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Abstract. Tyrosine kinase inhibitors (TKIs) offer targeted 
therapy for cancers but can cause severe cardiotoxicities. 
Determining their dose‑dependent impact on cardiac func‑
tion is required to optimize therapy and minimize adverse 
effects. The dose‑dependent cardiotoxic effects of two TKIs, 
imatinib and ponatinib, were assessed in vitro using H9c2 
cardiomyoblasts and in vivo using zebrafish embryos. In vitro, 
H9c2 cardiomyocyte viability, apoptosis, size, and surface 
area were evaluated to assess the impact on cellular health. 
In vivo, zebrafish embryos were analyzed for heart rate, blood 
flow velocity, and morphological malformations to determine 
functional and structural changes. Additionally, reverse 
transcription‑quantitative PCR (RT‑qPCR) was employed to 
measure the gene expression of atrial natriuretic peptide (ANP) 
and brain natriuretic peptide (BNP), established markers of 
cardiac injury. This comprehensive approach, utilizing both 

in vitro and in vivo models alongside functional and molecular 
analyses, provides a robust assessment of the potential cardio‑
toxic effects. TKI exposure decreased viability and surface area 
in H9c2 cells in a dose‑dependent manner. Similarly, zebrafish 
embryos exposed to TKIs exhibited dose‑dependent heart 
malformation. Both TKIs upregulated ANP and BNP expres‑
sion, indicating heart injury. The present study demonstrated 
dose‑dependent cardiotoxic effects of imatinib and ponatinib 
in H9c2 cells and zebrafish models. These findings emphasize 
the importance of tailoring TKI dosage to minimize cardiac 
risks while maintaining therapeutic efficacy. Future research 
should explore the underlying mechanisms and potential 
mitigation strategies of TKI‑induced cardiotoxicities.

Introduction

Chronic myeloid leukemia (CML) is a prevalent form of 
leukemia, accounting for ~15% of all leukemia diagnoses 
and posing a significant global health burden  (1,2). The 
discovery of dysregulated tyrosine kinase (TK) activity in 
CML pathogenesis facilitated development of TK inhibitors 
(TKIs) as a targeted therapy (3). This approach has improved 
the prognosis of patients with CML, achieving long‑term 
remission rates >80% (3). Despite these advances, challenges 
remain in optimizing TKI treatment and understanding the 
long‑term effects. The present study aimed to assess the 
dose‑dependent impact of TKI on cardiac function to optimize 
therapy and minimize adverse effects. A deeper understanding 
of the mechanisms underlying TKI action in CML is key for 
developing patient‑specific treatment regimens that balance 
anticancer effects with the prevention or mitigation of cardio‑
toxic side effects.

TKs are a group of enzymes within the protein kinase 
family. They act as molecular switches, regulating cellular 
processes such as proliferation, differentiation, metabolism 
and apoptosis by attaching phosphate groups from ATP to 
specific proteins (4). This phosphorylation can either activate 
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or inhibit the target protein. Dysregulation of TKs serves a 
key role in cancer development and progression (4). Studies 
have identified ~58 different TK receptors associated with 
numerous cancers  (5‑7). When activated in cancer cells, 
TKs promote tumor growth by stimulating cell prolifera‑
tion, angiogenesis, resistance to cell death and metastasis (8). 
Therefore, understanding the specific roles of TKs in different 
cancer types is essential for developing targeted therapeutic 
strategies. By inhibiting these aberrantly active kinases, key 
cancer‑promoting pathways can be disrupted, offering poten‑
tially more effective treatment options. TKIs have emerged as a 
drug against numerous types of cancers, including CML (9,10). 
TKIs are classified into generations based on their specificity 
and affinity for certain TKs, reflecting the progression in TKI 
development aimed at optimizing therapeutic effectiveness 
while minimizing side effects for patients. First‑generation 
TKIs like imatinib, sunitinib, and gefitinib are pioneering 
drugs with a broad activity spectrum. They target multiple 
TKs, including both cancer‑causing targets and non‑intended 
kinases. This wide range of activity can lead to effective initial 
tumor reduction but also increases the likelihood of side effects 
from inhibiting non‑target essential cellular processes. In 
contrast, second and third‑generation TKIs, such as dasatinib 
and ponatinib, show advancements in design towards greater 
target specificity. These newer TKIs aim to inhibit only the 
cancer‑causing tyrosine kinases, thereby reducing off‑target 
effects and improving patient outcome (11,12). Despite their 
similar mode of action, which involves blocking the activa‑
tion of receptor TKs (RTKs) (13,14) TKIs differ in their target 
specificity, pharmacokinetics and side effect profiles. While 
they all prevent RTKs from triggering downstream signaling 
pathways, the precise targeted kinase and drug interactions 
determine its effectiveness and potential adverse effects. 
Understanding these differences is required for optimizing 
TKI therapy. Researchers continuously evaluate tailored 
approaches that maximize efficacy while minimizing side 
effects, leading to better patient outcomes (15).

While effective in treating various types of cancers, 
TKIs pose significant concerns due to their broad‑spectrum 
targeting, leading to diverse toxicities. Among these, cardio‑
toxicity is a key side effect, impacting patient quality of 
life and treatment outcomes (16). For example, imatinib, a 
first‑generation TKI, induces left ventricular dysfunction in 
patients and preclinical models  (17,18). Second‑generation 
TKIs) like dasatinib demonstrate improved selectivity for 
BCR‑ABL proteins. These BCR‑ABL proteins, with their 
aberrant tyrosine kinase activity, are critical drivers of chronic 
myeloid leukemia (CML) and contribute significantly to 
treatment resistance. However, dasatinib, despite its targeted 
action, can still induce cardiotoxicities like pulmonary hyper‑
tension and heart failure  (19,20). Ponatinib, the only TKI 
for T3151‑mutant CML, exhibits strong cardiotoxic effects, 
including hypertension and heart failure (21,22). While the 
cardiotoxic potential of imatinib and ponatinib is established, 
understanding the underlying mechanisms is crucial for devel‑
oping targeted mitigation strategies. This study addressed 
this gap by employing a complementary in vitro and in vivo 
approach. H9c2 cardiomyocytes were used for individual cell 
analysis to investigate potential apoptotic and hypertrophic 
effects, while zebrafish embryos (ZFEs) provided a platform 

for whole‑organism observations and genetic manipulations. 
This dual approach aimed to gain a deeper understanding of 
TKI‑induced cardiotoxicity mechanisms. We hypothesized 
that both imatinib and ponatinib induce cardiomyocyte apop‑
tosis and hypertrophy, with ponatinib exhibiting a stronger 
effect. Ultimately, this research seeks to pave the way for safer 
and more effective TKI therapies, improving patient outcomes.

Materials and methods

Culture of H9c2 cardiomyoblasts. This study used H9c2 
cardiomyoblasts (European Collection of Cell Cultures) 
derived from BDIX embryonic rat cardiac tissue. Cells were 
cultured in Dulbecco's Modified Eagle's Medium Ham's F‑12 
1:1 (DMEM/F‑12; Lonza Group, Ltd.) supplemented with 
10% w/v fetal bovine serum (FBS) (Gibco‑Thermo Fisher 
Scientific, Inc.) and 1% w/v penicillin‑streptomycin. All 
cultures were maintained at 37˚C in a humidified environment 
with 5% CO2 and 95% O2. H9c2 cardiomyoblasts represent a 
well‑established in vitro model that has been previously used 
to investigate the molecular mechanisms of action of numerous 
anticancer agents, including TKIs (23‑25).

Treatment of H9c2 cardiomyoblasts. H9c2 cardiomyoblasts 
were treated with imatinib and ponatinib to investigate their 
cardiotoxic effects. Stock solutions of both drugs (50 mM) 
were prepared by dissolving in Hybri‑Max DMSO (cat. 
No. D2660; MilliporeSigma). To ensure consistency, the final 
concentration of DMSO in the culture media was ≤0.5%. 
H9c2 cells were treated with imatinib and ponatinib at 2.5 and 
5.0 µM. The concentrations used in this study were consistent 
with those used in previous studies (23,24,26‑28). Control 
cells received an equivalent volume of vehicle (0.5% v/v 
DMSO) only. Following treatment for 24 h at 37˚C, cells were 
subjected to further experiments.

MTT assay. The viability of H9c2 cardiomyoblasts following 
treatment with imatinib or ponatinib was evaluated using 
MTT assay (MilliporeSigma). Briefly, cells were seeded in 
48‑well plates at a density of 4x104 cells/well and allowed 
to adhere for 24  h at 37˚C. Medium was replaced with 
fresh Dulbecco's Modified Eagle's Medium Ham's F‑12 1:1 
(DMEM/F‑12) (Lonza, Basal, Switzerland) supplemented 
with 10% FBS) and 1% penicillin/streptomycin. Cells were 
then treated with imatinib or ponatinib at concentrations of 
2.5 and 5.0 µM for 24 h at 37˚C. The medium was removed 
following treatment and 0.5  mg/ml MTT solution was 
added to each well. Following incubation for 3 h at 37˚C, 
the resulting formazan crystals were dissolved in DMSO. 
Absorbance was measured at 570 nm using an Epoch 2 optical 
microplate reader (Norgen Biotek Corp.). Cell viability was 
presented as a percentage of vehicle control. To account for 
non‑specific signal, the mean absorbance of blank wells 
containing medium only was subtracted from all other wells. 
Background‑corrected absorbance values for each treatment 
group were normalized to the mean absorbance of the vehicle 
control (0.5% DMSO) to enable cross‑group comparisons. 
Finally, normalized values were multiplied by 100 to present 
viability as a percentage of the vehicle control. The experi‑
ment was repeated three times.
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Cell surface area measurement of H9c2 cardiomyoblasts. 
Cell surface area quantification was performed as previously 
established (29). Briefly, H9c2 cardiomyoblasts were seeded 
at a density of 10,000 cells/35‑mm culture dish and allowed 
to adhere for 24  h at 37˚C. Cells were then treated with 
imatinib or ponatinib at concentrations of 2.5 and 5.0 µM for 
24 h at 37˚C. Following treatment, cells were washed with 1X 
phosphate‑buffered saline (PBS), fixed with 4% v/v formal‑
dehyde and stained with 0.5% w/v crystal violet solution for 
20 min at room temperature. Stained cells were visualized 
and captured at 20x magnification using an Axiovert 40 CFL 
inverted confocal microscope (Carl Zeiss AG). Cell surface 
area analysis was performed on 15‑30 randomly selected cells 
using AxioVision Imaging software 4.8.2 (Carl Zeiss AG). The 
experiment was repeated three times. The surface area of the 
cell was calculated by normalizing the background‑corrected 
absorbance values of each treatment group to the mean absor‑
bance of the vehicle control group (0.5% DMSO) for direct 
comparison across groups. Then, the normalized values were 
multiplied by 100 to express the viability of each treatment 
group as a percentage of the vehicle control.

Flow cytometry analysis of cell death and size of H9c2 
cardiomyoblasts. H9c2 cardiomyoblasts were seeded in 
35‑mm dishes containing DMEM‑F12 supplemented with 
10% w/v FBS and 1% w/v penicillin‑streptomycin. After 
24 h 37˚C, they were treated with imatinib or ponatinib at 
concentrations of 2.5 and 5.0 µM for 24 h at 37˚C. Culture 
medium was aspirated, and monolayers were rinsed with 
sterile PBS to remove serum. Cells were detached using 
0.25% Trypsin [Gibco‑Thermo Fisher Scientific (Waltham, 
MA, USA)] for ≤10 min at 37˚C, centrifuged (300‑400 g, 
5 min, at room temperature), and washed with PBS/BSA to 
remove debris. The final pellet was resuspended in fresh PBS. 
Cells were stained with annexin‑V and propidium iodide (PI) 
(BD Biosciences) in 1X annexin binding buffer for 30 min at 
room temperature. Flow cytometry was performed using BD 
LSRFortessa™ cell analyzer (BD Biosciences) BD FACSDiva 
software 6.1.3 (BD Biosciences) were used to measure the 
cell viability. Apoptotic cells were determined as follows: 
Viable, PI‑ and annexin‑FITC‑negative; early stage apoptosis, 
PI‑negative and annexin‑FITC‑positive; late stage apoptosis 
PI‑ and annexin‑FITC positive and necrotic, PI‑positive and 
annexin‑FITC‑negative as previously described (30,31). Cell 
size was measured with forward light scatter using the flow 
cytometer and the percentage of cells in early and late apop‑
tosis was calculated as the total proportion of apoptotic cells. 
The experiment was repeated three times.

ZFEs. Adult zebrafish (AB strain) were maintained in recir‑
culating systems (AQUA NEERING ZD560) at the Qatar 
University Biomedical Research Center under a 14 h light/10 h 
dark cycle with controlled temperatures (room: 26˚C, 
water: 28˚C). All procedures adhered to approved protocols 
(QU‑IACUC, QU‑IBC‑2022/014) and national/international 
zebrafish guidelines  (27). Standard practices  (32) guided 
breeding. Fish were maintained in reconstituted saltwater 
tanks and fed twice daily with fresh brine shrimp. For 
embryo collection, male and female zebrafish were sepa‑
rated overnight using a mesh barrier in a mating tank. The 

next morning, the barrier was removed, allowing mating 
for 20 min. Fertilized embryos were collected in freshly 
prepared E3 medium  (32) and staged/fixed according to 
established protocols (33).

Treatment of ZFE. To assess the cardiac effects of TKIs in a 
developing organism, fertilized ZFEs were collected and main‑
tained at 28˚C in N‑phenylthiourea (PTU) water at a standard 
concentration of 0.003% (200 µM) to suppress pigmentation and 
aid observation and time‑lapse video acquisition. Experiments 
used 12‑well Falcon Tissue Culture Plate, flat bottom with low 
evaporation lid (Corning Life Sciences, Netherlands), housing 
20 embryos each. For optimal detection of potential toxicity, 
treatment commenced occurred at 6  h post‑fertilization 
(hpf), corresponding to the ‘high stage’ as described by 
Kimmel et al (33). This stage is characterized by rapid cell 
division and organogenesis, rendering the developing embryo 
highly susceptible to disruptions caused by toxic substances 
due to the presence of a largely undifferentiated cell popula‑
tion. Following PTU removal, 2 ml drug solution was added. 
TKI concentrations (2.5, 5.0 and 10.0 µM) were selected based 
on preliminary tissue culture experiments, ensuring relevance 
to clinically relevant ranges. The following controls were used: 
Control, maintained in PTU; negative control, treated with the 
DMSO vehicle (0.1% v/v) and the positive control (PC), treated 
with known cardiotoxic agent aristolochic acid I (AA; 1 µM). 
All drug solutions were prepared in DMSO at a final concentra‑
tion of 0.1%. Treatment was conducted at 28˚C for 24 h for SR, 
48 h for both SR and HR, and 72 h for SR, cardiac function 
assessment, and cardiac gene assay.

Observation and analysis of ZFEs embryos. At 24‑72 hpf, ZFEs 
were examined every 24 h under a SteREO Discovery V8 light 
microscope (Carl Zeiss AG) with a Hamamatsu Orca Flash 
camera (Hamamatsu Photonics UK Limited) and HCImage 
software 2.0.4 (Hamamatsu Photonics UK Limited) to monitor 
developmental stage, mortality, hatching, spontaneous move‑
ment, response to touch, presence of deformities and heart 
rate. The phenotypical aberrations were recorded at each point 
and compared with the controls. Images of the embryos were 
captured and the number of similar phenotypes in the experi‑
mental group noted. Survival and morphological abnormalities 
were assessed; opaque, coagulated embryos lacking a heart‑
beat were considered non‑viable and removed. The mortality 
percentage was determined by counting the number of dead 
ZFEs/group at 24, 48 and 72 hpf divided by the total number 
of injected embryos x100. Dead embryos were removed at each 
time point. Potential neurological or muscular defects at 24 hpf 
were assessed by tail‑flicking (burst/min) using Danio Scope 
software, EthoVision XT9.0 (Noldus Information Technology). 
The hatching percentage was determined by counting the 
number of hatched ZFEs/group at 48 and 72 hpf, divided by the 
total number of injected embryos x100.

Experiments exceeding 20% mortality in the negative 
control group were excluded. Observed abnormalities were 
documented. At 72 hpf, six embryos/group were immobilized 
with 3% methylcellulose at room temperature for 30 sec to 
conduct cardiovascular analysis. Each embryo underwent 10 sec 
bright field video recording at 100 frames/sec (fps) of the beating 
heart and the body. MicroZebralab 3.6 software (Viewpoint) 
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was used to determine blood flow velocity, arterial pulse and 
vessel diameter in the dorsal aorta (DA) and posterior cardinal 
vein, ensuring consistency across samples (34,35) (Fig. 1).

Cardiac function assessment. The cardiac function of treated 
and negative control embryos was evaluated at 72 hpf. Time‑lapse 
video capturing beating ventricles and red blood cell (RBC) 
movement in major vessels was analyzed as described previ‑
ously (35). An in‑house algorithm implemented in Viewpoint 
ZebraLab software version 3.4.4 (Viewpoint) tracked RBCs, 
enabling the measurement of aorta blood velocity, heartbeat and 
aorta diameter (Fig. 1). The mean of these measurements was 
used to estimate frictional shear stress levels in the cardiovascular 
system using the formula: Shear stress (τ; dynes/cm²)=[4 x blood 
viscosity (dynes/cm²) x average blood velocity (µm/sec)]/vessel 
diameter (µm). flow rate (nl/min), was calculated as follows: 
Average blood velocity (µm/s) x vessel diameter (µm) (34‑36).

Gene expression analysis in ZFE. Gene expression changes 
were detected by reverse transcription‑quantitative PCR which 
involved a 2 min Uracil DNA glycosylase incubation at 50˚C, 
a 2‑min polymerase activation at 95˚C, a 1‑sec denaturation 
at 95˚C, and a final 30‑sec annealing at 60˚C. Total RNA was 
isolated from TKI‑treated and negative control embryos using 
the IBI DNA/RNA/Protein Extraction kit (cat. no. IB47702; IBI 
Scientific) following the manufacturer's instructions. First‑strand 
cDNA was synthesized from the extracted RNA using the 
SuperScript™ IV VILO™ Master Mix kit (cat. no. 11756050; 
Thermo Fisher Scientific, Inc.). Quantitative analysis of specific 

mRNA expression was performed using TaqMan Fast Advanced 
Master Mix (Applied Biosystems; Thermo Fisher Scientific, Inc.) 
and specific primers (Table I) and probes constructed against 
the genes of interest. These include atrial natriuretic peptide 
(ANP; Applied Biosystems; Thermo Fisher Scientific, Inc.) and 
brain natriuretic peptide (BNP; Applied Biosystems, Thermo 
Fisher Scientific, Inc.). The signal was detected using the ABI 
7500 Real‑Time PCR System (Applied Biosystems; Thermo 
Fisher Scientific, Inc.). mRNA levels were quantified using the 
2‑ΔΔCq method (37) and normalized to the internal reference 
gene B2M. This approach ensured accurate and consistent gene 
expression analysis across all samples.

Statistical analysis. Statistical analysis was performed 
using GraphPad Prism software, version 8 (GraphPad LLC; 
Dotmatics,). D'Agostino‑Pearson normality test confirmed 
the distribution of parametric data, which were analyzed 
by one‑way ANOVA with Sidak's or Dunnett's post hoc test 
and two‑way mixed ANOVA with either Sidak's or Tukey's 
post hoc test. P<0.05 was considered to indicate a statisti‑
cally significant difference. All data points are presented as 
mean ± SEM. Each experiment was performed three times.

Results

Ponatinib induces dose‑dependent cytotoxicity in H9c2 cells. 
To assess the cardiotoxic potential of imatinib and ponatinib, 
H9c2 cardiomyoblast viability was evaluated using an MTT 
assay following 24 h treatment. A significant increase in cell 

Figure 1. Automated analysis of blood flow in zebrafish embryo. (A) Automated vessel detection using ZebraLab software aided in identifying the DA and 
PCV. (B) Based on the automated detection, a ROI was defined (dotted line) and validated (red rectangle). The flow of blood cells within the ROI was automati‑
cally analyzed. PCV, posterior cardinal vein; DA, dorsal aorta; ROI, region of interest.

Table I. Primers used in reverse‑transcription quantitative PCR.

Gene	 RefSeq	 Cat. no.	 Assay ID

ANP‑nppa zebrafish	 NM_198800 	 4331348	 TaqMan Gene Expression Assay ID APGZVJD
BNP‑nppa zebrafish	 NM_001327776	 4331348	 TaqMan Gene Expression Assay ID APGZVJD,
B2M	 NM_131163.2	 4351372	 TaqMan Gene Expression Assay Dr03432699_m1
	 NM_001159768.1

ANP, atrial natriuretic peptide; BNP, Brain Natriuretic Peptide; B2M, Beta‑2‑Microglobulin.
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viability (109.19±2.35%) compared with the negative control 
was demonstrated with 2.5 µM imatinib treatment, however, 
no significant changes were demonstrated at 5 µM. Ponatinib 
induced significant dose‑dependent reductions in cell viability, 
with a 22% decrease at 2.5 µM (viability, 78.24±3.80%) and a 
40% decrease at 5 µM (viability, 61.46±1.49%) compared with 
the negative control (Fig. 2A).

Flow cytometry confirmed these contrasting effects. 
While both 2.5 and 5.0 µM ponatinib significantly reduced the 
number of live cells in the sample population for each group 
(59.10±2.14 and 6.83±0.07%, respectively) compared with 
the negative control. Imatinib treatment at each concentra‑
tion showed no significant change in the number of live cells 
compared with negative control (Fig. 2B).

Figure 2. Imatinib and ponatinib induce dose‑dependent cytotoxicity in H9c2 cardiomyoblasts. H9c2 cells were treated with imatinib or ponatinib at 2.5 and 
5.0 µM for 24 h. (A) Cell viability was assessed by MTT assay and absorbance was measured at 570 nm using an Epoch 2 optical microplate reader. Percentage 
of (B) viable and (C) apoptotic cells determined using flow cytometry. Values are presented and normalized as a percentage of vehicle negative control (0.5% 
v/v DMSO). (D) Representative flow cytometry of live, apoptotic and necrotic cells. All data are presented as mean ± SEM (the experiment was repeated three 
times) (n=3). One‑way ANOVA with Dunnett's post hoc test was used to compare groups. ***P<0.001 and ****P<0.0001 vs. DMSO.
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To assess the underlying mechanism of cell death, the 
percentage of apoptotic cells was assessed using flow cytom‑
etry and annexin‑V/PI staining. Ponatinib induced significant 
dose‑dependent increases in the percentage of apoptotic cells 
compared with negative control at 2.5 (30.62±2.47%) and 
5.0 µM (92.4±2.96%). Imatinib did not induce a significant 
change in the percentage of apoptotic cells at either concentra‑
tion (Fig. 2C). Representative flow cytometry plots are shown 
in (Fig. 2D).

Ponatinib induces morphological changes and decreases 
number of H9c2 cardiomyoblasts. The effect of imatinib 
and ponatinib on cell morphology and cardiomyocyte hyper‑
trophic markers, including cell surface area and size were 
assessed. Treatment with 2.5 or 5.0 µM ponatinib reduced 
cellular density and increased cellular detachment and cellular 
shrinkage compared with the Negative control (DMSO 0.1% 
v/v) (Fig. 3A). Imatinib treatment increased cell size, indica‑
tive of hypertrophy. Ponatinib, but not imatinib, impacted 
H9c2 cardiomyoblast morphology. At 2.5 µM, ponatinib cause 
a significant reduction in cell surface area (69.23±9.86%) 
compared with the negative control, indicating cell shrinkage. 
Furthermore, 5 µM ponatinib resulted in severe cell loss, 
making surface area measurement impossible. (Fig. 3A and B).

To confirm these results, flow cytometry was used to 
measure cell size. As expected, 2.5 and 5.0 µM ponatinib 
significantly reduced cell size by 37.59±14.35 and 1.26±0.22%, 

respectively, compared with negative control. Imatinib 
treatment did not induce any significant change in cell size 
(Fig. 3C). Representative flow cytometry plots for the cell size 
are shown in Fig. 3D.

Imatinib and ponatinib induce malformations in ZFEs. To 
confirm cardiotoxic effects of imatinib and ponatinib, ZFEs 
were used as an in vivo model. Embryos were treated with 
TKI and toxicity analyses were conducted by monitoring the 
survival and morphology for up to 72 hpf. For the 2.5 µM 
imatinib and ponatinib treatment, several phenotypes were 
observed, including edema and/or lordosis. Edema was the 
most common disfigurement in all ponatinib concentra‑
tions. Edema typically included cardiac malformations that 
disrupted the sinus rhythm of the heart. These malforma‑
tions usually did not result in death of the animals. As these 
animals aged, they maintained their bent stature but could 
otherwise function normally, for example swimming and 
feeding. The decreased diameter of DA and posterior cardinal 
vein (PCV) was consistently observed in 2.5 µM imatinib 
and ponatinib treated embryos compared with the negative 
control embryos. The animals that displayed this malforma‑
tion exhibited notable difficulties swimming at later time 
points. Dorsalization was observed in rare cases in the 10 µM 
ponatinib‑treated embryos. Embryos exhibiting this phenotype 
seldom survived and failed to hatch because of the extreme 
nature of the deformities. Exposure to TKIs significantly 

Figure 3. Continued.
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Figure 3. Effect of imatinib and ponatinib on H9c2 cardiomyoblast cell surface area. (A) Representative images and (B) quantification of H9c2 cardiomyoblasts 
stained with crystal violet following 24 h treatment with negative control. Images were captured with a Carl Zeiss AxioVision imaging system at a magnifica‑
tion of x20. (C) Cell size was analyzed using forward scatter flow cytometer analyses following 24 h treatment with negative control, imatinib or ponatinib. 
Values are presented and normalized as a percentage of vehicle negative control (0.5% v/v DMSO). (D) Representative forward scatter flow cytometer plots. 
All data are presented as mean ± SEM with 15‑30 cells/group; the experiment was repeated three times. One‑way ANOVA with Dunnett's post hoc test was 
used to compare groups. *P<0.05, ***P<0.001 and ****P<0.0001 vs. DMSO.
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increased malformation rates in zebrafish embryos compared 
to controls treated with 1% DMSO (Fig. 4; Table II). Control 
embryos showed a low baseline incidence of malforma‑
tions, with only 5% exhibiting edema. Imatinib impact was 
dose‑dependent; at lower concentrations (2.5 and 5 µM), it did 
not significantly increase malformation rates. However, at the 
highest concentration (10 µM), it caused a moderate rise in 
edema (10%) and a substantial increase in cardiac disruptions 
(40%). Ponatinib demonstrated a stronger teratogenic effect 
than Imatinib. Even at its lowest dose (2.5 µM), Ponatinib 
significantly increased the prevalence of edema (20%) and 

cardiac disruptions (25%). The malformation rates increased 
as the concentration of Ponatinib rose, with 65% of embryos 
showing edema and 60% having cardiac issues at 5 µM. At the 
highest dose (10 µM), nearly all embryos displayed malforma‑
tions, with 85% showing edema, 90% exhibiting lordosis, and 
95% experiencing cardiac disruptions.

Imatinib and ponatinib induce developmental toxicity in ZFE. 
To assess the potential teratogenic effects of imatinib and 
ponatinib, treated embryos were visually inspected compared 
with the negative controls at 24, 48 and 72 hpf. As a PC for 

Table II. Dorsal aorta blood flow analysis for zebrafish embryos.

Property	 Control	 0.1% DMSO 	 2.5 µM imatinib	 2.5 µM ponatinib

Blood flow velocity, µm/sec	 472.00±25.30	 460.40±101.30	 223.80±27.40a	 194.90±27.40b

Diameter, µm	 15.70±2.00	 14.03±2.020	 9.10±1.40	 9.30±6.70
Heartbeat, bpm	 146.30±1.90	 156.20±11.50	 142.00±318.30	 142.20±18.30
Sheer stress, dynes/cm2	 4.80±0.90	 5.20±1.120	 3.90±0.70	 4.40±2.20
Cardiac output, nl/ml	 5.60±1.10	 4.40±1.90	 0.90±0.03	 1.50±1.80

Statistical analysis was performed by one‑way ANOVA with Sidak's post hoc test. aP=0.0038 and bP=0.0099 vs. DMSO.

Figure 4. Effects of imatinib and ponatinib on embryo phenotypes at 72 hpf. Heart morphology was assessed under a light microscope at x100 magnification. 
(A) Negative control embryos treated with 0.1% v/v DMSO displayed normal heart size and shape. Imatinib treatment at (B) 2.5 and (C) 5.0 µM did not alter 
heart morphology. (D) Imatinib (10 µM) caused abnormal heart size and shape. (E) DMSO negative control produced normal heart structure. Ponatinib at 
(F) 2.5 and (G) 5.0 µM resulted in elongated, tube‑like hearts and pericardial edema. (H) Single surviving embryo at 10 µM ponatinib had severe pericardial 
edema, a weak heart and minimal tail blood flow. (I) All embryos exposed to 10 µM ponatinib were malformed and remained did not hatch until 96 hp. A total 
of 20 embryos was used in each group and the experiment was repeated three times. hpf, h post‑fertilization.
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heart failure induction, 1 µM AA was used, consistent with 
previous studies (38,39). Concentration‑dependent decreases 
in survival rate and tail‑flicking activity were observed in 
embryos treated with imatinib and ponatinib compared with 
the negative control (Fig. 5A and C). Ponatinib significantly 
affected survival rate at 5 and 10 µM concentrations. This 
effect began at the first day (24 h post fertilization, hpf) and 
persisted until 48 and 72 hpf. Both Imatinib and Ponatinib 
significantly affected tail flicking at all concentrations tested. 
However, Ponatinib exhibited a stronger inhibitory effect on 
both survival rate and tail flocking compared to Imatinib.

Furthermore, changes in hatching rates were observed 
at 48  hpf. While 2.5 and 5.0  µM ponatinib significantly 
increased the hatching rate compared with the control, 10 µM 
ponatinib significantly decreased hatching rate compared with 
the control. Imatinib treatment did not significantly affect 
hatching at any concentration. As expected, 1 µM AA signifi‑
cantly reduced the hatching rate compared with the negative 
control (0.1% v/v DMSO) (Fig. 5B).

Imatinib and ponatinib disrupt cardiac function and structure 
in ZFE. DA blood flow analysis demonstrated the detrimental 
effects of both TKIs on cardiac function. Notably, 5 and 10 µM 
ponatinib nearly arrested blood flow (Fig. 4I), precluding 
further analysis at higher concentrations. At 2.5 µM, pona‑
tinib and imatinib significantly impaired cardiac function. 
Compared with negative control embryos, 2.5 µM, ponatinib 
and imatinib caused a significant 48% decrease in DA blood 
flow velocity, indicating decreased flow rate. Furthermore, 
2.5 µM ponatinib and imatinib induced a significant 27% 
narrowing of the aorta diameter, suggesting structural abnor‑
malities. Both TKIs caused a 73% reduction in overall flow 
rate compared with negative controls (Fig. 6). These find‑
ings suggest the cardiotoxic potential of both ponatinib and 
imatinib in developing ZFEs.

Imatinib and ponatinib upregulate cardiac failure markers 
in ZFE. Imatinib and ponatinib significantly increased 
mRNA expression of ANP and BNP compared with the 

Figure 5. Effects of TKI exposure on zebrafish embryo survival, hatching and tail flicking. Zebrafish embryos were exposed to imatinib and ponatinib 
compared with the positive (1 µM AA) and negative control (0.1% v/v DMSO) at 24, 48 and 72 hpf. (A) Survival rate decreased in embryos exposed to Imatinib 
10 µM at 72 hpf and Ponatinib 5.0, 10 µM at all timepoints compared with the negative control (0.1% v/v DMSO). Data were analyzed by two‑way mixed 
ANOVA with Sidak's post hoc test. (B) TKI exposure significantly reduced the hatching rate at 72 hpf compared with the negative control (0.1% v/v DMSO). 
(C) Tail‑flicking activity at 24 hpf demonstrated decreased activity in TKI‑treated embryos. Data were analyzed by one‑way ANOVA with Sidak's post hoc 
test. All data points are presented as mean ± SEM (20 embryos/group). **P<0.01, ***P<0.001 and ****P<0.0001 vs. DMSO. AA, aristolochic acid; hpf, hours 
post‑fertilization; TKI, tyrosine kinase inhibitor.

https://www.spandidos-publications.com/10.3892/mmr.2024.13311
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controls (Fig. 7). ANP and BNP are established markers of 
cardiac failure (40).

Ponatinib treatment significantly increased ANP and BNP 
mRNA expression by approximately twofold compared to the 
negative control. In contrast, Imatinib only caused a onefold 

increase in both ANP and BNP mRNA expression compared 
to the negative control.

These changes in gene expression mirrored those observed 
in embryos treated with 1 µM Aristolochic acid I (AA), a posi‑
tive control for ZFE cardiotoxicity. This suggests that both 
TKIs (Ponatinib and Imatinib) significantly affect zebrafish 
embryonic development. Notably, Ponatinib's effect was 
comparable to the positive control (Fig. 7).

Discussion

Cardio‑oncology emphasizes the importance of early detec‑
tion and management of cardiotoxic effects during cancer 
treatment  (41). These adverse effects can occur acutely, 
subacutely or chronically, depending on the drug and patient 
context  (42‑44). While numerous anticancer medications 
affect the cardiovascular system  (4), multi‑targeted TKIs 
such as imatinib and ponatinib raise concerns due to their 
well‑established cardiotoxic potential (45‑47). Novel strategies 
are required to mitigate TKI‑induced cardiotoxicity.

Among small‑molecule kinase inhibitors used for CML 
treatment, ponatinib carries the highest risk of cardiotox‑
icity, manifesting as congestive heart failure (CHF), cardiac 
arrhythmia and hypertension (22,48). Clinical trials report 
that 7% of ponatinib‑treated patients experience CHF or left 

Figure 6. Cardiac function following treatment with imatinib and ponatinib. Blood flow analysis at 72 hpf in the dorsal aorta was used to assess cardiac func‑
tion in embryos treated with TKIs. All data points are presented as mean ± SEM (six embryos/group); the experiment was performed three times. Statistical 
analysis was performed by one‑way ANOVA with Sidak's post hoc test. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 vs. DMSO. TKI, tyrosine kinase 
inhibitor; hpf, hours post‑fertilization; bpm, beats per minute.

Figure 7. Gene expression changes of cardiac markers following expo‑
sure to imatinib and ponatinib. Reverse transcription‑quantitative PCR 
analysis of ANP and BNP mRNA expression in zebrafish embryos at 72 h 
post‑fertilization. Relative mRNA expression was calculated using the 2‑ΔΔCq 
method and fold‑change was determined in reference to the internal reference 
housekeeping gene B2M. Data are presented as the mean ± SEM and experi‑
ments were performed in triplicate. Data were analyzed by two‑way ANOVA 
followed by Tukey's post hoc test. *P<0.05 and ****P<0.0001 vs. DMSO). ANP, 
atrial natriuretic peptide; BNP, brain natriuretic peptide.
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ventricular dysfunction, with potentially life‑threatening 
consequences (49‑51). This heightened risk is further empha‑
sized by the black box warning issued by the U.S. Food and 
Drug Administration (FDA). Black box warnings are the 
FDA's most stringent warnings, highlighting medications 
with potentially serious, long‑lasting, or even fatal risks. 
The present study evaluated the effects of TKIs using H9c2 
cells and ZF as models. Initial observations with H9c2 cells 
identified ponatinib more cardiotoxic than imatinib, which 
was confirmed in the ZF model. H9c2 cells were chosen for 
their established use in exploring cellular mechanisms of 
TKI‑induced cardiotoxicity (23,25,52‑56). Moreover, the ZF 
model offers an efficient and cost‑effective means for in vivo 
toxicity assessment. Despite differences between ZF and 
human biology, notable genetic overlap and ability to mimic 
cardiotoxic effects observed in patients with cancer make 
them valuable tools for assessing cardiovascular toxicity asso‑
ciated with cancer treatment (34,56‑59). Notably, zebrafish 
embryos offer a high‑throughput screening approach but are 
limited to early developmental stages, it offers advantages over 
other in vitro and in vivo models, their rapid development, ease 
of use and large numbers of embryos enable quick testing of 
many compounds. Alternative models such as adult ZF, chick 
embryos and mice should be used for comprehensive analyses, 
including extended assessments of acute or chronic effects.

A previous study assessed the involvement of p90 ribosomal 
S6 kinase and autophagy in TKI‑induced cardiotoxicity (60). 
Based on previous analyses, where cardiotoxic effects of clini‑
cally approved TKIs (Dasatinib, Nilotinib, Ponatinib) were 
compared and the distinct effects of Ponatinib on H9c2 cells 
were identified (61‑64). Imatinib has well‑established clinical 
use and relatively low cardiotoxic profile compared with other 
TKIs studied; therefore, ponatinib and imatinib were assessed 
in the present study (60,62‑64).

Cytotoxic drugs such as imatinib and ponatinib affect 
cellular processes, including morphology, proliferation, 
attachment and viability (65). A particular concern is in the 
context of the heart, where cardiomyocyte loss serves a key 
role in the development of heart failure (66,67). Numerous 
mechanisms including autophagy, apoptosis and necrosis 
contribute to this loss  (66,67). Moreover, pathological 
cardiac hypertrophy, often triggered by factors including 
elevated blood pressure, can lead to heart failure (68). This 
condition is characterized by enlarged cardiomyocytes and 
increased expression of natriuretic peptides such as ANP 
and BNP (68).

Given the link between healthy cardiomyocytes and 
heart failure, the potential cardiotoxic effects of imatinib 
and ponatinib on H9c2 cardiomyoblasts were assessed by 
two key indicators: Cell viability and hypertrophic response. 
ponatinib significantly decreased viability in H9c2 cells, 
demonstrating potent effect. The MTT assay indicated ~20 
and ~40% reductions for 2.5 and 5 µM ponatinib, respec‑
tively, after 24 h. These findings align with other in vitro 
studies (23,24,65). While MTT assay offers a convenient and 
widely used method for assessing cell viability, its limita‑
tions must be acknowledged, particularly when evaluating 
drugs such as ponatinib that target the mitochondria (69,70). 
MTT assay measures formazan production, a byproduct 
of mitochondrial activity, as an indirect measure of cell 

viability  (71). This can be misleading as drugs such as 
ponatinib primarily affect mitochondrial function without 
inducing substantial cell death  (72). Moreover, factors 
beyond cell viability, such as cellular morphology and meta‑
bolic activity, influence formazan production, potentially 
leading to inaccuracy (71,73). Ponatinib is known to inhibit 
BCR‑ABL TK, a protein located in the mitochondria (74). 
This can directly impair mitochondrial function, leading to 
decreased formazan production in viable cells (75). Therefore, 
relying solely on the MTT assay for assessing cell viability 
in response to ponatinib treatment may not accurately reflect 
the true impact on cell survival. It is key to consider using 
complementary assays that directly assess cell viability, such 
as trypan blue exclusion or flow cytometry based on viability 
dyes. Combining MTT assay with these alternative methods 
can provide a more comprehensive and reliable picture of cell 
viability (76), particularly when studying drugs with poten‑
tial mitochondrial effects, such as Ponatinib.

Compared with MTT assay, flow cytometry showed more 
significant reductions in cell viability (>90% for imatinib and 
35‑80% for ponatinib) due to the increased sensitivity of flow 
cytometry (65,77). Imatinib and ponatinib induced different 
morphological alterations. Ponatinib caused significant 
shrinkage and detachment of cardiomyoblasts, while signifi‑
cant increase in cell viability compared with the negative 
control was demonstrated with 2.5 µM imatinib treatment, 
however, no significant changes were demonstrated at 5 µM. 
Cell shrinkage suggests apoptosis, while decreased surface 
area may indicate impaired hypertrophic response (68,78,79). 
These findings align with previous observations of the effect 
of ponatinib on Neonatal rat ventricular myocytes (80). While 
the adverse effects of ponatinib on cardiomyocyte morphology 
are concerning, further studies are needed to confirm its 
hypertrophic potential.

To evaluate the developmental and cardiac impacts of 
imatinib and ponatinib, ZFEs were treated 2.5, 5.0 and 10.0 µM 
imatinib or ponatinib for 72 h. To ensure minimal interference 
from the solvent, 0.1% DMSO was used to adhere to established 
minimal toxicity recommendations and The Organization for 
Economic Cooperation and Development guidelines (81,82). 
Early embryo lethality at <12 hpf was attributed to unfertilized 
embryos mimicking normal appearance but lacking viability. 
Prompt removal of these and inclusion of an untreated control 
group ensured that the observed lethality accurately reflected 
TKI exposure.

Exposure to both TKIs resulted in dose‑dependent 
malformation, with ponatinib causing stronger effects. 
Notably, the consistent presence of edema across all ponatinib 
concentrations directly contributed to cardiac disruption and 
ultimately impaired long‑term swimming ability, Edema 
is the accumulation of fluid in tissues, leading to swelling. 
When edema occurs in zebrafish embryos around the heart, 
it can physically compress the organ, impairing its ability to 
effectively pump blood. Additionally, the fluid from edema 
may carry molecules that disrupt normal signaling pathways 
within the heart muscle, potentially resulting in weakened 
contractions or abnormal heart rhythms. Decreased blood 
vessel diameter further emphasized the detrimental impact 
on cardiovascular function. The rare but severe dorsalization 
phenotype at 10 µM ponatinib concentrations highlighted 

https://www.spandidos-publications.com/10.3892/mmr.2024.13311
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potential teratogenic effects. Visual inspection confirmed the 
teratogenic potential of both TKIs, evidenced by decreased 
survival and tail‑flicking activity and altered hatching rates. 
Ponatinib exhibited a stronger inhibitory effect on hatching 
compared to imatinib. Ponatinib displayed a biphasic 
response, with low doses (2.5, 5 µM) stimulating hatching 
while higher concentrations (10 µM) significantly suppressed 
it. This suggests a dose‑dependent mechanism for ponatinib's 
effect on hatching, distinct from that of imatinib. Notably, 
the AA PC further validated these results and emphasized 
the teratogenicity of the tested TKIs. These findings demon‑
strate the cardiotoxic potential of imatinib and ponatinib, 
extending beyond in vitro models and underlining potential 
clinical risks.

The cardiac structure and function measurement revealed 
that while heart rate remained consistent across TKI‑treated 
animals, significant cardiovascular disruptions occurred 
even at the lowest tested concentration of 2.5 µM. Both drugs 
significantly decreased aortic blood flow velocity, suggesting 
impaired flow rate and circulation. This effect was further 
confirmed by the complete absence of blood flow at 10 µM 
ponatinib concentrations. Furthermore, the decrease in 
blood vessel diameter caused by ponatinib further supported 
its detrimental impact on the cardiovascular system. The 
abnormalities in heart shape and size aligned with the 
known cardiotoxic effects of TKIs and potentially explain 
these functional impairments (59). However, no significant 
differences in shear stress were demonstrated, suggesting 
that the mechanical hemodynamic effects are unlikely 
to be the primary driver of deformities and dysfunctions. 
These findings reinforce the need for further investigation 
into specific molecular pathways underlying TKI‑induced 
cardiotoxicity.

Both TKIs significantly affected cardiac marker gene 
expression of ANP and BNP levels, Notably, Ponatinib effect 
was comparable to the positive control, indicating severe 
cardiotoxicity and potential hypertrophy. This aligns with 
previous studies demonstrating ponatinib‑induced p90RSK 
phosphorylation in  vitro, which promotes cardiomyocyte 
hypertrophy (60,83,84).

The present study serves as a primary screening of the 
cardiotoxic potential of TKIs in a ZF model. While ANP and 
BNP results suggest a molecular mechanism, further molecular 
assessment is recommended to achieve more comprehensive 
understanding of potential cardiotoxic effects. Future work 
should evaluate additional cardiomyocyte injury markers and 
conduct signaling pathway analysis for other markers such as 
Reactive Oxygen Species related genes and Vascular endothe‑
lial growth factor receptor 2 (VEGFR2). This may provide 
deeper knowledge of underlying mechanisms and long‑term 
consequences associated with these drugs.

Despite their effectiveness as tyrosine kinase inhibitors 
(TKIs) for targeting ABL in cancers like CML, both imatinib 
and ponatinib present a risk of cardiotoxicity. This off‑target 
effect likely stems from distinct pathways. Suppression of ABL 
by imatinib may trigger endoplasmic reticulum stress and ROS 
(reactive oxygen species) accumulation. This, in turn, could 
cripple mitochondrial function and lead to cardiotoxicity, as 
supported by clinical observations and damage‑mimicking 
experiments (65,70,71). While it also promotes ROS generation 

and mitochondrial dysfunction, ponatinib raises additional 
clinical concerns like vascular complications and hyperten‑
sion  (16,72). Its ability to hinder blood vessel formation 
suggests potential off‑target inhibition of VEGFR2, a receptor 
involved in angiogenesis (blood vessel growth) (73,74).

Despite imatinib and ponatinib sharing the mechanism of 
blocking RTK activity, their targeted kinases, pharmacoki‑
netics and side effects differ. The specific pathways affected 
by each drug require further elucidation. Understanding the 
molecular mechanism is required for developing targeted 
interventions. Advanced tools such as transcriptome analysis 
and specific inhibitors should be used to identify these unique 
mechanisms.

In summary, the present study demonstrated that both 
imatinib and ponatinib exhibited distinct cardiotoxic effects, 
highlighting the need for further investigations of TKIs and 
their developmental impacts. Early detection and a compre‑
hensive understanding of these adverse effects are crucial 
for improving patient outcomes and quality of life. Looking 
ahead, targeted delivery systems using nanoparticles offer a 
promising solution to minimize systemic side effects while 
maintaining the therapeutic efficacy of TKIs.

Building upon the established CML zebrafish model, 
in vivo assessments of these nanoparticle‑based drug delivery 
systems can evaluate their effectiveness and safety (50). This 
approach holds significant promise for reducing off‑target 
toxicity and improving the overall patient experience.
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