatinib monohy-
drate (AdooQ BioScience, Irvine, CA, USA), thiopental 
sodium (Ravonal® 0.5 g for Injection; Mitsubishi Tanabe 
Pharma Co., Osaka, Japan), halothane (Fluothane®; Takeda 
Pharmaceutical Co., Ltd., Osaka, Japan), heparin calcium 
(Caprocin®; Sawai Pharmaceutical Co., Ltd., Osaka, Japan), 
tranexamic acid (Transamin®; Daiichi Sankyo Company, 
Ltd., Tokyo, Japan), carbazochrome sodium sulfonate 
hydrate (Adna® Injection; Nipro ES Pharma., Osaka, Japan), 
gelatin and fibronectin (BD Biosciences, Franklin Lakes, 
NJ, USA), Trypsin–EDTA (0.25%) (Gibco® Trypsin–EDTA 
(0.25%), phenol red; Life Technologies Japan Ltd., Tokyo, 
Japan), and staurosporine (Wako Pure Chemical Industries, 
Ltd., Osaka, Japan). Dasatinib monohydrate was dissolved 
with 1% lactic acid solution to concentrations of 0.03 and 
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0.3 mg/mL for in vivo experiment. For in vitro experiments, 
dasatinib and staurosporine was dissolved with dimethyl 
sulfoxide to concentrations of 10 and 2 μM, respectively, 
divided into aliquots, and frozen at − 20 °C. Drug solu-
tions were diluted in distilled water on the day of experi-
ment, which were added to the cultured medium in the ratio 
of 1:100 to prepare the desired final concentrations. For 
LC–MS analysis, dasatinib-d8 was purchased from Toronto 
Research Chemicals Inc. (North York, Ontario, Canada); 
and acetonitrile, dimethyl sulfoxide, formic acid, and metha-
nol were done from Wako Pure Chemical Industries. All 
other chemicals and solvents used were of the highest avail-
able purity.

Results

Experiment 1

No animals experienced any lethal ventricular arrhythmias 
or hemodynamic collapses, leading to the animals’ death 
during the experiment.

Effects on the Cardiohemodynamic Variables

The time courses of changes in the cardiohemodynamic vari-
ables are summarized in Figs. 1 and 2, and the typical trac-
ings showing the aortic and left ventricular pressures during 
sinus rhythm are shown in Fig. 3. The pre-drug basal control 
values (C) of the cardiohemodynamic variables are listed 
in Table 1. The low dose of 0.03 mg/kg decreased the heart 
rate at 10 min (− 10% vs C; p < 0.05); the cardiac output for 
10–30 min, of which peak was observed at 15 min (− 17% vs 
C; p < 0.01); LVdP/dtmax for 10–20 min, of which peak was 
observed at 20 min (− 14% vs C; p < 0.05); and LVdP/dtmin 
at 10 min and for 20–30 min, of which peak was observed 
at 10 min (− 11% vs C; p < 0.01) (Figs. 1 and 2). The high 
dose of 0.3 mg/kg further decreased the following variables 
for 5–60 min including the heart rate, of which peak was 
observed at 10 min (−17% vs C; p < 0.01); cardiac output, of 
which peak was observed at 30 min (− 33% vs C; p < 0.01); 
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LVdP/dtmax, of which peak was observed at 10 min (− 22% 
vs C; p < 0.01); and LVdP/dtmin, of which peak was observed 
at 20 min (− 26% vs C; p < 0.01); and the stroke volume, of 
which peak was observed at 30 min (− 21% vs C; p < 0.01). 
Meanwhile, it increased SysR for 5–60 min, of which peak 
was observed at 30 min (+ 53% vs C; p < 0.01) and PulR for 
20–60 min, of which peak was observed at 45 min (+ 53% 
vs C; p < 0.01) (Fig. 1). No significant change was detected 
in the other variables. It took > 5 h for the skilled operators 
to stanch the bleeding from the femoral arteries by manual 
compression after removing the catheter sheaths, which was 
usually accomplished within 30 min, indicating that dasat-
inib suppressed the blood coagulation cascade (not shown). 
Intravenous administration of 1 g tranexamic acid and 50 mg 
carbazochrome sodium sulfonate hydrate did not mitigate 
the bleeding tendency. 

Effects on the Electrophysiological Variables

Typical tracings of the His-bundle electrogram, electrocar-
diogram, and MAP signals are shown in Fig. 3, and the time 
courses of changes in the electrophysiological variables are 
summarized in Fig. 4. The pre-drug basal control values (C) 
of the electropharmacological variables are listed in Table 1. 
The low dose prolonged the ventricular effective refrac-
tory period at 15 min (+ 4% vs C; p < 0.05), whereas no 
significant change was detected in the other variables. The 
high dose prolonged the  MAP90(sinus) at 10 and 45 min, of 
which peak was observed at 45 min (+ 11% vs C; p < 0.01); 
 MAP90(CL300) at 5 min and for 30–60 min, of which peak was 
observed at 45 min (+ 7% vs C; p < 0.01); and the ventricu-
lar effective refractory period for 5–60 min, of which peak 
was observed at 45 min (+ 9% vs C; p < 0.01); whereas no 

significant change was detected in the other variables. The 
increments of  MAP90(CL400) and  MAP90(CL300) were calcu-
lated to confirm the presence of rate-dependent prolongation 
of  MAP90. No rate-dependent change was observed in the 
extents of  MAP90 prolongation between the cycle lengths of 
300 and 400 ms (not shown in the figure).

Plasma Concentrations of Dasatinib and Myocardial Injury 
Markers

Time courses of the plasma concentration of dasatinib, car-
diac troponin I, lactate dehydrogenase, and creatine kinase 
are depicted in Fig. 5. The low and high doses of dasatinib 
provided the peak plasma concentrations of 40 ± 5 (0.08) 
and 615 ± 38 ng/mL (1.26 μM), respectively at 10 min after 
the start of intravenous administration. The pre-drug basal 
control values (C) of the myocardial injury markers are listed 
in Table 1, and only the high dose of 0.3 mg/kg increased the 
level of cardiac troponin I for 30–60 min, of which peak was 
observed at 60 min (+ 686% vs C; p < 0.01).

Experiment 2

Electropharmacological Effects on hiPSC‑CMs Sheets

Representative waveforms of field potential and conduc-
tion maps at the pacing cycle length of 1200 ms are shown 
in Fig. 6. Summary of the effects of dasatinib on the field 
potential duration, effective refractory period, post-repolariza-
tion refractoriness, and conduction speed at the pacing cycle 
lengths of 600–1400 ms is shown in Fig. 7. Statistical analysis 
was conducted for the cycle lengths between 800 and 1400 ms 
(n = 7). Indeed, the excessive dasatinib-induced prolongation 

Fig. 3  Typical tracings showing 
the His-bundle electrogram 
(His), lead II electrocardiogram 
(ECG) with heart rate (HR), 
aortic pressure (AoP), left 
ventricular pressure (LVP), and 
monophasic action potential 
(MAP) during sinus rhythm at 
pre-drug basal control (Control, 
left) and 10 min after the start 
of intravenous infusion of 
0.3 mg/kg of dasatinib (10 min 
after 0.3 mg/kg dasatinib, right)
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of the field potential duration did not permit to include data 
obtained at the cycle lengths of 600 or 700 ms. The pre-drug 
basal control values of field potential duration, effective refrac-
tory period, post-repolarization refractoriness, and conduction 
speed at a pacing cycle length of 1000 ms were 402 ± 25 ms, 
491 ± 29 ms, 89 ± 9 ms, and 0.27 ± 0.02 m/s, respectively. 
Dasatinib prolonged the field potential duration. The maxi-
mum changes were observed at a concentration of 0.3 μM for 
cycle lengths of 800, 1000, and 1200 ms, of which % changes 
were + 12%, + 14%, and + 16%, respectively; whereas that 
was detected at 1 μM for 1400 ms, of which % change was 
+ 12% (p < 0.01 vs C). Dasatinib also prolonged the effective 

refractory period in a concentration-dependent manner at cycle 
lengths of 800, 1000, 1200, and 1400 ms, of which % changes 
at 1 μM were + 18%, + 16%, + 15%, and + 14%, respectively 
(p < 0.01 vs C). However, there was no significant prolonga-
tion in the post-repolarization refractoriness. The pre-drug 
basal control value of coefficient a of the relationship between 
the cycle length and field potential duration was 0.23 ± 0.04, 
and that under the treatment of dasatinib at the concentra-
tion of 0.1, 0.3 and 1 μM was 0.28 ± 0.04, 0.27 ± 0.04, and 
0.28 ± 0.02, respectively, among which no significant differ-
ence was detected (n = 7 for each concentration). Dasatinib at 
concentration of 0.1–1 μM increased the conduction speed in a 

Table 1  Pre-drug basal control 
values of cardiohemodynamic 
and electrophysiological 
variables, and myocardial 
injury markers in the halothane-
anesthetized dogs

Data were presented as mean ± SEM (n = 4)

Variables Unit

Cardiohemodynamic
 Heart rate 107 ± 7 beats/min
 Cardiac output 2.92 ± 0.31 L/min
 Aortic blood pressures
  Systolic 130 ± 9 mmHg
  Mean 105 ± 7 mmHg
  Diastolic 88 ± 5 mmHg

 Pulmonary arterial pressures
  Systolic 23 ± 2 mmHg
  Mean 15 ± 1 mmHg
  Diastolic 9 ± 1 mmHg

 Mean right atrial pressure 6 ± 1 mmHg
 SysR 37 ± 3 mmHg min/L
 PulR 5 ± 1 mmHg min/L
 LVdP/dtmax 1901 ± 144 mmHg/s
 LVdP/dtmin − 2584 ± 156 mmHg/s
 Left ventricular end-diastolic pressure 10 ± 1 mmHg
 Stroke volume 27 ± 2 mL

Electrophysiological
 PR interval 105 ± 9 ms
 QRS width 64 ± 2 ms
 QT interval 263 ± 9 ms
 QTcV 300 ± 9 ms
 Atrio-his interval 74 ± 7 ms
 His-ventricular interval 30 ± 2 ms
 MAP90(sinus) 249 ± 9 ms
 MAP90(CL400) 247 ± 9 ms
 MAP90(CL300) 221 ± 6 ms
 Ventricular effective refractory period 200 ± 4 ms
 Terminal repolarization period 47 ± 6 ms

Myocardial injury markers
 Cardiac troponin I 0.06 ± 0.03 U/L
 Lactate dehydrogenase 145 ± 83 U/L
 Creatine kinase 262 ± 129 U/L
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concentration-dependent manner, of which % changes at 1 µM 
were + 7%, + 8%, + 7%, and + 8% at cycle lengths of 800, 
1000, 1200, and 1400 ms, respectively (p < 0.01 vs C) (Fig. 7).

Effects on the Induction of Apoptotic Cell Death 
in hiPSC‑CMs

Representative fluorescence images of hiPSC-CMs treated 
with vehicle 0.05% of dimethyl sulfoxide, 1 μM of stauro-
sporine as a positive control, and 0.3 and 1 μM of dasatinib 
are shown in Fig. 8a. Apoptosis ratios are summarized in 
Fig. 8b. Staurosporine increased the apoptosis ratio greater 

than the vehicle, whereas dasatinib did not significantly alter 
it. Cells in necrotic process were not observed in any of the 
conditions.

Discussion

Clinically observed, acute cardiovascular adverse events 
induced by dasatinib, including impaired left ventricular 
mechanical function, repolarization delay, and bleed-
ing tendency, were reproduced by combining the in vivo 
study with anesthetized animals and the in vitro assay with 
hiPSC-CMs.

Rationale of the Drug Doses and Concentrations

According to the manufacturer’s information [7], Cmax of 
dasatinib at steady state was 82.2 ng/mL after oral admin-
istration of 100 mg/day in patients with chronic-phase 
CML. Intravenous administration of dasatinib in doses of 
0.03 and 0.3 mg/kg/10 min provided Cmax of 40 ng/mL 
(0.08 μM; estimated free fraction, 3.2 nM) and 615 ng/
mL (1.26 μM; estimated free fraction, 0.05 μM) (Fig. 5), 
respectively, providing that the protein binding rate of 
the drug in dogs is the same as that of human which was 
reported to be 96% [30]. Thus, the plasma concentrations 
attained in this study were in the range of 0.03 to 7.5 times 
of the human exposure at therapeutic dose.

Cardiohemodynamic Effects

Dasatinib decreased the heart rate and cardiac output in a 
dose-dependent manner, whereas it did not alter aortic blood 
pressure, inducing the elevation of SysR (Fig. 1). Moreover, 
the drug lowered the maximum upstroke and downstroke 
velocities of the left ventricular pressure in a dose-depend-
ent manner along with the reduction of the stroke volume 
(Fig. 2), which tended to increase the left ventricular end-
diastolic pressure. It should be noted that significant eleva-
tion of left ventricular end-diastolic pressure of > 18 mmHg 
was observed in one animal for 5–45 min after the high dose 
which showed pink frothy sputum in cuffed endotracheal 
tube, indicating impaired left ventricular mechanical func-
tion. Dasatinib did not alter pulmonary arterial pressure, 
but elevated PulR, which might be mediated by the increase 
of the left ventricular end-diastolic pressure following the 
reduction of left ventricular mechanical function (Fig. 1). 
The observed negative inotropic effects were in accordance 
with 5-year analysis from DASISION trial showing that 
congestive heart failure occurred in 8.5% of adult patients 
with newly diagnosed CML (n = 258) [7, 11]. In addition, 
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Fig. 4  Time courses of changes in the PR interval, QRS width, QT 
interval, QTcV; the atrio-His (AH) and His-ventricular (HV) inter-
vals; the  MAP90 during sinus rhythm  (MAP90(sinus)),  MAP90 at a cycle 
length of 400 ms  (MAP90(CL400)) and 300 ms  (MAP90(CL300)); the ven-
tricular effective refractory period of the right ventricle (VERP); and 
the terminal repolarization period (TRP) after the administration of 
dasatinib. The QT interval was corrected with Van de Water’s for-
mula: QTcV = QT − 0.087 × (RR − 1000).  MAP90: monophasic action 
potential duration at 90% repolarization level. Data are presented as 
mean ± SEM (n = 4). Asterisks represent significant differences from 
the corresponding pre-drug basal control values (C) by *p < 0.05 and 
**p < 0.01
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dasatinib did not alter the right atrial pressure, suggesting 
that it hardly affected the right ventricular mechanical func-
tion. The aortic and pulmonary arterial blood pressures 
remained in similar level to those observed at pre-drug con-
trol despite of the significant decrease of the cardiac output, 
indicating the onset of reflex-mediated increase of sympa-
thetic tone, which would contract the arterioles.

Although the negative inotropic effect of dasatinib was 
demonstrated along with an increase of cardiac troponin 
I level in vivo, neither apoptotic nor necrotic cell death 
was observed in vitro. Cardiac troponin I can be used for 
detection of minor myocardial damage [24], whereas peak 
of creatine kinase-MB level is assessed to predict infarct 
size in patients with myocardial infarction [25], suggesting 
that the onset mechanism of negative inotropic or lusitropic 
actions cannot be fully explained by the current experimen-
tal observation. Dasatinib-induced congestive heart failure 
has been described to be correlated to the inhibition of non-
receptor type protein kinase ABL1 and ABL2 based on the 
disproportionality analysis combining the affinity data for 21 
protein kinases and the reporting odds ratio of heart failure 
obtained from the pharmacovigilance data of individual case 

safety reports [31]. Inhibition of ABL has been reported to 
induce endoplasmic reticulum (ER) stress, leading to the 
activation of PKP-like ER kinase (PEPK) and serine/threo-
nine protein kinase/endoribonuclease IRE1(IRE1) and the 
overexpression of protein kinase Cδ (PKCδ) [31]. IRE1 may 
activate Jun N-terminal kinases (JNKs) leading mitochon-
drial depolarization, ATP depletion, cytochrome C release, 
and cell death, whereas PKCδ may directly impair mito-
chondrial function. It has also been reported that dasatinib 
uncoupled oxidative phosphorylation at > 20 μM in human 
hepatocytes [32] and inhibited complexes IV (cytochrome a 
oxidase) and V (ATP synthase) with  IC50 values of 124 and 
96 μM, respectively, in isolated bovine heart mitochondria 
[33]. Taking the time course of the negative inotropic effect 
into account, mitochondrial dysfunction might be the most 
plausible candidate to explain the currently observed results.

Electrophysiological Effects

Dasatinib did not alter the atrioventricular nodal con-
duction, suggesting that it did not inhibit  Ca2+ channels 
in vivo (Fig. 4), which was partly supported by in vitro 
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Fig. 5  Time courses of changes in the plasma concentration of 
dasatinib (Conc.), cardiac troponin I (Troponin I), lactate dehy-
drogenase (LDH), and creatine kinase (CK). Data are presented as 
mean ± SEM (n = 4). Asterisks represent significant differences from 
the corresponding pre-drug basal control values (C) by *p < 0.05 and 
**p < 0.01

Fig. 6  Typical tracings recorded by using a microelectrode array 
system with human induced pluripotent stem cell-derived cardiomy-
ocytes sheets before and after the treatment of dasatinib. The repre-
sentative field potential waveforms (a) and activation maps (b) at the 
15th electrical stimulus at the cycle length of 1200 ms were depicted. 
Asterisks shown in right panels (b) indicate the midpoint of a pair of 
adjacent electrodes where stimulation currents were applied in rectan-
gular and biphasic shape. Isochrones indicate the time course of an 
excitation propagation induced by the electrical stimulus over an area 
of 1.05 × 1.05 mm. The isochrone interval is 1 ms
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observation with hiPSC-CMs sheets that dasatinib did 
not shorten the field potential duration (Fig. 6). Mean-
while, dasatinib did not delay the intraventricular conduc-
tion, suggesting a lack of  Na+ channel inhibition in vivo 
(Fig. 4); this was supported by the in vitro observation 
that there was no significant prolongation in the post-
repolarization refractoriness (Fig. 7) [22]. These observa-
tions have not been reported before. Surprisingly, dasatinib 
increased the conduction speed in cardiac cells (Figs. 6 
and 7). This particular feature could be explained by c-Src 

tyrosine kinase inhibition induced by dasatinib. Indeed, 
c-Src kinase inhibition has been shown to be involved 
in upregulation of gap junction via the increase of con-
nexin-43 level and its junctional communication [34].

Dasatinib prolonged the  MAP90(CL300) and  MAP90(sinus) 
after the high dose of 0.3 mg/kg. Reverse rate-dependency 
was not observed (Fig. 4). This is also supported by results 
obtained by the hiPSC-CM sheets (Fig. 7), showing that 
the field potential duration was prolonged without reverse 
rate-dependency. Similar results have been demonstrated in 
canine ventricular myocytes, in which dasatinib prolonged 
the action potential duration at 1 μM [14]; however, the lack 
of reverse rate-dependency has not been reported before. 

Fig. 7  Effects of dasatinib on the relationships between the electri-
cal pacing cycle length (CL) and either of the field potential duration 
(FPD), effective refractory period (ERP), post-repolarization refrac-
toriness (PRR) or conduction speed (CS) of human induced pluri-
potent stem cell-derived cardiomyocytes sheets. Statistical analysis 
was conducted in cycle lengths of 800–1400 ms (n = 7), since some 
cell sheets were not able to be excited at cycle length of 600 and/or 
700  ms because of dasatinib-induced FPD prolongation. Data are 
presented as mean ± SEM (n = 4–7). Asterisks indicate significant 
changes from their respective control values at each pacing cycle 
length by *p < 0.05 and **p < 0.01

Fig. 8  The effect of dasatinib on the apoptotic process in human 
induced pluripotent stem cell-derived cardiomyocytes. The car-
diomyocytes were treated with either of vehicle 0.05% dimethyl 
sulfoxide (DMSO), 1 μM of staurosporine (Stauro) or 0.1 (0.1 μM), 
0.3 (0.3  μM), and 1  μM (1  μM) of dasatinib for 3  h at 37  °C with 
5%  CO2 in an incubator (n = 4 for each treatment). a Representative 
fluorescence images showing the onset of apoptosis in some cells. 
In apoptotic cells, phosphatidylserine of the plasma membrane was 
stained by Apopxin™ Green in green. In intact cells, the cytoplasm 
was stained by CytoCalcerin™ violet 450 in blue. Scale bars: 50 μm. 
b The summary of the apoptosis ratio; [apoptosis ratio] = [apop-
totic cells’ number]/[total cells’ number]. Data are presented as 
mean ± SEM (n = 4). Asterisks represent significant differences 
among the five groups by p < 0.05
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Importantly, nilotinib at 4.27 μM and vandetanib at 4.26 μM 
prolonged the action potential duration in human iPSC-CMs 
[35, 36], and nilotinib and sunitinib prolonged it in canine 
ventricular myocytes at 1 μM [14]. In addition, dasatinib did 
not flatten the second peak of the field potential waveform 
(Fig. 6) and hardly altered coefficient a, indicating that the 
blockade of hERG  K+ channel may play a minor role in 
the repolarization delay [22, 37]. This finding is supported 
by a previous information that dasatinib blocked hERG  K+ 
channel with  IC50 value of 14 μM [38], which was > 11 times 
higher than the  Cmax (Fig. 5) and > 280 times higher than the 
estimated free  Cmax, 0.05 μM after the high-dose adminis-
tration, based on the protein binding rate [30]. In addition, 
the drug tended to prolong post-repolarization refractoriness 
in vitro, indicating a lack of proarrhythmic potential, which 
may be in accordance with a clinical report that no torsade 
de pointes was induced by the drug [12].

Hemorrhagic Risk

Dasatinib acutely induced bleeding tendency, which was 
directionally similar to that confirmed in human [39]. The 
administration of tranexamic acid and carbazochrome 
sodium sulfonate hydrate, which can inhibit the activation 
of plasminogen [40] and stabilize capillary, respectively, 
exerted no effect on the bleeding tendency. Dasatinib has 
been reported to cause serious and fatal bleeding in < 1% of 
patients, most of which were associated with severe throm-
bocytopenia [7]. Taking its time course into account, the 
observed bleeding tendency in vivo can be explained by pre-
vious in vitro reports that dasatinib blocked adrenaline- or 
collagen-induced platelet aggregation via Src family kinase 
inhibition [41]; and suppressed convulxin-induced platelet 
deposition via inhibition of glycoprotein VI (GPVI) signal-
ing [42]. Thus, caution must be paid on patients for hemor-
rhage from the initial administration of dasatinib.

Limitation of Study

Since we focused on the assessment of acute action of 
dasatinib on the cardiovascular system in the range of sub- 
to supra-therapeutic concentrations, we could not repro-
duce the chronic effects of dasatinib including fluid reten-
tion, pleural effusion, pericardial effusion, and pulmonary 
hypertension which has been most commonly reported as 
adverse events by the FDA AE Reporting System (FAERS) 
surveillance database [43]. However, one can expect that 
the drug-induced inhibition of the ventricular mechanical 
function as well as increase of PulR might at least in part 
be used as surrogate markers for predicting such chronic 
effects of dasatinib as described above.

Conclusion

Single intravenous administration of dasatinib impaired 
the left ventricular mechanical function from the sub-ther-
apeutic concentration along with reflex-mediated increase 
of sympathetic tone; thus, caution must be paid on the 
use of the drug for patients with impaired left ventricular 
mechanical function. It should be noted that single admin-
istration of dasatinib may increase the risk of hemorrhage 
in vivo, but that the drug lacks proarrhythmic potential. 
These effects of dasatinib can be induced through the 
non-selective tyrosine kinase inhibition [5, 6] as well as 
the other mechanisms [32, 33, 42]. Thus, combination of 
in vivo and in vitro experimental models as used in this 
study could reproduce clinically observed major cardio-
vascular adverse events of dasatinib. This combination of 
assay should be applied in a validation study including the 
whole pharmacological class of tyrosine kinase inhibitors 
frequently prescribed in the clinic and showing similar 
side effects.
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