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Abstract
Bisphenol A (BPA), a widely used industrial chemical with endocrine-disrupting properties, raises developmental and 
cardiotoxicity concerns. We established a stage-specific cardiotoxicity platform using human pluripotent stem cell 
(hPSC)-derived cardiomyocytes in two-dimensional and three-dimensional (3D) cultures. BPA exposure at ⩾10 µM 
significantly reduced cell viability and downregulated pluripotency and cardiac lineage markers such as OCT4, NKX2-
5, and cTnT in a stage-dependent manner. Electrophysiological analysis revealed that acute exposure to 10 µM BPA 
disrupted action potentials in hPSC-derived cardiomyocytes, inducing membrane depolarization and rhythm disturbances. 
Furthermore, 3D cardiac tissues treated with 10 or 50 µM BPA exhibited severe mitochondrial deformation and impaired 
contractile function, as observed by TEM and beating analysis. Reproducing these effects in a personalized hPSC line 
validated the platform’s applicability for patient-specific toxicity assessment. These findings highlight the importance of 
integrating developmental stage-specific and 3D human-relevant models for comprehensive cardiotoxicity evaluation of 
environmental chemicals such as BPA.
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Introduction

Bisphenol A (BPA) is a widely used industrial chemical, 
commonly found in consumer products such as plastics, 
food packaging, and thermal paper.1 Due to its extensive 
use in everyday materials, human exposure to BPA is uni-
versal, raising significant public health concerns.2–4 BPA is 
well-known for its role as an endocrine disruptor, capable 
of interfering with hormonal signaling pathways.1,5 
Beyond its endocrine-disrupting effects, emerging research 
has highlighted BPA’s broader capacity to induce cellular 
toxicity by disrupting fundamental biological processes, 
including cellular redox balance, mitochondrial function, 
and tissue-specific development.6–8 These toxicological 
effects are of particular concern during early development, 
where precise cellular regulation is critical for proper 
organogenesis.9,10

Human pluripotent stem cells (hPSCs) serve as a pow-
erful and human-relevant in vitro model for investigating 
the toxicological effects of chemicals such as BPA.7,11 
The hPSCs are capable of self-renewal and differentia-
tion into various cell types, including cardiomyocytes, 
enabling the study of toxicities specific to critical stages 
of development.12 By modeling different stages of dif-
ferentiation—from undifferentiated hPSCs to cardiomy-
ocyte induction and mature cardiomyocytes—it is 
possible to gain insights into the developmental windows 
of vulnerability where BPA exposure may be most harm-
ful. This approach offers the advantage of mimicking 
human-specific biological processes that are difficult to 
replicate in animal models, which often exhibit species-
specific responses to toxicants.

Moreover, the development of three-dimensional (3D) 
cell culture systems represents a significant advancement 
in the field of in vitro toxicology.13,14 While traditional 
two-dimensional (2D) cultures are widely used, they do 
not fully capture the complex cellular architecture and 
microenvironment of living tissues.15,16 In contrast, 3D 
cardiac tissue models recapitulate certain aspects of in 
vivo architecture, such as cell alignment and tissue com-
paction, and may therefore provide a more relevant plat-
form for assessing compound-induced functional changes 
than conventional 2D cultures,17,18 allowing for the inves-
tigation of organ-level responses to toxicants.19,20 
Importantly, recent studies have demonstrated that 3D 
cultures are superior in revealing subtle toxicological 
effects that may go unnoticed in 2D systems, such as 
changes in mitochondrial morphology and electrophysi-
ological function.21 Accordingly, research on the devel-
opment of 3D cell models for drug toxicity assessment is 
actively being conducted. Notably, studies have focused 
on 3D-printed hepatocyte models for evaluating acetami-
nophen-induced hepatotoxicity,22 as well as cell models 
that mimic epithelial tissues of the lung23,24 or intes-
tine.25,26 Additionally, these 3D cell models are expected 

to provide valuable insights into the impact of xenobiot-
ics such as BPA on cardiac tissues.27,28

In this study, we established an in vitro cyto- and car-
dio-toxicity evaluation platform based on a stage-specific 
model representing the entire process of cardiac develop-
ment using a cardiomyocyte-specific reporter PSC line. To 
evaluate the potential applicability of this platform as a 
personalized toxicity evaluation system, we assessed and 
compared the toxic effects of BPA on another PSC line. 
Furthermore, to overcome the physiological limitations of 
conventional 2D models, we developed a 3D cardiac 
model using tissue engineering techniques after the cardio-
myocyte differentiation stage. Through structural and 
functional analyses of mitochondria, we aimed to establish 
a cardiotoxicity assessment system that integrates 3D 
models with improved physiological relevance (Figure 1).

We propose a novel platform for developmental stage-
specific cardiotoxicity assessment, integrating a reporter-
based cell line, personalized hPSC applications, and 3D 
tissue engineering techniques. This multi-layered approach 
provides a comprehensive strategy for evaluating cardio-
toxicity and can be utilized in various fields, including car-
diotoxicity research, personalized medicine, and drug 
safety assessment.

Materials and methods

Chemicals

Matrigel hESC-qualified matrix was supplied by Corning 
(Corning, NY, USA). StemMACS™ iPS-Brew XF was 
purchased from Miltenyi Biotec (Bergisch Gladbach, 
Germany). UltraPure™ 0.5 M EDTA, RPMI1640, B-27™ 
Supplement (minus insulin), Advanced Minimum 
Essential medium (Advanced MEM), Dulbecco’s 
Phosphate Buffered Saline (DPBS), GlutaMAX 
Supplement, TRIzol™ Reagent, Vitronectin, TRA-1-60, 
and Lipofectamine RNAiMAX were purchased from 
ThermoFisher Scientific (Waltham, MA, USA). Y-27632 
and CHIR99021 were supplied by Tocris (Bristol, UK). 
Wnt-C59 was purchased from Selleck Chem (Houston, 
TX, USA). The High-Capacity cDNA Reverse 
Transcription Kit was purchased from Applied 
Biosystems (Waltham, MA, USA). FastStart Essential 
DNA Green Master was supplied from Roche (Basel, 
Switzerland). Normal goat serum, Anti-Cardiac Troponin 
T antibody, and DAPI Staining Solution were purchased 
from Abcam (Cambridge, UK). Alexa Fluor® 647 Mouse 
Anti-Cardiac Troponin T was purchased from BD 
Biosciences (Franklin Lakes, NJ, USA). Cell Counting 
Kit-8 (CCK8) reagent was purchased from Dojindo 
Molecular Technologies (Kumamoto, Japan). All other 
chemicals including BPA were purchased from Sigma-
Aldrich (St. Louis, MO, USA). BPA was dissolved in etha-
nol to prepare a 50 mM stock solution, which was 
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subsequently diluted in culture medium to achieve final 
concentrations of 1, 10, 20, 50, and 100 µM.

Generation and maintenance of hPSCs

The cardiomyocyte-specific reporter cell line, H9-hTnnT2-
pGZ-TD2, was purchased from WiCell (Madison, Wim 
USA). These cells do not exhibit GFP fluorescence in the 
undifferentiated state, but after cardiomyocyte differentia-
tion, they display GFP fluorescence along with troponin T 
expression (Figure 1A). To generate a new human induced 
pluripotent stem cell line, ACE-hiPS-2, dermal fibroblasts 
from a 4-year-old male donor were reprogrammed using 
the StemRNA™ 3rd Gen Reprogramming Kit (Reprocell, 

Yokohama, JP) following the manufacturer’s protocol. 
Briefly, fibroblasts were plated on a vitronectin-coated 
6-well plate at 2 × 105 cells/well on day 0. Daily transfec-
tions with the non-modified-RNA reprogramming cocktail 
were carried out from days 1 to 4 using Lipofectamine 
RNAiMAX. On days 10–12, iPSC colonies were identi-
fied by staining with the TRA-1-60 antibody. The TRA-1-
60-positive colonies were isolated and re-plated on a 
vitronectin-coated dish. To maintain both hPSC lines in an 
undifferentiated state, the media were changed daily with 
StemMACS iPS-Brew XF and the cells were passaged 
onto vitronectin-coated dishes every 3-4 days using 
0.5 mM Ultra-Pure™ EDTA, pH 8.0. After passage, the 
cells were incubated with 10 μM Y-27632 for 24 h.

Figure. 1.  Schematic diagram of experiments. (A) Cardiomyocyte specific reporter cell line, H9-hTnnT2-pGZ-TD2. The cell 
expresses GFP only when the cell line has been differentiated into a cardiomyocyte. The stage-specific cardiotoxicity evaluation 
platform was established based on BPA treatment. (B) Construction of collagen-based 3D cardiac structure mimicking heart 
contraction. (C) Validation of the platform for personalized applications.
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Differentiation of cardiomyocytes derived from 
hPSCs

Two hPSC lines, H9-hTnnT2-pGZ-TD2 from WiCell and 
ACE-hiPS2, were grown on Matrigel-coated dishes until they 
reached 90% confluency. To initiate differentiation into the 
cardiac lineage, the hPSCs were treated with 6 μM 
CHIR99021 in RPMI1640 medium supplemented with 
B-27™ Supplement (minus insulin). After 48 h, the medium 
was replaced with RPMI1640 medium containing 3 μM Wnt-
C59 and B-27™ Supplement (minus insulin). For the specifi-
cation stage, the medium was changed to Advanced MEM 
containing 2 mM GlutaMAX Supplement every 2 days start-
ing from day 5. Contracting cells began to appear between 
day 6 and day 10. When contracting cardiomyocytes were 

observed, the medium was replaced every 2 days with 
Advanced MEM containing 100 ng/mL 3,3′,5-Triiodo-L-
thyronine and 2 mM GlutaMAX Supplement.

BPA treatment

For BPA treatment in cell culture, the undifferentiated 
stage was treated for 4 days, the induction stage for 4 days, 
and the specification stage for 2 days (Figure 2A). Cells at 
each stage were treated with 1, 10, 20, 50, and 100 µM 
BPA. After adding BPA to the culture media, the media 
were replaced once every other day. For patch clamp anal-
ysis, BPA treatment was applied to contracting cardiomyo-
cytes. After treatment, we washed out the cells with DPBS 
and confirmed the membrane potential.

Figure 2.  Analysis of the effects of BPA on hPSC culture stages. (A) Schematic strategy for BPA toxicity assessment at each stage 
of cardiomyocyte differentiation status. (B) Morphological changes observed in hPSCs treated with various concentrations of BPA 
during the undifferentiated stage. (C) Expression levels of pluripotency-related genes in hPSCs treated with various concentrations 
of BPA during the undifferentiated stage. Data represent mean ± standard deviation (SD) from three independent experimental 
batches. Colored dots indicate individual biological replicates. ***p < 0.0001 compared with 0 μM BPA treated group.
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Three-dimensional cell culture of hPSC-derived 
cardiomyocyte (hPSC-CMs) and analysis

To model the 3D cardiac structure, we prepared 3D cul-
tures of cardiomyocytes using collagen matrices as a scaf-
fold. The porous collagen matrix provided a large surface 
area for cell attachment and growth and facilitated the for-
mation of new cardiac tissues (Figure 1B). Briefly, colla-
gen matrices were prepared by cutting them into 
dimensions of 5 × 5 × 2 mm³. Day 14 hiPSC-CMs differ-
entiated without BPA exposure were harvested and diluted 
to a concentration of 4 × 106 cells/ml. A total of 50 μl of the 
cell suspension was gently added to each collagen matrix 
for absorption. Every hour, an additional 50 µl of culture 
medium was added three times to ensure sufficient cell 
attachment and absorption. Once the cells were adequately 
adhered, the cell-seeded collagen scaffolds were trans-
ferred to Ultra-Low Attachment culture dishes and incu-
bated in Advanced MEM for 7 days. After 7 days of in vitro 
culture, BPA solutions (1, 10, and 50 μM in MEM) were 
added to the dishes containing the cell-seeded scaffolds 
and the medium was changed every 2 days (Figure 5A). 
After 14 days of 3D culture, we analyzed the scaffolds 
using transmission electron microscopy (TEM). For TEM 
analysis, we fixed the specimens in 2.5% (v/v) glutaralde-
hyde for 24 h, followed by dehydration with a series of 
graded ethanol and drying. The dried samples were 
mounted on a mixture of propylene oxide and Epon 812 
media. The mounted samples were then cut into 70-nm-
thick sections at a rate of 0.6 mm/s using an Ultra-
Microtome (ULTRACUT UCT, LEICA, Wetzlar, GE) and 
placed on a grid for observation. Samples were imaged 
using TEM (JEM-1400Plus and JEM-1000BEF, JEOL, 
Tokyo, Japan) at 120 kV and 1000 kV.

To evaluate mitochondrial morphology under different 
BPA concentrations, TEM images were analyzed using 
ImageJ software (NIH, Bethesda, MD, USA), as previ-
ously described.29 For each sample, a minimum of five 
randomly selected fields were analyzed, and at least 20 
mitochondria were evaluated per group. Mitochondrial 
parameters, including area (μm²) and circularity, aspect, 
cristae score, were quantified by manually tracing the 
outer mitochondrial membrane using the freehand selec-
tion tool. Mitochondrial elongation was quantitatively 
assessed using two complementary shape descriptors: cir-
cularity index and aspect ratio. The circularity index, cal-
culated as 4π × Area/(Perimeter)², ranges from 0 to 1, with 
values closer to 1 indicating round mitochondria and lower 
values indicating more elongated or irregular shapes. The 
aspect ratio, defined as the ratio of the major to minor axis 
length, increases with mitochondrial elongation. Together, 
these two parameters provide a comprehensive measure of 
mitochondrial shape and elongation. In addition, the mor-
phology of the cristae was semi-quantitatively assessed by 
assigning each mitochondrion a cristae score from 0 to 4, 
where 0 indicates no clearly defined cristae; 1, more than 

50% of the mitochondrial area is lacking cristae; 2, more 
than 25% of the area is lacking cristae; 3, numerous cristae 
present in over 75% of the area but irregular in shape; and 
4, numerous and well-organized, regular cristae.

Quantitative RT-PCR

Total RNA was extracted using the TRIzol reagent. RNA 
concentration was measured using a NanoDrop One C 
Microvolume UV-V Spectrophotometer and cDNA was 
synthesized with the High-Capacity cDNA Reverse 
Transcription Kit following the manufacturer’s instruc-
tions. Real-time PCR was conducted using SYBR Green 
expression assays on a LightCycler® 96 Real-Time PCR 
System (Roche, Basel CH), and the samples were normal-
ized to the GAPDH housekeeping gene. The gene expres-
sion level was calculated using the ΔΔCt method. The 
primer sequences are provided in Table S1.

Immunocytochemistry

Cells were fixed with 4% paraformaldehyde for 20 min 
and permeabilized with 0.1% Triton X-100 in PBS for 
10 min. After treatment with 5% normal goat serum for 
30 min, the cells were stained with cardiac troponin T 
(cTnT) and sarcomeric-α-actinin for 16 h at 4 °C. Cells 
were washed three times with PBS and then incubated 
with Alexa Fluor 488-or 594-conjugated secondary anti-
bodies for 1 h. Nuclei were stained with DAPI. All images 
were analyzed using a fluorescence microscope.

Cell viability assay

Cell viability was detected using a CCK-8 assay. ACE-
hiPS2 cells were seeded at a density of 5 × 104/a well of 
24-well plates with 1, 10, and 50 µM BPA, followed by the 
addition of 10 µl CCK8 reagent (Dojindo Molecular 
Technologies) to each well and incubation at 37°C for 
30 min. Then the absorbance at 450 nm was measured 
using a Cytation C10 (BioTek, Winooski, VT, USA).

Flow cytometry (FC) analysis

The hPSC-CMs were collected and washed with FACS 
solution (PBS supplement 2% FBS). The single cells were 
incubated with Alexa Fluor 647-conjugated anti-cTnT for 
30 min at 4℃, followed by three washes in FC solution. 
FC analysis was performed using a SONY® flow cytom-
eter SH800 (Sony Biotechnology, Inc., Tokyo, Japan) with 
Sony software version 2.1.5.

Electrophysiological recording and analysis

A conventional whole-cell patch clamp was used to record 
the action potential in hPSC-CMs. A spontaneously beat-
ing cardiomyocyte was selected for current-clamp action 
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potential recording using an Axopatch 200B amplifier 
(Axon Instruments, Foster, CA, USA) and a Digidata 
1440B AD-DA converter (Axon Instruments). The action 
potential parameters, including APD90c (action potential 
duration at 90% repolarization with Fridericia’s rate cor-
rection), APA (action potential amplitude), Vmax (maxi-
mum upstroke velocity), and beat period, were analyzed 
using the Clampfit 11 program (Axon Instruments, 
Molecular Devices, San Jose, CA, USA). The extracellular 
solution used for recording the action potential contained 
145 mM NaCl, 5.4 mM KCl, 10 mM HEPES, 1 mM MgCl2, 
1.8 mM CaCl2, and 5 mM glucose adjusted to pH 7.4 with 
NaOH. The intracellular solution contained 120 mM 
K-aspartate, 20 mM KCl, 5 mM NaCl, 2 mM CaCl2, 5 mM 
EGTA, 10 mM HEPES, and 5 mM Mg-ATP adjusted to pH 
7.25 with KOH.

Statistical analysis

All experiments were performed in at least three independ-
ent experimental batches, and data are presented as 
mean ± standard deviation (SD). Statistical comparisons 
between two groups were performed using two-tailed 
Student’s t-tests. For comparisons among three or more 
groups, one-way ANOVA followed by Tukey’s post hoc 
test was used. All statistical analyses and data visualization 
were performed using GraphPad Prism version 5 
(GraphPad Software, San Diego, CA, USA). The statisti-
cally significant differences are indicated by *p < 0.05, 
**p < 0.005, or ***p < 0.0001.

Results

Reporter cell-line-based system for cytotoxicity 
evaluation during cardiomyocyte development

To establish a platform to evaluate cytotoxicity at various 
stages of cardiomyocyte differentiation and development, 
we used the H9-hTnnT2-pGZ-TD2 embryonic stem cell 
line, which expresses a fluorescent reporter for the cardio-
myocyte-specific marker troponin T.30 Cardiomyocyte dif-
ferentiation was conducted in three stages: a 4-day 
undifferentiation stage, a 4-day cardiomyocyte induction 
stage, and a 6-day cardiomyocyte differentiation stage fol-
lowing a previously described protocol.28,31–33 In addition, 
cardiomyocytes differentiated in culture dishes were cul-
tured in a 3D structure for 7 days after differentiation to 
evaluate whether they could mimic the actual human heart. 
To evaluate the cardiotoxic effects at all stages of cardio-
myocyte development, cardiomyocytes were treated with 
various concentrations of BPA, a representative endocrine 
disruptor, every other day to compare and analyze the mor-
phological and molecular characteristics and functions of 
cardiomyocytes (Figure 2A).

To investigate the cytotoxic effect of BPA at the 
undifferentiated stage, we treated cells in culture at the 

undifferentiated stage with 1, 10, 20, 50, and 100 μM 
BPA for 4 days. No morphological changes were 
observed in the 1, 10, and 20 µM BPA treatment groups 
compared to the control group. However, cell density 
was significantly lower in the 100 µM BPA treatment 
group on day 4 (Figure 2B). To confirm the morphologi-
cal toxicity of BPA at the molecular level, we examined 
the expression of pluripotency marker genes OCT4 and 
SOX2 using qRT-PCR. The expression of OCT4 and 
SOX2 increased in the 1 µM BPA treatment group and 
was similar to the control group in the 10 µM BPA treat-
ment group. However, in the 20, 50, and 100 µM BPA 
treatment groups, the expression of undifferentiated 
gene markers was significantly reduced compared to the 
control group (Figure 2C). These findings established 
the cytotoxic evaluation system in the pluripotent stem 
cell maintenance stage and confirmed the cytotoxic 
effects of BPA at high concentrations.

To confirm the effect of BPA at the cardiac induction 
stage, we differentiated the BPA-treated cells to cardiac pro-
genitors while continuing to treat them with the same con-
centration of BPA for an additional 4 days (Figure 3). There 
were no morphological changes in the 1 or 10 µM BPA treat-
ment groups compared to the control group (Figure 3A). 
However, in the 100 µM BPA treatment group, noticeable 
cell detachment was observed. We then confirmed the 
expression of genes specific to the three germ layers in the 
BPA-treated cardiomyocyte induction stage using qRT-
PCR. The expression of all genes was significantly reduced 
in the 50 and 100 µM BPA treatment groups. In detail, the 
endoderm-specific gene AFP was expressed at a similar 
level to the control group in the 1, 10, and 20 µM BPA treat-
ment groups. SMA, a mesoderm-specific gene, showed 
higher expression in the 1 µM BPA treatment group com-
pared to the control group and was expressed at a level simi-
lar to the control group in the 10 µM BPA treatment group. 
However, SMA expression significantly decreased in the 
20 µM BPA treatment group. TUJ1, an ectoderm-specific 
gene, was expressed at a level similar to the control group in 
the 1 µM BPA treatment group, but its expression signifi-
cantly decreased in the 10 and 20 µM BPA treatment groups. 
Through this, it was confirmed that treatment with BPA con-
centrations of 20 µM or higher in the cell model, which 
mimics the early heart development process, changed the 
morphological characteristics and viability of cells.

To investigate the cytotoxic effect of BPA at the cardio-
myocyte differentiation stage, we differentiated the BPA-
treated cells into cardiomyocytes while continuing to treat 
them with the same concentration of BPA (Figure 4). We 
observed whole-cell detachment in the 20, 50, and 100 µM 
BPA treatment groups. The cells survived only in the 0, 1, 
and 10 µM BPA treatment groups and spontaneous beat-
ing cardiomyocytes were observed on day 14 in these 
groups. The beating cardiomyocytes expressed green flu-
orescence (Figure 4A). These cells did not exhibit sponta-
neous beating nor express GFP fluorescence. We then 
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investigated the expression of genes specific to the three 
germ layers in the BPA-treated cardiomyocyte induction 
stage using qRT-PCR (Figure 4B). The pluripotency 
marker gene OCT4 was significantly down-regulated, 
while the cardiomyocyte-specific genes NKX2.5 and cTnT 
were up-regulated in the 0 and 1 µM BPA treatment groups 
compared to the negative control group (undifferentiated 
stage). In contrast, the 10 µM BPA treatment group 
showed decreased gene expression compared to both the 
0 µM BPA treatment group and similar with the negative 
control group (Figure 4B).

Evaluation of the electrophysiological function of 
cardiomyocytes in response to BPA treatment

To accurately investigate the effects of BPA exposure on 
actual cardiac function, we used patch clamp analysis to 
evaluate cardiac action potential properties (Figure 5) 

such as APA, Vmax, beat period, and APD90c. We found 
that low-dose BPA treatments did not alter the cardiac 
action potential of hPSC-CMs (Figure 5A), and APA, 
Vmax, beat period, and APD90c analyses also showed 
no significant difference among the BPA treatment 
groups (Figure 5B). However, acute treatment with 
10 µM BPA disrupted the spontaneously beating action 
potential (Figure 5C). In some cases, 10 µM BPA caused 
mild membrane potential depolarization, resulting in 
irregular action potential overshoots and beatings. The 
irregular action potential was restored to normal after 
washing out the BPA (Figure 5D). In conclusion, unlike 
high-dose BPA exposure, low-dose BPA exposure may 
improve heart function during development. However, 
exposure to >10 µM BPA may inhibit early cardiac 
occurrence, and acute treatment with 10 µM BPA may 
cause rhythmic disorder in hPSC-CMs due to membrane 
depolarization.

Figure 3.  Analysis of the effects of BPA on the hPSC-derived cardiomyocyte induction stage. (A) Observation of morphological 
changes following treatment with various concentrations of BPA in the cardiomyocyte induction stage. (B) Expression of 
representative genes from the three germ layers in hPSC derivatives following treatment with various concentrations of BPA in the 
cardiomyocyte induction stage. Data represent mean ± standard deviation (SD) from three independent differentiation batches. 
Colored dots indicate individual biological replicates. ***p < 0.0001 compared with 0 μM BPA treated group.
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These results are supported by a previous study demon-
strating the toxic effects of BPA on rat embryonic cardio-
myocyte differentiation and hPSC-CMs.34

Development of a toxicity test that uses a 3D 
cultured construct to mimic heart tissue

To analyze the functional and structural effects of BPA, we 
developed a 3D cardiac tissue model by mixing hPSC-
derived cardiomyocytes with a collagen matrix (Figure 6A). 
After incubation, the hPSC-derived cardiomyocytes were 
organized with the collagen matrix, resulting in a porous 
structure. To examine the functional changes caused by 

BPA exposure at 1 µM and 10 µM, the effects of which 
cardiomyocytes were identified in the previous results, 
we conducted a structural analysis of the beating capa-
bilities and mitochondria in the cardiac tissue (Figure 6B, 
Video S1-S4). The beating capabilities of the cardiac 
tissue were similar in the 1 µM and 10 µM BPA groups 
compared to the control. Notably, when the cardiac tis-
sue was treated with 50 µM BPA, the beating rate was 
decreased (Video S4).

We examined the effects of BPA on mitochondria in 3D 
cardiac tissues using TEM (Figure 6C). In the control and 
1 µM BPA groups, mitochondria appeared intact with well-
defined cristae. However, in the 10 µM and 50 µM BPA 

Figure 4.  Analysis of the effects of BPA on the hPSC-derived cardiomyocyte differentiation stage. (A) Observation of 
cardiomyocyte differentiation with different BPA treatments in the cardiomyocyte differentiation stage. (B) Expression of 
pluripotency and cardiomyocyte-specific genes in hPSC-derived cardiomyocytes according to BPA treatments in the cardiomyocyte 
differentiation stage. Data represent mean ± standard deviation (SD) from three independent differentiation batches. Colored 
dots indicate individual biological replicates. *p < 0.05, **p < 0.005, ***p < 0.0001 compared with N.C group and ##p < 0.005, 
###p < 0.0001 compared with 0 μM BPA treated group. N.C: Negative control (undifferentiated state).
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Figure 5.  Electrophysiological analysis of BPA-treated hPSC-derived cardiomyocytes. (A and B) Comparative analysis of the 
cardiac action potentials in hPSC-derived cardiomyocytes at various BPA concentrations. (C and D) Disruption of action potentials 
by acute treatment with 10 µM BPA in hPSC-derived cardiomyocytes.

groups, clear signs of mitochondrial damage were 
observed, such as swelling, rounded shape, and disrupted 
internal structure (yellow arrowheads). Quantitative analy-
sis showed that mitochondria became more circular and 
less elongated at these higher concentrations. This shift 
suggests a loss of healthy, tubular morphology. In addition, 
the inner membrane structures, including cristae, were 
noticeably disorganized or diminished in the damaged 
mitochondria, indicating structural and possibly functional 
impairment. Mitochondrial deformation can affect the 
function of the respiratory chain, lead to cell apoptosis and 
necrosis, and interact with other cellular organs through 

mitochondrial permeability transition pores. These results 
suggest that exposure to BPA, particularly at concentra-
tions >10 μM, can lead to serious diseases in the early 
stages of heart development.

Application of cardiotoxicity evaluation system 
based on drug exposure frequency

To evaluate the applicability of our cardiotoxicity assess-
ment platform using a reporter cell line, we investigated 
the effects of varying BPA exposure conditions on 
H9-hTnnT2-pGZ-TD2 cells (Figure 7). To assess the 
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impact of frequent BPA exposure during cardiac develop-
ment, H9-hTnnT2-pGZ-TD2 cells were treated with BPA 
daily for 14 days, from the undifferentiated stage to the 
cardiomyocyte differentiation stage (Figure 7A). The dif-
ferentiation efficiency was then evaluated by comparing 
the expression levels of troponin T. As a result, the 1 µM 
BPA-treated group exhibited fluorescence expression 
similar to that of the control group. However, in the 10 µM 

BPA-treated group, the number of fluorescence-express-
ing cells was significantly reduced compared to the con-
trol group (Figure 7B). These findings indicate that 
repeated exposure to BPA exerts greater toxicity on car-
diac development. Furthermore, this result suggests that 
our cardiotoxicity assessment platform can evaluate drug 
toxicity across various concentrations and exposure 
durations.

Figure 6.  BPA toxicity test using a cardiac tissue 3D culture system. (A) Schematic strategy for generation of cardiac tissue with 
collagen matrix and cardiomyocytes. (B) Representative brightfield images of 3D cardiac tissues at day 28 with quantification of 
cardiac beating rates. (C) Representative TEM images of 3D-cultured cardiac tissues according to BPA treatment. Yellow arrows 
indicate abnormal mitochondria. Data represent mean ± standard deviation (SD) from at least three independent batches of 
differentiation and 3D cardiac tissues. Colored dots indicate individual biological replicates. #p < 0.05, ###p < 0.001 compared with 
0 μM BPA treated group.
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Application of the cytotoxic evaluation platform 
in personalized cell lines

To investigate whether the cardiotoxicity assessment plat-
form established using a reporter cell line can be utilized 
as a personalized drug toxicity evaluation system (Figure 
1C), we assessed functional changes following drug expo-
sure in a newly generated pluripotent stem cell line, ACE-
hiPS2 (Figure 8). We generated the ACE-hiPS2 stem cell 
line by reprogramming human dermal fibroblasts from a 
healthy individual (Figure S1). Subsequently, BPA was 
administered at various concentrations every other day 
from the undifferentiated stage to the cardiomyocyte 

differentiation stage, and the morphological, molecular, 
and functional characteristics of cardiomyocytes were ana-
lyzed. Similar to the results obtained using the reporter cell 
line, we observed a dose-dependent increase in toxicity 
with increasing BPA concentrations.

In the undifferentiated stage, no significant morpho-
logical changes were observed in the 1 and 10 µM BPA-
treated groups compared to the control. However, in the 
50 µM BPA-treated group, cell density was significantly 
reduced compared to the control group (Figure 8A). To 
quantitatively assess this, a cell viability assay was per-
formed, revealing that while the 1 and 10 µM BPA-treated 
groups exhibited survival rates comparable to the control, 

Figure 7.  Evaluation of BPA-induced cardiotoxicity by exposure frequency. (A) Schematic of the strategy for BPA toxicity 
assessment under continuous BPA treatment. (B) BPA-induced cardiotoxicity evaluation by GFP expression. (C) Expression of 
pluripotency and cardiomyocyte-specific genes in hPSC-derived cardiomyocytes according to frequent exposure of BPA in the 
cardiomyocyte differentiation stage. Data represent mean ± standard deviation (SD) from three independent differentiation 
batches. Colored dots indicate individual biological replicates. *p < 0.05, **p < 0.005, ***p < 0.0001 compared with N.C group and 
##p < 0.005, ###p < 0.0001 compared with 0 μM BPA treated group. n = 3. N.C: Negative control (undifferentiated state).
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Figure 8.  Evaluation of BPA-induced cardiotoxicity on personalized normal PSC cell lines. Analysis of the effects of BPA on hPSC 
culture (A), cardiac induction (B) and cardiomyocyte differentiation stage (C). Morphological observation, cell viability test, and gene 
expression were analyzed at each stage. Data represent mean ± standard deviation (SD) from three independent differentiation 
batches. Colored dots indicate individual biological replicates. *p < 0.05, **p < 0.005, ***p < 0.0001 compared with N.C or 0 μM 
BPA treated groups. (D) Immunostaining and flow cytometry analysis of BPA treated cardiomyocytes. N.C: Negative control.
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the 50 µM BPA-treated group showed a significant reduc-
tion in viability. Consistent with previous findings in 
hTnnT2-pGZ-TD2 cells, these results indicate that high-
concentration BPA exposure during the undifferentiated 
stage impairs the survival and proliferation of hPSCs. 
Additionally, qRT-PCR analysis of pluripotency marker 
genes (OCT4 and SOX2) revealed that the 1 µM BPA-
treated group exhibited higher gene expression levels than 
the control group, whereas the 10 and 50 µM BPA-treated 
groups showed reduced expression. Increased expression 
of pluripotency markers in the 1 µM BPA-treated group 
was also observed in hTnnT2-pGZ-TD2 cells, aligning 
with previous studies indicating that acute BPA exposure 
enhances pluripotency marker expression in mouse embry-
onic stem cells (ESCs).35 Furthermore, high BPA concen-
trations induced dose-dependent morphological and 
molecular damage in hPSCs, similar to that observed in 
hTnnT2-pGZ-TD2 cells.

In the cardiomyocyte induction stage, the 1 and 10 µM 
BPA-treated groups did not exhibit significant morpho-
logical changes compared to the control, whereas the 
50 µM BPA-treated group showed distinct morphological 
abnormalities (Figure 8B). Similarly, cell viability assays 
demonstrated that the 1 and 10 µM BPA-treated groups 
exhibited survival rates comparable to the control, while 
the 50 µM BPA-treated group showed a significant 
decrease in viability. Subsequent qRT-PCR analysis of 
three germ layer-specific genes revealed that the endo-
derm-specific gene (AFP) and mesoderm-specific gene 
(SMA) were upregulated in the 1 µM BPA-treated group, 
while their expression levels were similar to the control in 
the 10 µM BPA-treated group. However, in the 50 µM 
BPA-treated group, expression levels of AFP and SMA 
were significantly reduced. Additionally, the ectoderm-
specific gene (TUJ1) was downregulated in all BPA-
treated groups compared to the control. These results align 
with findings in hTnnT2-pGZ-TD2 cells and support pre-
vious research suggesting that BPA exposure disrupts 
germ layer-related gene expression in mouse ESCs.36

In the cardiomyocyte differentiation stage, 1 and 10 µM 
BPA-treated groups exhibited similar morphological char-
acteristics and cell viability to the control group. However, 
qRT-PCR analysis of cardiomyocyte-specific marker 
genes (cTnT and SA-actinin) revealed that while the 1 µM 
BPA-treated group exhibited gene expression levels com-
parable to the control, the 10 µM BPA-treated group 
showed a significant reduction in expression (Figure 8C). 
Immunocytochemistry (ICC) analysis further confirmed 
reduced protein expression in the 10 µM BPA-treated 
group, and flow cytometry analysis indicated a lower pro-
portion of cTnT+ cells in this group (Figure 8D).

Taken together, our findings suggest that low-dose BPA 
exposure does not induce cytotoxicity during the differen-
tiation of hPSC-derived cardiomyocytes. However, high-
dose or frequent BPA exposure can lead to significant 

cytotoxic effects. These results are consistent with previ-
ous studies investigating BPA-induced cardiotoxicity in 
mouse ESCs and hPSCs.8,36 Furthermore, this study con-
firms that the reporter cell-based cardiotoxicity assessment 
system we established is a broadly applicable platform for 
evaluating cardiotoxicity across various cell lines.

Discussion

In this study, we investigated the developmental and car-
diotoxic effects of BPA using a cardiomyocyte-specific 
reporter cell line derived from hPSCs. By tracing morpho-
logical and genetic expression changes from the undiffer-
entiated stage to the cardiomyocyte differentiation stage, 
we monitored BPA-induced toxicity across key phases of 
heart development. Furthermore, we evaluated the physi-
ological relevance of our model by incorporating electro-
physiological analyses and a 3D culture system that closely 
mimics the human heart environment. The established tox-
icity assessment platform was further expanded by intro-
ducing modified drug treatment conditions and a novel 
personalized cell line to explore its applicability for indi-
vidualized toxicity screening.

Morphological and functional analyses using the cardio-
myocyte-specific reporter line demonstrated significant 
developmental and functional cardiotoxicity following 
exposure to BPA concentrations above 10 mM. These find-
ings are consistent with previous studies and support the 
reliability and validity of our approach.37,38 Interestingly, 
exposure to a lower concentration of BPA (1 mM) appeared 
to enhance cardiac development, suggesting that BPA, as 
an endocrine-disrupting chemical, may exert hormone-like 
effects during cardiogenesis. This phenomenon was con-
sistently reproduced in a personalized cell line, indicating 
that the observed cardiotoxic responses are not limited to a 
single cell line. Gene expression patterns, morphological 
changes, and functional outcomes were comparable 
between the two cell lines, demonstrating the reproducibil-
ity of the results and highlighting the potential of this plat-
form to be applied more broadly in toxicological 
assessment.

One of the major contributions of this study is the devel-
opment of a 3D cardiac model using tissue engineering 
techniques to evaluate toxicological effects with higher 
physiological relevance to the adult human heart. While 
conventional 2D cultures lack the structural complexity of 
native tissues, 3D models better recapitulate physiological 
cell–cell interactions and spatial organization.13,14 In this 
study, we engineered a cardiac tissue model by incorporat-
ing hPSC-derived cardiomyocytes into a collagen-based 
matrix, mimicking the structural and functional characteris-
tics of native cardiac tissue. This platform enabled a com-
prehensive assessment of BPA toxicity over time, including 
morphological changes in mitochondria, contractile func-
tion, and electrophysiological properties.
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Notably, mitochondrial changes were observed in the 
3D cardiac model. In particular, structural changes in 
mitochondria and disruptions in contraction patterns were 
detected following exposure to 50 µM BPA. Given the cen-
tral role of mitochondria in cellular metabolism processes, 
such as ATP production, calcium homeostasis, and redox 
balance, these findings suggest that BPA-induced mito-
chondrial dysfunction may affect the physiological devel-
opment of cardiac tissue. As mitochondrial impairment is 
recognized as a major contributor to cardiovascular dis-
eases, including heart failure and ischemic heart condi-
tions, the ability to detect such changes in vitro is 
important.39 These findings suggest that 3D cardiac tissue 
models may provide enhanced sensitivity for detecting 
structural and functional cardiotoxicity of environmental 
chemicals such as BPA.

In addition to mitochondrial dysfunction, our study 
confirmed that high BPA concentrations can induce sig-
nificant electrophysiological disturbances in cardiomyo-
cytes, further highlighting the multiple toxic effects of 
BPA on cardiac tissue. Acute exposure to 10 μM BPA led 
to the loss or irregular overshoot of spontaneous action 
potentials (Figure 5C and D). Consistent with these find-
ings, Hyun et  al. reported significant inhibition of ion 
channel activities, including Na+ and Ca2+ currents, 
decreased field potentials, and suppressed contractility in 
hPSC-CMs at BPA concentrations as low as 10 μM, indi-
cating substantial electrophysiological toxicity.8 However, 
steady-state BPA exposures at lower concentrations (0.05, 
0.2, 0.5, and 1 μM) did not significantly alter the action 
potential properties. Cooper et  al. also reported dose-
dependent reductions in action potential duration and 
depolarization spike amplitude in hPSC-CMs exposed to 
increasing concentrations of BPA, with significant changes 
observed at concentrations of 10 μM and above.40 Notably, 
they found that BPA exposure significantly decreased 
spontaneous electrical activity as measured by multi-elec-
trode array analysis, indicating impairment of the intrinsic 
electrical rhythm of cardiomyocytes. This observation 
aligns well with our patch clamp findings, transient cessa-
tion of electrical activity (Figure 5C and D). Collectively, 
these findings show that high concentrations of BPA at 
10 μM and above can disrupt the electrical rhythm and 
spontaneous activity of cardiomyocytes through ion chan-
nel inhibition and highlight electrophysiological profiling 
as a critical component of cardiotoxicity assessment.

Also, Ma et al. recently demonstrated that BPA has adverse 
effects on contractile function, even at low concentrations.41 
They reported that exposure to ⩽1 μM BPA significantly 
reduced contractile amplitude, induced sarcomeric disarray, 
and upregulated hypertrophic markers such as atrial natriu-
retic peptide and brain natriuretic peptide in hiPSC-derived 
cardiomyocytes and 3D cardiac organoids.41 Although our 
study primarily focused on acute exposure to high BPA con-
centrations (10–50 μM), we also observed marked contractile 
dysfunction and mitochondrial deformation in 3D cardiac 

tissues under these conditions, revealed by beating analysis 
and TEM (Figure 6). These complementary findings suggest 
that both low-dose chronic exposure and high-dose acute 
exposure to BPA can disrupt cardiac contractile function 
through distinct but converging mechanisms, emphasizing 
the need for comprehensive dose- and model-specific toxicity 
evaluations.

In this study, we established an in vitro toxicity assess-
ment platform to evaluate drug toxicity at different stages 
of cardiac development using a cardiomyocyte-specific 
reporter cell line. Notably, validation with a personalized 
hPSC line demonstrated reproducibility beyond cell line 
specificity and confirmed its potential applicability in per-
sonalized medicine. Furthermore, this approach may have 
promising applications in personalized drug development 
through the integration of diverse databases and AI-driven 
algorithms. Additionally, the tissue engineering-based 3D 
cardiac model facilitated the assessment of the physiologi-
cal effects of cardiotoxic substances in an environment 
more closely resembling actual cardiac tissue. This inte-
grative strategy complements conventional assays by ena-
bling multimodal evaluation of developmental and 
functional cardiotoxicity. Overall, this approach is 
expected to evolve into a precise and reliable in vitro plat-
form for new drug development and toxicological assess-
ments in the future.
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