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1 INTRODUCTION 

 

The rise in chronic diseases (e.g., diabetes, obesity, cardiovascular diseases, neuronal disorders) is 

increasingly attributed to environmental factors. In the 1980s, Barker and colleagues hypothesised 

that late-life conditions might originate during the periconceptional (PC) period, the theory now 

known as Developmental Origins of Health and Disease (DOHaD) (Barker & Osmond, 1988; 

Barker, 1995; Barker et al., 1989). When the foetus is exposed to an adverse uterine environment, 

it responds by developing adaptations to survive, but in the long term, this state can cause 

irreversible changes in the development, structure and function of certain tissues and vital organs. 

Consequently, there is a significant risk of developing non-communicable diseases (NCDs), which 

can result in cardiovascular, metabolic, and neurological disorders in childhood, adolescence, and 

adulthood (Fleming et al., 2018). According to evidence from animal models and observational 

studies in humans, exposure to environmental factors, such as toxins, during the PC period can 

negatively impact organ development (Fleming et al., 2018).  

Bisphenol A (BPA) is an endocrine-disrupting compound (EDC), frequently used in the 

production of plastics and epoxy resins. Due to its widespread use, BPA is pervasive within the 

environment and potentially harmful for human health, increasing the risk of metabolic disorders, 

cancer, cardiovascular and neurological diseases (Cimmino et al., 2020). Through interaction with 

consumer products, dietary intake, or inhalation, humans are exposed repeatedly to BPA (Ma et 

al., 2019). Therefore, BPA is commonly detected in human biological fluids (e.g., urine, maternal 

blood), and placental tissue (Fonseca et al., 2022). The BPA daily intake for humans is estimated 

between 1-5 µg/kg/day (Murata & Kang, 2018), and a safe tolerable daily intake (TDI) was set to 

4 µg/kg/day in 2015 (University of Hertfordshire, 2021). However, according to the Endocrine 

Society, assumptions regarding a safe TDI are highly questionable, because BPA responses are 

typically non-monotonic, a trait of EDCs (Gore et al., 2015). Numerous effects of BPA on the 

heart and its development are documented (Fonseca et al., 2022; Gao & Wang, 2014). 

Epidemiological studies have connected the BPA’s negative effects to the predisposition of 

cardiovascular diseases (CVDs) (Melzer et al., 2010, 2012; Moon et al., 2021). Studies conducted 

in zebrafish, rodents, and non-human primates, revealed that gestational BPA exposure increases 

the risk of heart developmental abnormalities, through molecular and structural alterations 

(Chapalamadugu et al., 2014; Chen et al., 2020; Fonseca et al., 2022; Lombó et al., 2019; Rasdi et 

al., 2020; Ross Brown et al., 2019; Yujiao et al., 2023). Despite several studies, the effects of BPA 

toxicity on foetal heart development are still largely unknown, and the current research mostly 
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comes from animal models, which have significant limitations, including inter-species 

physiological differences with humans (Daley, 2022; Fischer et al., 2020; Fonseca et al., 2022).  

Recently, in vitro models have attracted considerable attention for the study of developmental 

toxicity, representing a valid tool for regulators to characterise and integrate new strategies for risk 

assessment of environmental chemicals (Niethammer et al., 2022; Xie et al., 2020). Because of 

this, the use of human induced pluripotent stem cells (hiPSCs) as a New Approach Methodology 

(NAM) for studying cardiac toxicity and development has gained considerable attention (Daley, 

2022; Zink et al., 2020). The differentiation of hiPSCs into cardiomyocytes (hiPSC-CMs) in vitro 

provides a unique platform to investigate the cellular and molecular mechanisms of cardiomyocyte 

development and function (Burridge et al., 2014; Zhao et al., 2019). The use of hiPSC-CMs has 

allowed the study of cardiotoxicity in vitro, with a broad variety of chemicals (Burnett et al., 

2021a). However, a vast majority of studies focus on the immediate effects of toxicants after acute 

treatment, while chronic exposure (repeated for several days to weeks) has only been investigated 

recently (Narkar et al., 2022). In this regard, BPA toxicity in vitro has been documented mainly 

after acute exposure, showing the effects of higher doses than those that are typically observed in 

an environmental pollution context. Concentrations above 3 μM represent the tolerable daily intake 

(TDI) of 50 μg/kg/day assumed to be “safe” before 2015 (Vom Saal & Vandenberg, 2021), while 

doses lower than 1 μM, correspond to the TDI of ≤ 4 μg/kg/day agreed after 2015 (University of 

Hertfordshire, 2021). Concentrations above 10 μM are part of supraphysiological range. Human 

iPSC-CMs treated with BPA doses above 10 µM mainly showed contractility alterations, reducing 

the amplitude and duration of field potential, and inhibiting ion channels and calcium currents in 

a dose-dependent manner (Hyun et al., 2021; Prudencio et al., 2021). In the work of O’Reilly et 

al., the predominant voltage-gated Na+ channel subtype in the human heart (hNav1.5), transiently 

expressed in HEK293 cell line, is blocked after BPA treatment (O’Reilly et al., 2012). In cardiac 

tissue, this effect reduces the rate of depolarization and slows cardiac conduction velocity 

(Ramadan et al., 2020). Due to its endocrine disruptor properties, high micromolar doses of BPA 

and 17β-estradiol (E2) showed similar toxicity effects on hiPSC-CMs, such as decreased 

depolarizing spike amplitude and shorter calcium transient duration (Cooper et al., 2023). 

Recently, acute exposure to environmentally relevant doses of BPA has been investigated. The 

results showed that, even after a short treatment (minutes to a few hours), nanomolar doses of the 

chemical caused significant functional alterations. For example, BPA at very low concentrations 

(1-10 nM) delayed the repolarization and prolonged the action potential duration through 

inhibition of the human ether-a-go-go related gene potassium (hERG K+) channel in hiPSC-CMs 

(Kofron et al., 2021; Ma, et al., 2023). In the work of Cheng and colleagues, BPA at low doses 
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could induce cardiac hypertrophy via the calcineurin (CnAβ)-dynamin-related protein 1 (DRP1) 

signalling pathway by disrupting Ca2+ homeostasis, in human embryonic stem-cell-derived 

cardiomyocytes (hESC-CMs) (Cheng et al., 2020).  

However, to better evaluate BPA's pleiotropic effects, as well as the extent of cardiac damage 

when compared to a single exposure, further research is needed to investigate the effects of BPA 

after repeated exposure during early human cardiomyocyte development. While it is crucial to 

conduct in vitro experiments over short durations, with the aim to provide effect and concentration-

response information as input to hazard and risk assessment, potential chronic effects that occur 

over time are not usually considered. Thus, developing new model systems to mimic human 

chronic exposure and its effects is of the utmost importance to make in vitro methods more broadly 

useful in risk assessment. Only a limited number of studies evaluated the effects of BPA during in 

vitro cardiomyocyte differentiation. In this regard, mouse ESC-CMs or H9c2 rat embryonic 

cardiomyoblasts have been used (Escarda-Castro et al., 2021; Lee et al., 2019; Zhou et al., 2020). 

These studies reported that BPA altered the transcriptional levels of genes related to heart 

physiology (Lee et al., 2019; Zhou et al., 2020), or increased the percentage of DNA repair foci 

and decreased the levels of epigenetic marks (Escarda-Castro et al., 2021). That said, the effects 

of low doses and repeated exposure to BPA on human in vitro cardiomyocyte differentiation still 

require further investigation. Moreover, co-exposure with other endogenous and exogenous 

agents, which could easily occur during daily life and early development, is an additional 

confounding factor in understanding the impact of BPA on human health. For example, in vitro 

and in vivo studies investigated the interactions between BPA and factors such as dietary 

compounds, therapeutics, and other environmental compounds, or well-known stressors such as 

hypoxia (Sonavane & Gassman, 2019). For this reason, the integration of other stress factors can 

provide more robust study designs to evaluate BPA’s toxicity.  

In this study, we established an in vitro human-based iPSC-CM to assess early cardiac 

developmental toxicity of DOHaD-related chemical exposure. To increase the relevance of 

toxicity assessment in vitro, we mimicked, for the first time, a chronic exposure scenario to 

investigate the effects of environmental doses of BPA during human cardiomyocyte 

differentiation. Our model provided information of disturbances caused by BPA on functionality, 

molecular features, and cellular surrounding environment during early phases of human foetal 

cardiomyocyte development. Additionally, quantitative proteomics together with network 

mapping revealed BPA-induced molecular alterations that could be linked to hiPSC-CMs 

phenotypical alterations, and CVDs associations. Furthermore, the toxicity raised after BPA 

treatment was investigated exposing the hiPSC-CMs to a hypoxia-reoxygenation (H/R) insult. 
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Thus, our in vitro cardiotoxicity study can provide valuable supplementary information on 
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1.1 Objectives of the PhD 

In this study, we aimed to investigate the molecular and functional alterations of environmentally 

relevant doses of BPA during early cardiomyocyte differentiation using a human induced 

pluripotent stem cell-derived model. For this purpose, firstly cardiomyocytes obtained from 

hiPSCs in a two-dimensional (2D) in vitro differentiation system were characterised by 

demonstrating the expression of key cardiac genes, their spontaneous beating activity, and the 

proteome profile. Next, to investigate the effects of BPA, we emulated a chronic exposure 

scenario, treating the cells starting from the pluripotency stage throughout the cardiac 

differentiation process. The treatment outcomes were evaluated using flow cytometry, contractility 

assay and quantitative proteomics. Finally, we aimed to analyse the effects raised after BPA 

treatment by exposing the hiPSC-CMs to a hypoxia-reoxygenation insult.  

The overall aim of this study was to find answers to the following scientific questions: 

- Do hiPSC-CMs represent a valid model to study chemical exposures during early 

cardiomyocyte development in vitro? 

- Do low doses of BPA affect the efficiency of cardiomyocyte differentiation and their 

viability over time? Does the chemical cause alterations to cellular proliferation and DNA 

lesions?  

- Is the functionality altered in hiPSC-CMs after 21-day treatment with BPA? 

- Is the proteome profile different in hiPSC-CM treated with BPA? Does the BPA treatment 

reveal early biomarkers which can be linked to cardiomyocyte alterations and/or heart 

diseases?   

- What impact does the repeated treatment with BPA have on the hiPSC-CMs, if exposed to 

additional stress such as hypoxia-reoxygenation? Are the hiPSC-CMs more vulnerable?  

Specific objectives of the research: 

- Establishment and maintenance of hiPSC-CM cultures and their characterisation by the 

expression of cardiac markers and their spontaneous beating activity. 

- Validation of the hiPSC-CMs as a NAM to study chemical exposures in vitro. 

- Evaluation of the effects of BPA during early stages of cardiomyocyte differentiation.  

- Protein analysis of the hiPSC-CMs treated with environmentally relevant doses of BPA.  

- Investigation of altered biomarkers and diseases association study. 

- Evaluation of the effects of hypoxia-reoxygenation stress on the hiPSC-CMs treated with 

BPA. 
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2 LITERATURE OVERVIEW 

 

2.1 DOHaD concept  

There is solid evidence showing that offspring worldwide exhibit future disease risks associated 

with different exposures of their parents, including chemical, nutritional, and environmental 

stressors or other conditions like reproductive failure, adverse pregnancy outcome, diabetes, 

obesity and assisted reproductive technologies (ART) (Fleming et al., 2018; Velazquez et al., 

2019). The most sensitive time window is represented by the PC period, which includes 5- to 6-

month crucial steps, embracing oocyte growth, fertilization, gamete maturation and embryonic 

development up until week 10 of gestation (Velazquez et al., 2019). The Developmental Origins 

of Health and Disease (DOHaD) hypothesis, originally described by Barker and colleagues 

(Barker & Osmond, 1988; Barker et al., 1989), has significant implications for understanding the 

associations between environmental conditions and an individual status. The hypothesis postulates 

that, during critical periods in development, the organism exposed to environmental cues exhibits 

an enhanced adaptation to survival. This can be referred to as “reprogramming” developmental 

trajectories to adapt to novel conditions and diverse surroundings (Lacagnina, 2020). However, 

while this mechanism can confer immediate survival advantages, this can lead to irreversible 

changes in the development, structure, and function of some tissues and vital organs, affecting 

postnatal health (Fleming et al., 2015; Velazquez et al., 2019). As a result, individuals might be 

predisposed to non-communicable diseases (NCDs), including cardiovascular, metabolic, and 

neurological disorders (Figure 1) (Yajnik et al., 2016).  
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Figure 1: Toxic substances can negatively affect the health status of mother, father, and foetus. 
Additionally, stress factors, such as diseases or gametes status from the mother and/or father, can perturb 

the foetal status, leading to epigenetic reprogramming, altered growth and gene expression modifications. 

All these perturbations can ultimately predispose to the onset of NCDs. Figure created using 

BioRender.com. 

 

In 2008, NCDs accounted for about 63% of all deaths globally (World Health Organization, 2011), 

increasing up to 74% in 2022, showing a continuously growing trend (WHO, 2022). Initially, 

NCDs were primarily associated with the elderly, but nowadays it is well known that these 

conditions also affect large numbers of younger people in low and middle-income countries 

(Hanson & Gluckman, 2014; Yajnik et al., 2016), accounting for who dies prematurely due to 

heart attacks, cancer, chronic respiratory diseases, diabetes, or mental disorders (Geneva: World 

Health Organization, 2020). Most of the evidence underpinning DOHaD concept comes from 

animal models and observational human studies, especially from children conceived via ART 

interventions, that make this population (over 6 million people worldwide) one of the largest well-

defined clinical cohorts. According to these studies, the contribution of both maternal and paternal 

influence plays a pivotal role, especially the female reproductive fitness and male fertility (Feuer 

& Rinaudo, 2016; Fleming et al., 2018). 

From these cohorts, epigenetic mechanisms have been proposed to cover an important part in 
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DOHaD-related exposures and phenotypical alterations. For example, despite several millions of 

children conceived by ART being born healthy, growing numbers of studies suggest an association 

between ART and imprinting disorders (Lazaraviciute et al., 2014). Both parental and 

environmental factors (e.g., nutrition, exposure to toxins, diseases, and other environmental key 

drivers) have been demonstrated to modulate prenatal development through changes to the DNA 

methylation patterns, histone modifications, and/or non-coding RNA system (Zuccarello et al., 

2022). Although genetic factors have a significant contribution, the non-genetic contributors (i.e., 

parental fertility’s fitness, hormonal and nutritional status, toxin exposure, or other complications) 

cover a relevant role in the remodelling of phenotypic plasticity during prenatal development, thus 

determining long-term outcomes in the offspring (Zuccarello et al., 2022). The current challenge 

is to better understand the underlying mechanism of factors affecting embryo development, with 

an urgent need to develop models to investigate their characteristics and effects.   

2.2 Early origins of cardiovascular disease risk factors 

Cardiovascular diseases (CVDs) represent the most prevalent cause of death worldwide, 

accounting for almost half of all NCDs (17.9 million out of 41 million NCDs annually), and one-

third of all global deaths (WHO; CVDs, 2021). CVDs are a group of disorders affecting the heart 

and blood vessels, including cerebrovascular disease, coronary heart disease, congenital heart 

defects, peripheral vascular disease, heart failure, atrial fibrillation, and other conditions. 

Noteworthy, the foetal cardiovascular system is vulnerable to adverse environmental insults, the 

reason why CVDs can originate from the early stages of life (Lurbe & Ingelfinger, 2021). There 

is growing evidence from human and animal studies showing an association between early life and 

later cardiometabolic risk factors. Morphological and functional changes during organogenesis, 

such as a stiffer vascular tree, endothelial dysfunction, small coronary arteries, and fewer 

cardiomyocytes may cause adverse cardiovascular “programming”, which ultimately leads to 

CVDs in the adulthood (Blackmore & Ozanne, 2015; Lurbe & Ingelfinger, 2021). 

2.2.1 Human studies 

Several epidemiological data supporting DOHaD-related CVDs come from well-documented 

famines and historical cohorts (Barker & Osmond, 1986; Ravelli et al., 1998; Roseboom et al., 

2006; Roseboom, 2019; Wang et al., 2012). From these and other studies, it has been demonstrated 

that the foetal cardiovascular system is susceptible to environmental factors and parental status 

mostly during early gestation. During the Dutch Hunger Winter of 1944/45, for example, mothers 

exposed to famine, especially during the earliest stages of gestation, gave birth to children with 
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higher risks of developing cardiometabolic and neurological abnormalities (Roseboom, 2019; Tobi 

et al., 2014). Similarly, children born from mothers who suffered the Chinese Great Famine (1959–

61) during the first trimester of pregnancy had a four-fold increased risk of developing 

hypertension in adulthood compared to individuals exposed to the famine after birth (Wang et al., 

2012). Although studies have focused mostly on the effect of low birth weight and its association 

with heart diseases (Lurbe & Ingelfinger, 2021; Pfab et al., 2006; Raisi-Estabragh et al., 2022), 

others indicated that high birth weight was also related to the development of CVDs, associated 

with maternal metabolic diseases. High maternal body mass index (BMI), obesity and type 2 

diabetes mellitus during the PC period are adverse factors which influence neonatal adiposity and 

the cardiometabolic profile in the offspring (Godfrey et al., 2017; Longmore et al., 2019). Despite 

the well-known link between the mother’s lifestyle and the health of her offspring, how paternal 

factors contribute to the risk of adverse birth outcomes remain far less understood. Nevertheless, 

studies showed the link between paternal conditions, such as sperm quality, epigenetic status and 

seminal fluid composition with the outcomes of the offspring's health status (Fleming et al., 2018; 

Velazquez et al., 2019). Notably, epidemiological studies have demonstrated that paternal 

exposures can influence the metabolic programming of offspring. Retrospective studies conducted 

on the population of Överkalix-Sweden, and their issues with food supply due to crop failures in 

the 19th century, identified that people who lived longer, and with lower risk of CVDs, had paternal 

grandparents with limited access to food during their youth. However, grandchildren of paternal 

grandparents who had abundant food supply were inclined to have diabetes and cardiometabolic 

diseases, which were correlated with a shorter lifespan (Bygren et al., 2001; Kaati et al., 2002; 

Pembrey et al., 2006). Interestingly, the data from Överkalix-Sweden population contradict those 

of the Chinese famine. There could be several reasons, including differences between maternal 

and paternal inheritance, or different maladaptation responses to abrupt food uptake changes of 

the individuals. 

Alarmingly, industrialization has significantly changed the chemical exposome of humans over 

the past century. Estimates mention hundreds of thousands of chemicals produced in global 

commerce, and these contaminants can affect both the environment and humans (Wang et al., 

2020). There is an extensive and ever-expanding body of literature reporting multiple statistically 

significant linkages between gestational exposure to drugs, toxins, and endocrine-disrupting 

compounds (EDC), that alter the post-natal development, leading the child to disease 

susceptibility. For example, an increased risk of neurodevelopmental disorders, disruption of 

metabolism, cardiovascular disorders, and altered reproductive maturation and function have been 

associated to EDCs exposure during foetal development (Ghassabian et al., 2022; Vinnars et al., 
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2023). These findings suggest that foetus health may be adversely affected by environmental 

chemicals at current exposure levels, calling for better risk assessment and management. 

2.2.2 Animal studies 

Despite their inter-species physiological differences with humans, animal models are widely 

utilised to study and mimic complications of human pregnancies. Different species has been used 

(Dickinson et al., 2016; Symonds et al., 2007; Williams et al., 2014), but large mammals (e.g., 

ovine, bovine, and swine) represent those with higher similarities to human beings (Dickinson et 

al., 2016; Savoji et al., 2019). Some of them include the relatively long gestation time, the delivery 

of a single foetus, in most cases with a fairly similar size to a human infant, and numerous affinities 

in the structure and function of human organs. For instance, sheep have been used to model the 

effects of pre- and periconceptional undernutrition on cardiovascular development (Burrage et al., 

2009; Torrens et al., 2009). Other studies used pigs and non-human primate models to study the 

effects of high-fat diet (HFD) during maternal gestation, showing impaired glucose metabolism, 

liver dysfunction and endothelial alteration in the offspring (Fainberg et al., 2014; Fan et al., 2013; 

McCurdy et al., 2009; Xu et al., 2016). Nevertheless, the main disadvantages of large animal 

models include the cost and the experimental length, the arduous genetic manipulation, and 

numerous ethical concerns, especially related to non-human primate models (Dickinson et al., 

2016). For these reasons, the majority of DOHaD research has been conducted in rodent models, 

mostly with rats and mice, due to the ease of handling and housing, short gestation period, lower 

maintenance expenses and easier genetic manipulations (Dickinson et al., 2016; McMullen & 

Mostyn, 2009). Evidence showed blastocyst abnormalities and cardiovascular alterations followed 

by undernutrition or HFD in rodents (Blin et al., 2020; Watkins et al., 2008). Moreover, the effects 

of maternal stress, toxin exposure or hypoxia are widely studied in rodents as risk factors for the 

offspring to develop CVDs (Vuguin, 2007). Additionally, many important advancements to our 

knowledge of genomic imprinting have been obtained from mouse models, also due to the high 

conservation of imprinting mechanisms between humans and mice (Edwards & Ferguson-Smith, 

2007). The epigenetic imprinting process investigated in mouse models may cover a pivotal role 

in the cardiovascular and metabolic health of the progeny, as observed in human studies too 

(Eberle et al., 2020; Sun et al., 2013; Watkins et al., 2020; Watkins & Sinclair, 2014). Despite 

numerous advantages, significant limitations of small animal models concern anatomy, 

physiology, and pathophysiology differences with humans. As a relevant example, rat or mouse 

heart operates fundamentally differently from the human ventricles (Bers, 2002). Large mammals 

are frequently used to cover these discrepancies in experimental cardiology (Nánási et al., 2020; 

Smith et al., 2022), however, the lack of human models (due to obvious reasons) is yet to be solved. 
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2.3 New approach methodologies: human induced pluripotent stem cells  

Stem cells are undifferentiated or partially differentiated cells that can give rise to more than 200 

cellular types (Rajabzadeh et al., 2019). Over the past 20 years, stem cell biology has gained 

attention in experimental research and cell therapy in both human and veterinary medicine (Doss 

& Sachinidis, 2019; Rajabzadeh et al., 2019; Sharma et al., 2020; Wu & Izpisua Belmonte, 2016). 

Several types of stem cells are used in this research field, but pluripotent stem cells (PSCs), 

including embryonic- and induced-PSCs (ESCs; iPSCs), are currently the most attractive tool for 

studying developmental biology and novel clinical applications (Wu & Izpisua Belmonte, 2016). 

The emergence of human ESCs (hESCs), derived from human blastocyst by Thomson and 

colleagues more than two decades ago (Thomson, 1998), quickly made them an advantageous tool 

for human developmental studies. In 2007, the pioneer study of Yamanaka and his group generated 

human iPSCs (hiPSCs), thus providing the opportunity of dedifferentiating any cell to a pluripotent 

state and, equally important, to obtain autologous, patient-specific cells bypassing the ethical 

concerns of hESCs (Takahashi et al., 2007). The use of hiPSCs led to the in vitro development of 

various cell types, such as pancreatic cells, neuronal cells, cardiac cells or even organs (Bellin et 

al., 2012). This customisable in vitro model creates an opportunity to study tissues and their 

precursors, diseases, or even patient-specific systems in a dish. Moreover, hiPSCs, referred to as 

NAM, provide a human-relevant platform for drug testing and in vitro toxicology models. The 

growing interest for NAMs aims to promote a high-throughput, mechanistic analysis of the 

molecular pathways of toxicity associated with adverse outcomes, also for challenging fields such 

as repeated dose toxicity and reproductive/developmental toxicity (Zink et al., 2020). However, 

while it is a major goal to replace, reduce, and refine animal experiments, it is still difficult to 

completely replace animal experiments for obvious reasons (Zink et al., 2020). 

2.3.1 Modelling cardiac development with pluripotent stem cells: hiPSC-derived 

cardiomyocytes 

During development, fast cell division and differentiation from early progenitor stages occur in 

the embryo to acquire cell- and tissue-specific identities that lead to fully functional organs at birth. 

Due to advancements in in vitro differentiation techniques, hiPSCs are becoming a convenient tool 

for studying human embryonic development, and for providing valuable supplementary 

information to study developmental deficiencies that arise due to environmental or genetic factors 

(Zhu & Huangfu, 2013). The differentiation of cardiomyocytes from hESCs (hESC-CMs) was first 

reported over 20 years ago (Kehat et al., 2001; Mummery et al., 2003). Since then, simpler 

protocols have been established to generate hiPSC-CMs (Burridge et al., 2012). The 
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cardiomyocyte differentiation method consists of the biphasic modulation of the Wnt/β-catenin 

pathway (Figure 2).  

 

Figure 2: Schematic representation of cardiac development during prenatal days in vivo, compared with in 

vitro differentiation. Pluripotent stem cells (PSC) represent both induced and embryonic stem cells. Small 
molecules such as Activin A/CHIR99021 and IWR1 are used in vitro to initiate the cardiomyocyte 

differentiation, modulating the Wnt signalling. The proliferation capacity of cardiac cells decreases over 

the time. Key genes are also shown at each time-point. RA: right atrium; LA: left atrium; RV: Right 

ventricle; LV: Left ventricle. Figure created using BioRender.com. 

 

Briefly, Wnt signalling activation is mediated by the administration of growth factors (e.g., Activin 

A, BMP-2) or small molecules (e.g., CHIR99021), which commit the cells to the mesodermal 

lineage (NKX2.5+, GATA4+, MESP1+) (Burridge et al., 2012, 2014; Jha et al., 2015; Lian et al., 

2013). During the second step, small molecules (e.g., dorsomorphin) or Wnt inhibitors (e.g., IWR-

1, IWP-2) are utilised to enhance the cardiac lineage specification and differentiation (TNNT2+, 

MYH6+, TNNI3+) (Burridge et al., 2012; Kattman et al., 2011; Lian et al., 2013). Following these 

conditions in vitro, ventricular-like cardiomyocytes (HEY2+, MYL2+) are more predominant than 

other cardiac cell types (Burridge et al., 2014; Hamad et al., 2019; Lian et al., 2012; Weng et al., 

2014). Based on the research aim, there are also protocols to purify and isolate atrial-like 

cardiomyocytes (KCNJ3+, KCNJ5+, CACNA1D+), for example using retinoic acid or BMP 
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antagonist (e.g., Noggin, Gremlin 2), which upregulate atrial-specific genes (Devalla et al., 2015; 

Goldfracht et al., 2020; Tanwar et al., 2014; Zhang et al., 2011). Pacemaker-like cardiomyocytes 

are still difficult to obtain in vitro. To date, the most effective method to generate the sinoatrial 

node cell population (HCN4+, TBX3+, TBX18+) is the inhibition of neuregulin1β/ErbB signalling. 

More recently, it has been hypothesized that the Wnt signalling modulation through Nodal 

inhibition may promote the pacemaker cells fate (Liang et al., 2020; Yechikov et al., 2020; Zhu et 

al., 2010). 

2.3.2 Current hurdles for in vitro heart muscle model: maturation of hiPSC-CMs 

Currently available in vitro models of the human heart include a variety of setups, extensively 

reviewed by Campostrini et al., such as simple 2D cultures on tissue culture plastic or polymers 

and hydrogels, and three-dimensional (3D) cultures, which include the generation of microtissues, 

engineered heart tissues, ‘heart-on-chip’ models (containing microfluidic channels that mimic the 

blood flow) and self-organising cardioids (Campostrini et al., 2021; Hofbauer et al., 2021). 

Although all these models yield hiPSC-CMs, the main challenge in vitro is to obtain fully matured 

cardiomyocytes, concerning their functional and physiological characteristics.  

Mature and immature cardiomyocytes can be recognised based on morphological, transcriptional, 

and functional characteristics, as summarized in Figure 3.  
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Figure 3: Main features of immature and mature cardiomyocytes. Foetal cardiomyocytes are round and 

mononucleated, while adult cardiomyocytes are mono/bi-nucleated and form a syncytium. The diploid (2n) 

and polyploid (4n+) nuclei of the immature and mature cardiomyocytes, respectively, are shown. In foetal 
cardiomyocytes, T-tubules are absent, and the sarcoplasmic reticulum (SR) is underdeveloped, while in 

adult cardiomyocytes T-tubules and SR are well-developed to regulate the calcium handling and the 

excitation-contraction coupling. L-type calcium channels are represented in purple, and ryanodine receptor 

(RyR) in green. The myofibrils are disorganised in foetal cardiomyocytes, with sparse mitochondria 
(orange), which rely on glucose as their source of energy. The foetal cardiomyocytes express cardiac protein 

isoforms that are typical of the foetal/neonatal heart (e.g., MYH6, MYL7, TTN-N2BA). In adult 

cardiomyocytes, muscle fibers are organised and aligned in sarcomeres, with the ‘I bands’ of thin filaments 
and ‘A bands’ where thin and thick filaments overlap. The protein isoforms expressed are typical of the 

adult heart (e.g., MYH7, MYL2, TTN-N2B). Mitochondria are aligned along the muscle fibers, and fatty 

acid oxidation (FAO) represents the main energy source. Figure created using BioRender.com. 

Mature cardiomyocytes exit the cell cycle after birth, becoming hypertrophic, rod-shaped, and 

bigger compared to immature and hiPSC-derived cardiomyocytes (Bergmann et al., 2009; Porrello 
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et al., 2011). To some extent, immature cardiomyocytes continue to proliferate, and they are 

mainly mononucleated. In matured cardiomyocytes, the morphological differences are achieved 

to meet the increased workload and the formation of a functional “syncytium”, in which the beating 

is triggered by the contraction of a neighbouring cell (eventually restricted to specialised 

pacemaker cells). By contrast, hiPSC-CMs spontaneously beat in vitro, and their morphology is 

characterised by sparse, disorganised myofibrils and the absence of transverse tubules (T-tubules) 

(Brette & Orchard, 2003; Mills et al., 2017). During early development and maturation, 

cardiomyocyte genes undergo a process called isoform switching while transitioning from one 

stage to another. For example, there is an increase in mature sarcomere components (Guo & Pu, 

2020). Cardiac myosin heavy chain (MHC) switches from alpha-MHC (MYH6) to beta-MHC 

(MYH7), which is predominant in adult cardiomyocytes. Foetal and hiPSC-CMs express TNNI1, 

coding for the slow skeletal muscle isoform (ssTnI), while TNNI3, coding for cardiac troponin I 

(cTnI), predominates in adult cardiomyocytes (Bedada et al., 2014). Similarly, titin (TTN), which 

represents a major contributor to myocardial mechanics, is expressed in two main cardiac 

isoforms: stiff N2B and more flexible N2BA. The predominant titin isoform in hiPSC-CMs is 

N2BA, which is replaced by smaller-size N2BA isoforms and N2B in adult cardiomyocytes, 

reinforcing their sarcomeres (Krüger et al., 2006; Lahmers et al., 2004). The switch of sodium and 

calcium channel isoforms, coded by SCN5A and CACNB2, are pivotal for an efficient excitation-

contraction coupling to evolve into a mature electrophysiological phenotype (Karbassi et al., 

2020). Moreover, during post-natal development, metabolic reprogramming is crucial for 

cardiomyocytes. As the demand for energy increases during maturation, cardiomyocytes are 

forced to switch their metabolism from glycolysis to fatty acid oxidation, such that ATP is 

generated more efficiently (Lopaschuk & Jaswal, 2010). Consequently, higher expression of genes 

related to mitochondrial biogenesis, fatty acid oxidation, and oxidative phosphorylation (e.g., 

PPARGC1A, PPARA, ESRRA) are fundamental to drive the metabolic maturation of hiPSC-CMs 

(Karbassi et al., 2020). 

2.3.3 Current models to enhance hiPSC-CM maturation 

To date, several methods have been used to support and improve the maturation of hiPSC-CMs. 

Extended culture periods are effective in maturing hiPSC-CMs. However, this method is costly, 

line-to-line variable, and only enhances the maturation of some subset features in hiPSC-CMs 

(Snir et al., 2003; Veerman et al., 2017). More effective approaches are often based on 

recapitulating the biophysical, mechanical, and biochemical cues present in the native heart 

(Figure 4) (Campostrini et al., 2021).  
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Figure 4: Methods to mature hiPSC-CMs. Metabolic conditioning, cellular interactions with a more 
complex extracellular matrix, electrical and mechanical stimulation, co-culture with different cell types, 

and 3D culture have all been utilized to increase hiPSC-CMs maturity in culture. The Figure was prepared 

based on (Ly et al., 2021). FAO: fatty acid oxidation. Figure created using BioRender.com. 

 

For example, in vitro co-cultures with non-cardiomyocyte cellular types provide physical and 

functional support to the cardiac tissue, promoting cardiomyocyte maturation, too. Co-cultures 

with fibroblasts and endothelial cells have been used to enhance the maturity of engineered 3D 

cardiac tissues and 3D cardiac organoids (Giacomelli et al., 2017, 2020; Ieda et al., 2009; Tiburcy 

et al., 2017). Other methods modulate the surrounding extracellular matrix (ECM) proteins, such 

as laminins, collagens, and fibronectin, to improve functional cues of hiPSC-CMs, as the 

excitation-contraction coupling (Block et al., 2020; Ong et al., 2023). Functional maturation can 

be achieved also through mechanical and electrical stimulation. The application of synchronised 

electrical and mechanical stimulation to hiPSC-CMs improves the localization of N-cadherin in 

the cell membrane, sarcomere shortening, and decreases the transmembrane calcium current, all 

signs of a more mature phenotype (Kroll et al., 2017). Moreover, metabolic maturation can be 

obtained by supplementing the culture medium with fatty acids to lead to higher intracellular ATP 

production, increased oxygen consumption and reduced cell cycle activity in hiPSC-CMs (Correia 
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et al., 2017; Mills et al., 2017; Zhang et al., 2023). Methodological advancements employ these 

approaches in a more complex 3D environment with the fabrication of scaffold-free and scaffold-

based 3D cardiac models, which can receive external stimuli (e.g., mechanical, electrical) to 

further enhance the maturation of hiPSC-CMs (Campostrini et al., 2021; Ottaviani et al., 2023). 

Nonetheless, the best model is one fitting for purpose: in many cases, it may be suitable to capture 

some (but not all) characteristics of the mature cardiomyocytes. For example, a more robust and 

reproducible hiPSC-CM model in 2D culture, though not entirely matured, has been shown to be 

highly predictive for cardiotoxicity (Saleem et al., 2020). Moreover, hiPSC-CMs have emerged as 

a promising platform for pharmacogenomics and drug development, also due to the ability to 

reproduce the main features of (genetic) disease phenotypes in 2D culture (Bellin et al., 2012; 

Hnatiuk et al., 2021).  

2.4 In vitro cardiotoxicity models dedicated to environmental toxicity 

Many NAMs developed for cardiotoxicity are optimized mainly for pharmaceutical applications 

(Daley, 2022; Gintant et al., 2019; Magdy et al., 2018). However, there is an urgent necessity to 

assess the cardiotoxicity risks of an increasing number of environmental chemicals (Judson et al., 

2009). Several applications utilise hPSC-CMs as in vitro model to study morphological, 

physiological, and transcriptional changes of cardiomyocytes under the effects of toxicants related 

to DOHaD field (Figure 5).  
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Figure 5: Overview of the workflow for the in vitro assessment of compound toxicity. It is important to 
identify the relevant duration and concentration of the desired compound, reflecting on the subsequent 

readouts and desired level of applications. hPSC: human pluripotent stem cells; hPSC-CM: human 

pluripotent stem cell-derived cardiomyocytes. Figure created using BioRender.com. 
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Nutritional exposures. Diet and nutrients play an important role during foetal development, and 

changes in myocardial metabolism may affect the cardiomyocyte function. If glucose uptake is not 

reduced in foetus just before birth, the nucleotide biosynthesis supported by high levels of glucose 

can inhibit cardiac maturation (Nakano et al., 2017). Therefore, the delay of the metabolic switch 

may lead to pathological remodelling of the neonatal heart, contributing to the onset of congenital 

heart defects. Nakano and colleagues described the impact of glucose exposure on cardiac 

differentiation using hESC-CMs cultured in media containing various glucose concentrations, 

which dose-dependently suppressed the expression of key cardiac markers (TNNT2, NKX2.5), as 

well as the mitochondrial marker PGC1/PPARα, required for postnatal maturation (Murphy et al., 

2021; Nakano et al., 2017). In a 2D model which recapitulates the diabetogenic environment, 

hiPSC-CMs exposed to prolonged hyperglycemia revealed pathological hypertrophy and reduced 

contractility due to calcium cycling dysfunctions (Ng et al., 2018).  

Alcohol and cigarette smoking exposures. Similarly, alcohol, and cigarette smoking, although 

often neglected in the context of DOHaD, remain a significant societal problem and can alter foetal 

development, leading to heart alterations and impaired postnatal cardiac function (Goh et al., 2011; 

Guo et al., 2019; Ko et al., 2019; Rodríguez-Rodríguez et al., 2018). Recent studies show that 

ethanol treatment of hiPSC-CMs resulted in overall decreased mitochondrial function and cellular 

viability, increased glycolysis, disrupted fatty acid oxidation, ROS overproduction, and impaired 

cardiac structural development (Hwang et al., 2023; Liu et al., 2021; Rampoldi et al., 2019). Upon 

ethanol exposure, markers related to calcium handling and contractility (e.g., ATP2A2, KCNA4, 

SCN5A) were mostly downregulated, and components of the surrounding ECM (e.g., COL1A1, 

COL3A1) were upregulated, which correspond to alterations observed in cardiac fibrosis, 

hypertrophy cardiomyopathy, and diastolic and systolic dysfunction (Bi et al., 2021). Similarly, 

nicotine exposure affects the calcium signalling in hESC-CMs, increasing the propensity to 

arrhythmia (Guo et al., 2019). Electronic and conventional cigarette smoking extracts impaired 

hiPSC-CMs function, such as slowing down the contraction time and increasing ROS-induced cell 

death (Basma et al., 2020). Notably, genes essential for normal heart function and response to 

stress (e.g., MYLK, NPPA, TNNT2 and TNNI3) were mostly downregulated.  

Environmental contaminants. Recent studies that looked at numerous environmental chemicals 

are used to highlight the concern of different chemical classes to various regulatory agencies in 

the United States, European Union, and other countries (Williams et al., 2017). The use of hiPSC-

CMs is feasible when applied even to a broad range of chemicals, including environmental 

pollutants such as pesticides, flame retardants, polycyclic aromatic hydrocarbons, plasticisers, and 

industrial chemicals (Burnett et al., 2021a). In this context, hiPSC-CMs have been used to estimate 
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margins of safety (for pharmaceuticals) and margins of exposure (for environmental chemicals) 

(Blanchette et al., 2020; Burnett et al., 2021b; Sirenko et al., 2017), finding wide variation across 

different pharmaceutical compounds and between pharmaceutical and non-pharmaceutical 

compounds. 

While there is a pressing need to assess the cardiotoxic risks of an increasing number of 

environmental chemicals (Judson et al., 2009), many of the existing cardiotoxicity models do not 

sufficiently account for the unique facets of these toxicants (Dix et al., 2007; Truskey, 2018). 

Above all, a vast majority of studies investigate the acute effects of toxicants in vitro, and chronic 

exposure (repeated for several days to weeks) has only been investigated recently (Narkar et al., 

2022). Methods that mimic and model longer-term exposures to environmental toxicants, rather 

than acute biological effects, will be those best suited for integration into NAMs for environmental 

cardiotoxicity. Indeed, the examination of acute effects at relatively high doses limits the ability 

of hazard screening to inform policymakers of real environmental risk, because these screens do 

not incorporate data on actual toxicant exposures (i.e., concentration and duration) (Krewski et al., 

2010). Therefore, the most straightforward approach is to apply representative, chronic dosing 

regimens to existing in vitro cardiotoxicity models. However, the lower “strength” of 

environmental toxicants makes the ability to detect meaningful biological outcomes more difficult 

under chronic conditions (Dix et al., 2007). For this reason, NAMs designed for the investigation 

of environmental cardiotoxicity will require the incorporation of different approaches to improve 

the sensitivity in detecting environmental exposures. For example, the need for a higher biological 

complexity of NAMs has increased the interest in higher content “omics-level” data (Moffat et al., 

2017). Albeit more difficult to interpret, omics-level data can offer holistic and comprehensive 

information regarding interacting pathways of toxicity of environmental toxicants and suggest 

omics-level signatures of cardiotoxicity risks (Burnett et al., 2021b).  

2.5 Bisphenol A  

Of all the chemical exposures that individuals experience, organic pollutants such as bisphenols 

are considered environmental contaminants with well-known adverse effects on human health 

(Murata & Kang, 2018; Vom Saal & Vandenberg, 2021). Bisphenol A (BPA) is a synthetic organic 

compound widely used in the manufacturing of polycarbonate plastics and epoxy resins. Materials 

produced with BPA have excellent chemical and physical properties, including thermal stability, 

elasticity and resistance to acids and oils. For this reason, BPA has been used in the production of 

an uncountable number of different products, such as food and beverage containers, toys, 

cosmetics, cash receipts, DVDs, and water pipes (Vandenberg et al., 2007; Vom Saal & 
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Vandenberg, 2021). Due to its ubiquitous presence, humans are exposed repeatedly to BPA in 

several ways, such as direct contact, inhalation, or dietary intake (Ma et al., 2019). Therefore, BPA 

is commonly detected in human biological fluids (e.g., maternal blood, breast milk, urine) or 

tissues (e.g., placenta). Due to its endocrine disrupting effects on humans, BPA has become a 

major public health concern, resulting in health hazards for the reproductive system, metabolism, 

immune function, brain, cardiovascular system, as well as the growth and development of 

offspring (Cimmino et al., 2020; Fonseca et al., 2022; Ma et al., 2019; Welch & Mulligan, 2022).  

Based on estimations, the BPA daily intake by humans ranges between 1 and 5 μg/kg/day (Murata 

& Kang, 2018), and 4 μg/kg/day was set as a safe tolerable daily intake (TDI) in 2015 (University 

of Hertfordshire, 2021). However, according to the Endocrine Society, assumptions regarding a 

safe TDI are difficult to judge, as the BPA responses are non-monotonic in most cases, a 

characteristic of EDCs (Gore et al., 2015). Notably, the TDI for humans changed from 4 μg/kg/day 

to 0.0025 μg/kg/day (0.2 ng/kg) in 2023, amount 20.000 times lower than the “safe” dose of BPA 

stated in 2015 by EFSA (EFSA CEF Panel, 2015; EFSA CEP Panel, 2023; Heindel et al., 2020; 

Vandenberg et al., 2019; Vom Saal & Vandenberg, 2021).  

2.5.1 Mechanism of action of Bisphenol A 

Similarly with other EDCs, BPA interacts with receptors activated by estrogens (ERs), androgens 

(ARs), thyroid hormones (TRs), and peroxisome proliferator (PPARs), acting either as an agonist 

or antagonist, due to its chemical structure.  

Even if BPA’s affinity to ERs is about 1.000-10.000 times lower than that of 17-β estradiol (E2), 

its endocrine disrupting effect is manifested even at low-doses (Alonso-Magdalena et al., 2012). 

Notably, depending on the tissue, cell type or specific subtype and distribution of ERs, low doses 

of BPA can promote estrogen-like activities similar to or stronger than E2, partially due to its rapid 

responses via non-classical estrogen pathways (Watson et al., 2005). Despite the BPA binding and 

mechanism of activation of ERs, the chemical can ultimately regulate gene expression by binding 

with estrogen response elements (ERE) (Ma et al., 2019). BPA is commonly considered an 

antagonist of the ARs, disrupting the normal function of androgen. Indeed, contrary of what 

observed for ERs pathway, BPA is unable to trigger androgen response elements (ARE), which 

won’t be stimulated, affecting the reproductive function and development (Tan et al., 2015). 

Additionally, cell-based reporter gene assays revealed that BPA inhibits the beta isoform of TR, 

suggesting that the chemical can disrupt the action of thyroid hormone, consequently affecting the 

thyroid activity (Freitas et al., 2011; Sheng et al., 2012). Finally, BPA was also associated with 

the activation of PPARγ, whose alteration has been linked to the development of metabolic 
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diseases, such as type 2 diabetes. Indeed, low doses of BPA result in lipid accumulation and insulin 

dysfunction, also associated with an increased risk of obesity-related diseases (Ariemma et al., 

2016). 

The pathways discussed so far, together with others affected by BPA, but here not mentioned (e.g., 

aryl hydrocarbon receptor, estrogen-related receptor gamma, integrins, xenobiotic receptors), are 

ultimately involved in numerous intracellular responses, as shown in Figure 6 (Ma et al., 2019). 

Through the interaction with specific pathways, BPA induces corresponding biological effects 

related to inflammation and oxidative stress (Cho et al., 2018), genotoxic mechanisms (Ramos et 

al., 2019), mitochondrial dysfunctions (Cheng et al., 2020), and epigenetic modifications, such as 

methylation alterations (Ye et al., 2019), histone modifications (Altamirano et al., 2017), or non-

coding RNA regulations (Rodosthenous et al., 2019).  

 

Figure 6. Schematic representation of the main BPA toxicity mechanisms. BPA mediates numerous 
biological effects by binding cell surface receptors (e.g., GPER), intracellular receptors (e.g., ERα, PPAR) 

or passing through the cellular membrane. Membrane receptors could mediate the activation of ERK 

pathways, as well as PI3K/AKT pathway, mainly regulating cell proliferation and migration. BPA can also 
affect the antioxidant system, leading to ROS accumulation, and it can impair mitochondrial functionality. 

Furthermore, BPA causes genetic toxicity, including DNA damage (e.g., double-strand breaks), and 

epigenetic changes, playing an important role in gene expression modifications. BPA: Bisphenol A; Erα/β: 

Estrogen receptor alpha/beta; AR: Androgen receptor; GPER: G protein-coupled estrogen receptor; PPAR: 
Peroxisome proliferator-activated receptor; TR: Thyroid hormone receptor; ROS: Reactive oxygen species; 
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PI3K: Phosphatidylinositol-3-kinases; MEK: MAPK/ERK kinase; ERK: Extracellular regulated protein 

kinases; ERE: estrogen response elements; ARE: androgen response elements. Figure created using 

BioRender.com. 

2.5.2 Adverse cardiac effects after Bisphenol A exposure: Epidemiological studies  

To assess the cardiotoxic effects of BPA, several epidemiological investigations have been 

developed. The evidence consistently associates BPA exposure with the increased prevalence of 

CVDs, for example, coronary heart disease (CAD) (Melzer et al., 2010), dilated cardiomyopathy 

(Xiong et al., 2015), peripheral artery disease (Shankar et al., 2012), myocardial infarction, and 

associated risk factors such as hypertension (Bae & Hong, 2015; Shankar & Teppala, 2012). Most 

epidemiological studies have been carried out from the National Health and Nutrition Examination 

Survey (NHANES) dataset, which investigated the relationship between urinary BPA levels of 

participants and CVDs. The first report to investigate this association was based on 2003-2004 

NHANES data, showing that participants with elevated urinary BPA levels were diagnosed with 

CVDs, including CAD, angina pectoris and heart attack (Lang, 2008). Later, the same research 

group investigated the data set from 2005-2006 NHANES, finding that higher urinary BPA levels 

were still associated with CAD, although the urinary BPA concentrations were lower compared to 

2003-2004 cohorts (Melzer et al., 2010). Due to the cross-sectional nature of NHANES, Melzer et 

al. performed a longitudinal study in 2012 to strengthen their findings and to assess the effects of 

BPA on the development of CAD, confirming this association (Melzer et al., 2012). In addition to 

CAD, other studies investigate BPA exposure with CVDs. For example, Lind et al. evaluated a 

possible relationship between atherosclerosis and BPA elevated urinary levels, which were related 

to the echogenicity of the plaques (Lind & Lind, 2011). More recently, in 2020, Cai et al. 

demonstrated a positive association between urinary BPA concentrations with heart failure, angina 

pectoris and myocardial infarction (Cai et al., 2020). Overall, NHANES dataset has been widely 

used to draw conclusions about BPA exposure and adverse cardiovascular outcomes. It should be 

underlined that a study from LaKind et al. observed that NHANES data may not be sufficient to 

conclude that BPA exposure is associated with CVDs (LaKind et al., 2012). Indeed, 

inconsistencies were noticed in terms of methods performed (e.g., exclusion criteria, definitions, 

and scoring systems), and, in this study, the authors showed no association between urinary BPA 

with CAD or heart attack in NHANES participants, highlighting that caution is needed to establish 

associations or cause-and-effect relationship between BPA concentrations and CVDs (LaKind et 

al., 2014). 

Moreover, relevant to DOHaD field, BPA can cross the placenta (Schönfelder et al., 2002; Yamada 

et al., 2002), possibly affecting children’s health. However, still little is known about the BPA 
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effects on foetal cardiac function and development. Bae et al. suggested that BPA exposure during 

midterm pregnancy (around 20 weeks) is associated with higher diastolic blood pressure in the 

children at age 4 (Bae et al., 2017). Recently, in a population-based prospective cohort study, Sol 

et al. evaluated the association between maternal urinary BPA levels during pregnancy and blood 

pressure in childhood. The authors observed that this association is sex-dependent, since higher 

blood pressure was found in boys, after foetal BPA exposure (Sol et al., 2020). However, further 

studies are needed to unravel the underlying mechanisms and long-term outcomes of BPA 

exposure and early cardiovascular alterations.  

2.5.3 Adverse cardiac effects after Bisphenol A exposure: Experimental studies  

Several experimental studies in vivo and in vitro have been performed to study the effects of BPA 

exposure on cardiac tissue and to identify possible pathways of toxicity. Due to non-monotonic 

responses of BPA, timing of exposure, as well as low and high doses of the chemical have been 

investigated. Low-dose BPA studies focus on environmentally relevant concentrations, common 

for human exposure, while studies using higher (supraphysiological) doses of BPA are relevant to 

better identify its toxicological actions and targets in case of occupational exposures or specific 

poisoning conditions.  

The study by Pant et al. showed that high doses of BPA (1-100 μM) decreased atrial contraction 

rate and force by 90% through the NO-cGMP system (Pant et al., 2011). In the work of Posnack 

et al., BPA concentrations (0.1–100 μM) delayed the cardiac electrical conduction in the hearts of 

female rats, already after 15-minute exposure (Posnack et al., 2014). Additionally, the risk of 

developing myocarditis and cardiac fibrosis was increased in female mice exposed to high doses 

of BPA, due to the raise of inflammatory mediators (e.g., caspase-1, TLR4, IL-1β) in the heart 

(Bruno et al., 2019). Several studies have shown that high-dose BPA also alters the functioning of 

ion channels. For example, Asano et al. reported that high BPA doses (10-100 μM) activated the 

large conductance Ca2+/voltage-sensitive K channels (Maxi-K) in canine and human coronary 

artery smooth muscle cells, suggesting that BPA might act as a coronary vasodilator (Asano et al., 

2010). O’Reilly et al. examined that the steady-state inactivation of human heart sodium channels 

(hNav1.5) was shifted to more hyperpolarized potentials under BPA treatment (100 μM), blocking 

the sodium flux (O’Reilly et al., 2012). Additionally, Deutschmann et al. reported that high doses 

of BPA inhibited the L-type Ca2+ channels in isolated mouse ventricular myocytes in a dose-

dependent manner (Deutschmann et al., 2013).  

Even low-dose exposure to BPA (0.001 μM) resulted in cardiac electrical rhythm alterations in 

adult female rats (Yan et al., 2011). Soon after 15 minutes, BPA treatment promoted triggered 
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activities, a term used to indicate aberrant spontaneous excitation of cardiomyocytes, representing 

key mechanisms of cardiac arrhythmogenesis. In female, but not male hearts, acute exposure to 

BPA (0.001 μM) following ischemia injury resulted in a marked increase in the duration of 

sustained ventricular arrhythmias (Yan et al., 2013). The underlying mechanisms of the rapid 

actions of BPA in the heart might be mediated, at least in part, by rapid alteration of cardiomyocyte 

Ca2+ handling (Gao et al., 2013; Yan et al., 2011), which plays a key role in cardiac 

arrhythmogenesis (Bers, 2002). Interestingly, in a study by Liang et al., the most effective dose of 

BPA’s cardiac actions was around 0.001 μM to 0.01 μM, overlapping with the reported human 

exposure levels (Liang et al., 2014). Different effects were observed if low doses of BPA were 

given for longer periods (i.e., chronic exposure). For instance, Patel et al. demonstrated that low-

dose BPA (5 μg/kg/day) lifelong exposure induced cardiac concentric remodelling in male but not 

female mice, while it increased systolic and diastolic pressures in female but not in male mice 

(Patel et al., 2013). The expression levels of Ca2+ handling proteins were altered by BPA in a sex-

specific way, differently from other in vitro studies using isolated rat ventricular cardiomyocytes 

(Gao et al., 2013; Yan et al., 2011), also reflecting the different impact of long-term and acute 

exposure. Numerous experimental studies in vivo using zebrafish, rodents, and non-human 

primates, showed that gestational BPA exposure elevates the risk of heart developmental 

alterations, through molecular and structural alterations (Chapalamadugu et al., 2014; Chen et al., 

2020; Fonseca et al., 2022; Lombó et al., 2019; Rasdi et al., 2020; Ross Brown et al., 2019; Yujiao 

et al., 2023). Relevant for human studies, Chapalamadugu et al. found that maternal BPA exposure 

significantly altered transcript expression profiles in the foetal heart of rhesus monkeys. Here, the 

significant downregulation of MYH6 and upregulation of ADAM12 in foetal ventricles were both 

related to cardiovascular pathologies, such as cardiac hypertrophy (Chapalamadugu et al., 2014). 

The extent of BPA toxicity on the human heart, as well as its effects during foetal cardiac 

development, is still largely unexplored. As a promising in vitro cardiomyocyte model, hPSC-

CMs have been used to study the BPA cardiotoxicity on a human-based system. BPA treatment 

(≥10 µM) on hiPSC-CMs mainly showed contractility alterations, such as reduced amplitude and 

duration of the field potential, and inhibition of ion channels and calcium currents, in a dose-

dependent manner (Hyun et al., 2021; Prudencio et al., 2021). Interestingly, 17β-estradiol (E2) and 

BPA at high micromolar concentrations showed similar toxicity effects on hiPSC-CMs, resulting 

in decreased depolarizing spike amplitude, shorter calcium transient duration, and decreased 

contractility (Cooper et al., 2023). Using very low concentrations (1-10 nM), BPA treatment 

delayed the repolarization through inhibition of the hERG K+ channel in hiPSC-CMs (Kofron et 

al., 2021; Ma et al., 2023). Additionally, hESC-CMs treated with BPA at low doses showed cardiac 
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hypertrophy features by disrupting Ca2+ homeostasis via the DRP1 signalling pathway (Cheng et 

al., 2020). Nevertheless, investigations into the effects of BPA exposure during in vitro 

cardiomyocyte differentiation are limited to a small number of studies. The studies in account 

utilise mouse embryonic stem cell-derived cardiomyocytes or H9c2 rat embryonic 

cardiomyoblasts (Escarda-Castro et al., 2021; Lee et al., 2019; Zhou et al., 2017, 2020, 2021). It 

has been reported that low doses of BPA treatment on developing cardiomyocytes altered the 

transcriptional levels of genes related to heart physiology (Lee et al., 2019; Zhou et al., 2020), or 

decreased the levels of mesoderm markers (Zhou et al., 2017, 2021). Notably, low doses of BPA 

promoted the expression of collagen mRNAs (e.g., type I collagen), which may cause abnormal 

cardiac hypertrophy during development, and lead to abnormal heart development (Zhou et al., 

2020, 2021). Moreover, supraphysiological doses (≥ 10 µM) of BPA during the differentiation of 

H9c2 rat embryonic cardiomyoblasts increased the percentage of DNA repair foci and decreased 

the levels of epigenetic marks (Escarda-Castro et al., 2021). Nonetheless, the effects of low doses 

and repeated exposure to BPA on human cardiomyocyte differentiation still require further 

investigation. 
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3 MATERIALS AND METHODS 

3.1 Chemicals and plasticware 

Chemicals were obtained from Sigma-Aldrich (St Louis, MO, USA). Except when otherwise 

specified, all plasticware, reagents and devices for cell culture experiments were purchased from 

Thermo Fisher Scientific Inc. (Waltham, MA, USA). 

3.2 hiPSC line  

The human iPS cell line (hiPSC; SBAD2 clone) used in this study originated from Normal Adult 

Human Dermal Fibroblasts (NHDF-Ad) cells (51-year-old Caucasian male, Lonza #CC-2511), 

reprogrammed using non-integrative Sendai virus transduction. The cell line was provided during 

the IMI-funded StemBANCC project (Morrison et al., 2015). BD Matrigel (BD Biosciences 

#354277) was used for plate coating and cells were cultured with mTeSR™1 medium (Stem Cell 

Technologies #85870) supplemented with 1% Penicillin-Streptomycin. Cells were maintained in 

vitro at 37°C in a humidified atmosphere containing 5% CO2. For routine passages, Versene® 

(EDTA) (0.02%, Lonza #BE17-711E) was used according to the manufacturer’s protocol. Routine 

screening for mycoplasma was carried out using the Venor®GeM-Advance (Minerva Biolabs #11-

7024) Mycoplasma Detection Kit, according to the manufacturer’s instructions. 

3.3 Pluripotency test 

After single cell dissociation with Accutase® (#A6964), cells were cultured in suspension for five 

days in mTeSR™1. They formed embryoid bodies (EBs), which were plated on 0.1% gelatin 

(Merck) coated surface in differentiation medium (DMEM, 20% FBS, 1% MEM Non-Essential 

Amino Acid Solution (100×), 0.1 mM β-mercaptoethanol, 1% Pen/Strep). After 14 days of 

spontaneous differentiation, the cells were fixed with 4% paraformaldehyde (PFA) solution and 

evaluated for the 3 germ layer markers by immunocytochemistry. 

3.4 Cardiomyocyte differentiation from hiPSC 

For cardiomyocyte differentiation, the PSC Cardiomyocyte Differentiation Kit (#A2921201) was 

used according to the manufacturer’s protocol. Plates were coated with Geltrex™ (#A14133) and 

the hiPSC were plated after Accutase® (#A6964) induced single-cell dissociation. Cells were 

seeded at a density of 1.25 x 104 cells/cm2 in mTeSR™1 medium supplemented with RevitaCellTM 

(#A2644501). When the hiPSC confluency reached 70-80%, the mTeSR™1 medium was 
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aspirated and slowly replaced with Medium A. Two days later, the medium was substituted with 

Medium B, and two days after the medium was replaced with Maintenance Medium (Figure 8). 

Cells were maintained in a humidified atmosphere containing 5% CO2 at 37°C, and the 

Maintenance Medium was replaced every other day. On sampling days, cells were collected after 

dissociation with TrypLE™ Select Enzyme (10X) (# A1217702). 

3.5 Immunocytochemistry 

Cells on glass coverslips were fixed with 4% PFA at room temperature (RT) for 15 minutes. Then, 

the samples were rinsed three times with DPBS and permeabilized using 0.2% Triton X-100 in 

DPBS. Afterwards, the cells were blocked in a buffer solution containing 5% bovine serum 

albumin (BSA) in DPBS for 1 h at RT, and then stained with primary antibodies (Supplementary 

table 1) and incubated overnight at 4 °C. The following day, cells were washed three times with 

DPBS and incubated for 2 hours in the dark with secondary antibodies (Supplementary table 2) 

in 1% BSA solution. Next, cells on coverslips were mounted with ProLong™ Diamond Antifade 

Mountant (#P36961) containing DAPI. The slides were analysed with a fluorescence microscope 

(Axio Imager system with ApoTome; Carl Zeiss MicroImaging GmbH, Göttingen, Germany) 

controlled by AxioVision 4.8.1 software (Carl Zeiss MicroImaging GmbH). 

3.6 Reverse-transcription quantitative PCR (RT-qPCR)  

Total RNA was isolated from hiPSC and hiPSC-CMs through digestion with Proteinase K 

(QIAGEN #19131) using the RNeasy Plus Mini Kit (QIAGEN #74134) following the 

manufacturer’s instructions. One microgram of RNA was used for cDNA synthesis through the 

Maxima First Strand cDNA Synthesis Kit for RT-qPCR (#K1641). The QIAgility liquid handling 

robot along with the Rotor-Gene Q cycler (QIAGEN) were used for the experimental set-up and 

the RT-qPCR reaction, respectively. The amplification was carried out in a total of 15 μL using 

SYBR Green JumpStart Taq ReadyMix (#S4438). Oligonucleotide primers (Supplementary 

table 3) were designed with Primer 3 software (Untergasser et al., 2012) and blasted on the human 

reference genome on Ensembl (Cunningham et al., 2022). All RT-qPCR reactions were 

normalized using GAPDH as a housekeeping gene and analysed using the comparative 2–∆∆Ct 

method by normalising hiPSC-CMs and hiPSC to human adult heart reference RNA (Takara 

#636532). 
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3.7 Cellular viability assay 

On day 18 of the differentiation, hiPSC-CMs were seeded into a 96-well plate with a density of 

2x105 cell/cm2. After three days (day 21), the cells were exposed to increasing concentrations of 

compounds (Doxorubicin, Menadione, Acrylamide and Bisphenol A) for different time periods 

(24-96 hours). CellTiter-Glo® Luminescent Cell Viability Assay (Promega #G7570) was used to 

perform the ATP viability assay following the manufacturer’s protocol. The luminescent signal 

was recorded using the Varioskan Flash Multimode Reader. Cell survival was calculated by 

assigning 100% viability for untreated controls and 0% viability for cells killed by exposure to 

water. 

3.8 Oxidative stress detection  

Cells on glass coverslips were treated for 24 hours with Doxorubicin, Menadione, or Acrylamide 

at the chosen concentrations. To measure reactive oxygen species in hiPSC-CM cultures, the cells 

were treated with 5 mM CellROX™ Deep Red (#C10422) for 1h at 37°C (excitation/emission: 

644/665 nm). Cells were then fixed with 4% PFA and mounted with ProLong™ Diamond Antifade 

Mountant (#P36961) containing DAPI. The images were acquired with a fluorescence microscope 

(Axio Imager system with ApoTome; Carl Zeiss MicroImaging GmbH, Göttingen, Germany) 

controlled by AxioVision 4.8.1 software (Carl Zeiss MicroImaging GmbH). The signal 

quantification was performed using ImageJ software (Schneider et al., 2012).  

3.9 Bisphenol A repeated treatment 

Bisphenol A (BPA) (Merck, #239658, CAS No. 80-05-7) stocks were prepared by dissolving the 

compound in DMSO to a final concentration of 100 mM and stored at -20 °C. BPA was further 

diluted to the chosen concentrations selected based on typical levels of human environmental 

exposure (Murata & Kang, 2018), and in accordance with the guidance of the European Food 

Safety Authority (EFSA) and the Consortium Linking Academic and Regulatory Insights on BPA 

Toxicity (CLARITY-BPA) (Heindel et al., 2020; University of Hertfordshire, 2021; Vandenberg 

et al., 2019; Vom Saal & Vandenberg, 2021). For the repeated treatment, cells were exposed to 

0.1% DMSO (vehicle) or BPA at selected concentrations (0.01 μM, 0.1 μM, 1 μM), starting from 

day 0 until day 21 of cardiomyocyte differentiation. For this process, a fresh differentiation 

medium containing BPA at the designated treatment concentrations was added every two days 

after completely removing the spent medium. 
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3.10 Flow Cytometry 

After single-cell dissociation using TrypLE™ Select Enzyme (10X), the collected cells were 

washed with DPBS and moved into flow cytometry tubes (Beckman Coulter, #2523749) for 

staining. Firstly, the cells were stained with the Fixable Viability Dye eFluorTM 660 

(eBioscienceTM #65-0864) for 30 minutes at 2-8 °C, protected from light. Then, the samples were 

rinsed with 1% BSA solution and centrifuged at 300-400xg at RT for 10 minutes. The True-

NuclearTM Transcription Factor Buffer Set (BioLegend #424401) was used for staining, following 

the manufacturer’s instructions, with the antibodies listed in Supplementary table 4. Samples 

were processed using the Flow Cytometer Cytomics FC 500 (Beckman Coulter), and data analysis 

was conducted with FlowJo (BD Bioscience, V10.8.1). 

3.11 Contractility assay 

The contractile motion of hiPSC-CMs was recorded through phase contrast video-microscopy 

using the Olympus IX71 microscope equipped with a DP21 camera (Olympus) and its CellSens 

software (Olympus; V1.11). Videos lasting a minimum of 10 seconds and running at 12 

frames/second were analysed using the Pulse analysis platform (Curibio) (Maddah et al., 2015).  

3.12 Quantitative proteomics 

3.12.1 Sample preparation  

Using a Sonopuls HD3200 (Bandelin, Berlin, Germany), cells were ultrasonically lysed (18 cycles 

of 10 s) in 8 M urea/0.5 M NH4HCO3. Protein quantification was performed with the Pierce 660 

nm Protein Assay (Thermo Fisher Scientific, Rockford, IL, USA). A total of 20 µg of protein was 

processed for digestion. Briefly, disulfide bonds were reduced using 45 mM dithiothreitol/20 mM 

tris(2-carboxyethyl) phosphine for 30 minutes at 56°C, and cysteine residues were alkylated (100 

mM iodoacetamide, 30 min, room temperature), followed by quenching the excess of 

iodoacetamide with dithiothreitol (90 mM, 15 min, room temperature). Proteins were digested with 

modified porcine trypsin (Promega, Madison, WI, USA) for 16 h at 37°C (1:50 enzyme to protein 

ratio). 
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3.12.2 Nano-liquid chromatography–tandem mass spectrometry (LC-MS/MS) analysis and 

statistics 

The sample (1 µg) was injected into an UltiMate 3000 nano-LC system connected online to a Q-

Exactive HF-X mass spectrometer operated in data-dependent acquisition (DDA) mode. Then, 

peptides were transferred to a PepMap 100 C18 trap column (100 µm×2 cm, 5 µM particles) and 

separated using a PepMap RSLC C18 analytical column (75 µm×50 cm, 2 µm particles) at a flow 

rate of 250 nl/min, with a gradient of 5-20% of solvent B used for 80 minutes followed by a 9-

minute increase to 40%. Formic acid 0.1% in water and acetonitrile were used as solvents A and 

B, respectively. Raw data were processed using MaxQuant (version 1.6.7.0) (Tyanova et al., 

2016). The human SwissProt reference proteome (downloaded in October 2022) was used for all 

searches. The dataset has been submitted to the ProteomeXchange Consortium via the PRIDE 

partner repository (Perez-Riverol et al., 2022) with the dataset identifier PXD042046. Statistics 

and data visualization were performed in R using custom scripts. Reverse peptides, contaminants, 

and identifications only by site were excluded from quantification. Proteins with at least two 

peptides with a minimum of three replicate measurements in each condition were quantified using 

MS-EmpiRe pipeline (Ammar et al., 2019) as described previously (Flenkenthaler et al., 2021). 

Peptides with complete measurements in one condition but insufficient measurements in the other 

condition were inputed from a normal distribution (downshift = 1.8, scale = 0.3). Proteins with a 

Benjamini-Hochberg-adjusted p-value < 0.05 and a fold change above 1.3 were considered as 

significantly changed. The ComplexHeatmap R package (Gu et al., 2016) generated the heatmap, 

which was segregated into homogeneous regions using the k-means method. WebGestaltR 

package (Liao et al., 2019) and the functional category ‘GO Biological Process nonRedundant’ 

were used to perform over-representation analysis.  

3.13 Human Protein-Protein Interactions (PPI) network construction and analysis 

The human PPI network was constructed using publicly available resources (Alanis-Lobato et al., 

2017; Luck et al., 2020; Menche et al., 2015), resulting in 18,816 proteins and 478,353 physical 

interactions. Proteins with a fold change (|FC|)>1.5 were mapped onto this network, and their 

connectivity was analysed by computing a z-score of the largest connected component (lcc) size 

for each protein group compared with 10,000 randomly selected protein sets of identical size. The 

global perturbation of each condition and the proteins that were up- and down-regulated were 

analysed. To create a connected core from the sparse network, a random walk with restart 

algorithm was used. The algorithm used a restarting parameter (alpha) of 0.9 to keep the 

propagation closer to the initial seed genes. Furthermore, only nodes with high expression levels 
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in the heart were included at each step. The Human Protein Atlas (HPA) 

(https://www.proteinatlas.org/) was used to extract this information. The resulting list contained 

36 tissue enriched proteins (|FC|heart>4*|FC|any tissue), 129 group enriched proteins 

(|FC|heart>4*|FC|any tissue-4), and 257 tissue enhanced proteins (|FC|heart>4*|FC|average(all 

tissues)),  totalling 452 proteins.  

3.14 Protein enrichment analysis  

The biological characterization of the core and expanded modules was carried out via enrichment 

analyses for the three main branches of the Gene Ontology (GO) (Ashburner et al., 2000): 

biological processes (BP), molecular functions (MF), and cellular components (CC), as well as 

KEGG pathway (Kanehisa & Goto, 2000) using GSEApy (Fang et al., 2023).   

3.15 Disease relationship     

Diseases-gene associations (GDA) were acquired from DisGeNet (Piñero et al., 2015). To retrieve 

data for 11,099 disorders, we only chose relationships having a GDA score >0.3. To determine the 

relationship between each differentially abundant protein set (s1) and set of disease proteins (s2), 

two methods were applied. Firstly, the Jaccard index (intersection (s1,s2)/union(s1,s2)) was 

calculated, and secondly, network proximity was used, which compares the distance between the 

two protein sets against 10,000 random sets with similar topological features (Guney et al., 2016). 

This enabled the correction for interactome biases, including the heavy-tail degree distribution and 

the discretization of other common network distances. Moreover, only heart diseases with a false 

discovery rate (FDR)<0.01 (n=1096) were considered and grouped into 9 phenotypic categories. 

The created network incorporated the shortest molecular path and the shortest hub-preferential 

path between the BPA-unified core and those heart diseases, based on heart transcriptomic protein 

expression. To achieve this, a random walk with a restart algorithm was applied to the 452 proteins 

elevated in the heart, obtained from HPA database, to obtain a heart-specific interactome. This 

network was then used to determine both the shortest and the hub-preferential path between the 

given gene sets. 

3.16 Hypoxia and reoxygenation model 

The hypoxia/reoxygenation (H/R) model was established according to the previously published 

method (Häkli et al., 2021), and using a HeraCellTM Vios 250i CO2 incubator. Briefly, one day 

prior to hypoxia treatment, hiPSC-CMs were cultured in serum- and glucose-free medium (RPMI 

https://www.proteinatlas.org/
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1640 without glucose) containing 1% MEM NEAA, 1% GlutaMAX and 0.5% Penicillin-

Streptomycin. The following day, hiPSC-CMs were subjected to a hypoxic environment of 1% O2 

and 5% CO2 gas for a duration of 8 hours. After this period, hiPSC-CMs were supplied with 

Maintenance Medium (containing glucose) and maintained in the standard cell culture 

environment to simulate the reperfusion phase for 15 hours. For control conditions, cells were 

cultured in serum- and glucose-free medium followed by Maintenance Medium in the standard 

culture environment (referred to as “normoxia”).  

3.17 Analysis of apoptosis and mitochondrial activity 

To monitor apoptosis and active mitochondria of hiPSC-CMs, Caspase 3/7 Green Dye (Incucyte®, 

Sartorius # 4440) and MitoTrackerTM Deep Red (#M22426) were used, respectively, according to 

the recommended protocols. The fluorescent signal was assessed using the IncuCyte S3 Live-Cell 

Analysis Instrument (Sartorius AG). Each biological experiment included three wells (technical 

repeats), with a total of sixteen images captured per well using a 10× objective. The images were 

analysed using the IncuCyte Basic Software (Sartorius), with the acquisition times for the green 

and red channels being 300ms and 100ms, respectively. The Green or Red Mean Intensity Object 

Average metric was used to quantify the signal. 

3.18 Statistical analysis  

All data were analysed using Prism 8 (GraphPad Software, La Jolla, CA, USA) and handled in 

Microsoft Excel (Redmond, WA, USA) unless otherwise specified. The “n” value refers to the 

number of biological replicates, and the data analysis is presented as the mean ± standard error of 

the mean (SEM). The significance of the data was determined using one-way ANOVA or two-

way ANOVA with Dunnett’s post hoc test, as indicated in the figures’ legend. 
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4 RESULTS 

 

4.1 Characterisation of hiPSC (SBAD2 clone) 

In the current study, SBAD2 hiPSC line was used to generate the 2D in vitro cardiomyocyte 

differentiation model. An important consideration when culturing hiPSCs is the maintenance of 

pluripotency. To confirm the pluripotency state and multilineage differentiation ability of our 

hiPSC line, a qualitative assessment of stem cell characteristics has been evaluated. The hiPSCs 

formed distinctive colonies (Figure 7A), which are positively stained for the typical pluripotency 

markers Oct4, Nanog and TRA1-81, supported by flow cytometry analysis showing more than 

95% of Oct4+/Nanog+ expressing cells (Figure 7B, C). Additionally, SBAD2 hiPSC line can form 

3D aggregates defined as EBs (Figure 7D), which contain the combination of the three germ 

layers. Following the formation and the maintenance of the EBs for 14 days, the cells were able to 

differentiate into endodermal (GATA4), mesodermal (BRACHUYRY) and ectodermal (NESTIN, 

TUBB3) lineages under spontaneous differentiation, thus confirming their pluripotent status in our 

in vitro setting (Figure 7E). 
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Figure 7. Characterization of SBAD hiPSCs in culture. (A) and (D) Phase contrast images of SBAD2 
hiPSCs in 2D culture (4x magnification) and after embryoid bodies (EBs) formation (10x magnification). 

(B) Immunofluorescence staining of pluripotency markers OCT3-4 (AlexaFluor 488), NANOG 

(AlexaFluor 594) and TRA1-81 (AlexaFluor 488) in 2D culture. Nuclei were counterstained with DAPI 
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(blue). Scale bar, 50 µm. (C) Flow cytometry representation of SBAD2 hiPSC population double-positive 

for OCT3-4 (PE) and NANOG (APC). The light-blue peak represents the blank control sample. (E) 
Multilineage differentiation potential was confirmed by immunostaining for GATA4 (AlexaFluor 488), 

BRACHYURY (AlexaFluor 594), NESTIN (AlexaFluor 488) and TUBB3 (AlexaFluor 594) to observe the 

formation of the three germ layers. Nuclei were labeled with DAPI (in blue). Scale bar, 50 μm. 

4.2 Characterisation of hiPSC-derived cardiomyocytes 

SBAD2 hiPSC were differentiated in cardiomyocytes through the classic two-step protocol, 

consisting of the Wnt signalling activation, allowing the mesodermal induction, followed by the 

Wnt signalling inhibition to enhance the cardiac lineage specification and differentiation, as 

schematically represented in Figure 8.  

 

Figure 8. Schematic illustration of cardiomyocytes differentiation protocol from hiPSC. Pluripotency is 

maintained for 4 days (D-4) in mTeSR™1 medium to reach the targeted cellular confluence. Then, Wnt 

signalling pathway is activated following the medium A during the first 2 days of differentiation (D0-D2). 
Subsequently, Wnt signalling pathway is blocked following the medium B during day 2 (D2) and day 4 

(D4) of differentiation. Afterwards, maintenance medium is used to culture the cells till desired level of 

maturity. Figure created using BioRender.com. 

 

To monitor the progression of the cardiomyocyte differentiation, we analysed the mRNA levels of 

lineage-specific genes at time points corresponding to pivotal developmental transitions, including 

the pluripotency state, mesodermal specification, cardiac progenitor, and cardiomyocyte formation 

(Figure 9).  
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Figure 9. Gene expression analysis during in vitro cardiomyocyte differentiation. (A) mRNA 

expression levels during the cardiomyocyte differentiation, measured by RT-qPCR. (B – upper panel) 

mRNA expression levels comparison of early (MYH6, MYL7, TNNI1) and late (MYH7, MYL2, TNNI3) 
cardiac structural markers at day 15 (D15) of differentiation, and (B – lower panel) early vs late gene 

expression comparison in the human adult heart (HAH) RNA. Results show independent experiments (n = 

4). Data were normalized using GAPDH as a housekeeping gene and the human adult heart (HAH) 
reference RNA (Takara Bio Inc.). Error bars represent ±SEM. One-way ANOVA with Dunnett's post-hoc 

test was used for comparisons between the hiPSC stage (D0) and the other time points (adjusted p-value *< 

0.05, **< 0.01, ***< 0.001, ****< 0.0001.). 
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The pluripotency marker OCT3/4 was rapidly downregulated from the second day of 

differentiation (D2), and cells expressed TBXT, which represents a key gene of mesodermal 

commitment (Figure 9A). Following the expression of HAND1 and GATA4 markers, the 

generation of cardiac progenitors started from the fourth day (D4), followed by the later expression 

of NKX2.5 peaking by day 8. Spontaneous beating activity was observed already after one week 

of differentiation, together with the increase of myofilament genes, such as TNNT2, TNNI1, MYH6 

and MYL7. Higher mRNA expression of foetal troponin I (TNNI1) compared to the adult isoform 

(TNNI3) was observed, together with higher levels of MYH6 and MYL7, compared to MYH7 and 

MYL2, respectively (Figure 9B). Qualitative evaluation of the cells with immunocytochemistry 

labelling revealed that hiPSC-CMs exhibit an immature structure, shown by the misaligned 

localization of cardiac troponin T (cTnT) and MLC2a/MLC2v (Figure 10A, B). Flow cytometry 

analysis displayed that ~80% of the population is represented by hiPSC-CMs after 21 days of 

differentiation (Figure 10C). Accordingly, flow cytometry analysis showed higher expression of 

MLC2a (74.8%) compared to MLC2v (45.5%) (Figure 10C).  
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Figure 10. Qualitative and quantitative analysis of key cardiac structural markers. (A) and (B) 
Immunofluorescence staining of hiPSC-CMs at day 15 of differentiation for cardiac troponin T (cTnT; 

AlexaFluor 488), NKX2.5 (AlexaFluor 594), MLC2a (AlexaFluor 488) and MLC2v (AlexaFluor 594). 

Nuclei were stained with DAPI (blue). Scale bar, 50 µm. (C) Flow cytometry representation of hiPSC-CMs 
population after 21 days of differentiation for cardiac troponin T (cTnT; FICT), MLC2a (FICT) and MLC2v 

(PE). The light-blue peak represents the blank control sample. 

 

Moreover, the proteome profiles of hiPSC-CMs have been characterized by LC-MS/MS, 

comparing the hiPSC stage (D0) and the hiPSC-CMs after 21 days of differentiation (D21). With 

high confidence (false-discovery rate < 0.01) 1922 proteins were identified, of which ~73 % were 

significantly altered at D21 compared to D0 (Figure 11A). The two clusters showed distinct 

protein changes, in line with the cardiac differentiation (Figure 11B). Gene Ontology (GO) 



47 

 

analysis revealed the increase of proteins being part of heart morphogenesis and cardiomyocyte 

differentiation in D21, while defining characteristics of stemness, such as cell cycle checkpoint 

and DNA replication, were decreased. Also, typical cardiomyocyte structural markers, such as 

multiple myosin isoforms (e.g., MYL7, MYL3 and MYL4) and troponins (e.g., TNNT2 and 

TNNI1), and heart metabolic markers (e.g., FABP3) were significantly increased in abundance in 

differentiated cells, confirming the correct route of cardiac differentiation process (Figure 11C). 

 

Figure 11. Proteome changes after 21 days of cardiomyocyte differentiation. (A) Heatmap of proteins 
significantly changed in abundance (adjusted p-value < 0.05, fold-change > 1.3) between D0 and D21. Z-

scored protein abundance values are shown in red and light blue for high and low abundance, respectively. 

Heatmap rows were segregated into homogenous regions using K-means method (k = 2). (B) Profile plots 

with mean values (solid black line) of two clusters showing distinct alteration of proteins with respect to 
the day of differentiation. (C) Gene ontology enrichment analysis of proteins from each cluster. The colour 

of the bubble indicates the significance of the enrichment, and the size of the bubble indicates the 

corresponding number of differentially abundant proteins (referred to as gene count in the figure). 

Enrichment shows the magnitude of over-representation. 

4.2.1 Validation of hiPSC-CMs as a cardiotoxicity model and experimental set up for the 

repeated treatment with Bisphenol A 

To assess the suitability of our hiPSC-CMs model for investigating the toxicity of environmental 

chemicals on early developing cardiomyocytes in vitro, ATP-release based viability assay was 

performed to generate dose-response curves of doxorubicin, menadione and acrylamide. Already 

after 24-hour treatment, and even more extended after 48 hours and 96 hours, the viability of 

hiPSC-CMs significantly decreased under doxorubicin and menadione exposure in a dose-

dependent manner (Figure 12A, B). Acrylamide was significantly less toxic after 24- and 48-hour 

treatment, even in high concentrations. After 96-hour treatment, supraphysiological doses of 

acrylamide significantly decreases the cellular viability (Figure 12C).  
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Figure 12. Cellular viability results of hiPSC-CMs 21-day differentiated treated with increasing 

concentrations of doxorubicin (DOX), menadione (MEN) and acrylamide (ACR) for 24 (A), 48 (B) and 96 

hours (C). Standard error bars are shown (n=3). 

 

The cytotoxicity model produced repeatable dose-responses, identifying specific half maximal 

effective concentration (EC50) for each compound (values not shown), according to the treatment 

duration. Subsequently, we investigated whether the compounds were able to generate ROS in 

hiPSC-CM cultures already after 24-hour treatment at chosen doses, ranging below the EC50. 

Using the CellROX assay, we performed a qualitative and quantitative detection of ROS, 

observing a positive fluorescent signal that increased in a dose-dependent manner (Figure 13A), 

although without significant differences after acrylamide treatment (Figure 13B-D).  
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Figure 13: ROS detection after 24-hour treatment with menadione (0-10 μM), doxorubicin (0-30 μM) 

or acrylamide (0-2000 μM). (A) Immunofluorescence staining was acquired by CellROX Deep Red dye. 

The fluorescence signal was quantified for (B) menadione (n = 4), (C) doxorubicin (n = 4), and (D) 

acrylamide (n = 4). Error bars represent ±SEM. One-way ANOVA with Dunnett’s post-hoc test was used 
for comparisons between untreated control (CTRL, 0 μM) and the other compound concentrations (adjusted 

p-value *< 0.05, **< 0.01, ***< 0.001, ****< 0.0001.).  

 

Once the model was tested and validated on well-known toxic compounds, the experimental set 

up for the repeated treatment with BPA was designed. Firstly, a range of BPA concentrations was 

chosen according to the aim of the study. For this purpose, a broader concentration gradient was 

set for low doses. Specifically, concentrations of 3 μM and 5 μM were selected according to the 

tolerable daily intake (TDI) of 50 μg/kg/day assumed to be “safe” before 2015 (Vom Saal & 

Vandenberg, 2021), while the two highest concentrations (10 μM and 100 μM), were selected for 

the evaluation of the dose-response curve in the supraphysiological range. Concentrations between 

0.01 μM and 1 μM represent the target range of this study, corresponding to the TDI of ≤ 4 

μg/kg/day agreed after 2015 (University of Hertfordshire, 2021). Then, to assess the potential 
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cytotoxicity effects after acute treatment, the 21-day differentiated hiPSC-CMs were exposed to 

BPA (0.01–100 μM) for 24 and 72 hours (Figure 14A). 

 

Figure 14: Acute BPA exposure on hiPSC-CMs. (A) Schematic overview of acute exposure with BPA 

on hiPSC-CMs; cellular viability was measured after 24- and 72-hour treatment. (B, C) Cellular viability 
of hiPSC-CMs (n = 3) 21-day differentiated after 24 hours and 72 hours of treatment with BPA in varying 

concentrations (0–100 μM). Error bars represent ±SEM. One-way ANOVA with Dunnett’s post-hoc test 

was used for comparisons between untreated control (0 μM) and the other BPA concentrations (adjusted p-

value *< 0.05, **< 0.01, ***< 0.001, ****< 0.0001.). Panel (A) is created using BioRender.com. 

 

After 24 hours, the viability of hiPSC-CMs was affected at concentrations above 0.25 μM, even if 

the cellular mortality was not particularly extended. Around 90-85% viable cells were observed 

up to 10 μM, while 80% viability was measured at 100 μM concentration (Figure 14B). Similarly, 

after three days, the viability of hiPSC-CMs was affected starting from 0.25 μM, with the highest 

value of cellular death (35%) observed at 100 μM BPA (Figure 14C). According to these results, 

three physiologically relevant concentrations of BPA (0.01 μM, 0.1 μM, 1 μM) were chosen for 

the repeated treatment during the cardiomyocyte differentiation. A schematic representation of the 

repeated treatment with BPA is shown in Figure 15A, where cells were exposed to BPA every 

second day, starting from the pluripotency stage at day 0.  



51 

 

 

Figure 15. Repeated exposure with BPA. (A) Schematic overview of repeated exposure with BPA during 
cardiomyocyte differentiation. (B) Viability of the whole cellular population was measured by flow 

cytometry using Fixable Viability Dye eFluor™ 660 after repeated BPA exposure during cardiomyocyte 

differentiation. (C) Cardiac troponin T-positive (cTnT+) cells were measured by flow cytometry at different 

time points. Flow cytometry measurement of proliferation (D) with Ki67 and DNA double-strand breaks 
(E) using γH2AX in the whole cellular population. (F) Flow cytometry measurement of viability in cardiac 

TnT+ cells. Results show independent experiments (n = 3), and error bars represent ±SEM. Two-way 

ANOVA with Dunnett's post-hoc test was used for comparisons between untreated control (vehicle) and 

the three BPA concentrations. Panel (A) is created using BioRender.com. 
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Flow cytometry analysis showed that the viability of the whole cell population was not affected 

by BPA treatment over the duration of the differentiation (Figure 15B). As the differentiation 

progresses, the cell proliferation capacity (percentage of Ki67-positive cells) decreased, however, 

no significant differences were observed in the number of Ki67-positive cells in BPA-treated cells 

compared to vehicle control. Similarly, the amount of DNA double-strand breaks (percentage of 

γH2AX-positive cells) was not significantly altered upon BPA treatment (Figure 15D, E). 

According to the cardiomyocyte commitment, the proportion of hiPSC-CMs increased during the 

first two weeks of differentiation (Figure 15C). However, the percentage of cardiac troponin T-

positive (cTnT+) cells and their viability was mostly unchanged upon BPA treatment (Figure 15C, 

F).   

4.3 Bisphenol A altered the contraction properties of hiPSC-CMs after 21 days of 

differentiation 

After 21 days of BPA treatment, the contraction properties of hiPSC-CMs were investigated. As 

the interplay of contraction’s parameters and their temporal relationship are essential for the proper 

functioning of hiPSC-CMs, we assessed the BPA effects on the cellular spontaneous contraction 

using the software platform Pulse (Curibio), which performed the motion analysis using phase-

contrast videos. The beating force, together with the cell shortening, here expressed as peak height 

(arbitrary units) and contraction displacement (pixels), respectively, were our index of contractility 

(Maddah et al., 2015). The beating signal extracted by Pulse showed that the peak height value 

was unaltered by BPA in all three concentrations, even though a slight downward trend compared 

to the vehicle can be observed (Figure 16A, B). Although without significant differences, the 

contraction displacement visibly depicts a downward trend of cellular shortening in hiPSC-CMs 

treated with BPA (Figure 16C).    
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Figure 16. Beating signals acquired by the Pulse software on hiPSC-CMs. (A) Beating frequency and 
peak height of untreated (vehicle) and BPA-treated hiPSC-CMs. Peak height is normalized based on vehicle 

control. (B) Peak height of independent experiments normalized on vehicle control. (C) Contraction 

displacement analysis in pixels. (D) Beat rate (frequency) per minute of untreated and BPA-treated hiPSC-
CMs. (E) Beat duration followed by (F) contraction and (G) relaxation time per second of untreated and 

BPA-treated hiPSC-CMs. Results show independent experiments (n = 16); error bars represent ±SEM. 

Two-way ANOVA with Dunnett’s post-hoc test was used for comparisons between untreated control 
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(vehicle) and the three BPA concentrations (adjusted p-value *< 0.05, **< 0.01, ***< 0.001, ****< 

0.0001.). Veh: vehicle. 

 

Additionally, we did not claim an arrhythmic beating profile due to the regular contractions over 

time. However, the beat rate of hiPSC CMs treated with BPA showed a remarkable slowdown in 

a concentration-dependent manner, with a 70% reduction of beats per minute at the highest dose 

of BPA (Figure 16D). The treatment with BPA also led to a significant increase in the beat 

duration but without longer diastolic intervals between two consecutive beats (Figure 16A, E). 

Accordingly, the contraction and relaxation times were prolonged in a concentration-dependent 

manner (Figure 16F, G). Finally, BPA treatment significantly decreased the beating velocity of 

hiPSC-CMs. This vector analysis showed that the speed of elongation and shortening of hiPSC-

CMs decreased as the concentration of BPA increased (Figure 17A, B)   

 

Figure 17: Velocity of elongation and shortening of hiPSC-CMs measured by Pulse. (A) Heatmap 

representing the areas of beating cells. The colour intensity represents higher (red) or lower (blue) beating 

velocity.  (B) Quantification of beating velocity in pixels per second.  

4.4 The proteome profile of hiPSC-CMs was altered after 21 days of Bisphenol A exposure  

To investigate the effect of BPA exposure on hiPSC-CM proteome remodelling in a 

comprehensive and unbiased manner, we performed a label-free LC-MS/MS of cardiomyocytes at 

day 21 exposed to repeated doses of 0 μM (vehicle), 0.01 μM, 0.1 μM and 1 μM BPA for the 
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duration of cardiac differentiation. The abundance of multiple proteins was altered in hiPSC-CMs 

upon treatment with BPA, as shown by volcano plot visualization (Figure 18A-C).  

 

Figure 18. Proteome analysis after 21 days of BPA-treated cardiac induction. Volcano plot 
visualization of proteome alterations in hiPSC-CMs treated with (A) 0.01 μM (n = 4), (B) 0.1 μM (n = 4) 

and (C) 1 μM (n = 4) BPA for 21 days. The vehicle control is marked as D21 (n = 4). (D) Bubble plot of 

proteins significantly changed (adjusted p-value <0.05 and fold change >1.3) in at least two comparisons 

(0.01 μM versus D21; 0.1 μM versus D21; 1 μM versus D21). The colour and the size of the bubble 
correspond to log2 fold-change (red increased abundance, blue decreased abundance) and the significance 

of protein change, respectively. 

 

In accordance with the consistently changed proteins, enrichment analysis displayed altered 

pathways related to muscle contraction, ECM, and translational regulation (Supplementary 

Figure 1), regardless of the BPA dose. Compared to the vehicle group, 81, 26 and 16 proteins 

were changed in abundance in 0.01 μM, 0.1 μM and 1 µM BPA-treated groups, respectively 

(Supplementary table 5-7). While twenty-one proteins were altered in at least two groups, six of 

them were increased in abundance in all three BPA concentrations (Figure 18D). These proteins 

are COL4A1, COL4A2, LAMC1 and NID2, components of the basement membrane (BM), 

(Boland et al., 2021), TNNC1, pivotal for muscle contraction (Li & Hwang, 2015) and SERBP1, 

involved in complex translational processes (Brown et al., 2018; Yan et al., 2021). The largest 
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number of differentially abundant BM proteins, together with LAMB1, LAMA1 and HSPG2, was 

identified in 1 μM BPA-treated group (Supplementary table 7). In 0.01 μM and 0.1 μM BPA-

treated groups, we also observed an increase of MYH7, a component of the cardiomyocyte 

contraction machinery (Homburger et al., 2016). Furthermore, ribosomal proteins (e.g., RPS5, 

RPL15, RPL6, RPS9) were differentially abundant and predominantly upregulated after BPA 

treatment, which, together with SERBP1, belong to the dynamic protein synthesis regulation 

(Brown et al., 2018; Yan et al., 2021). 

4.5 Network analysis of the proteomics dataset supports alterations in extracellular matrix 

remodelling  

To investigate the correlations of the differentially abundant proteins with molecular pathways and 

diseases, firstly we compared them to a set of expert-curated gene-BPA annotations in humans 

from The Comparative Toxicogenomic Database (CTD) (https://ctdbase.org/) (Davis et al., 2023), 

observing a statistically significant overlap (p: 6e-05, Fisher’s exact test). Thereafter, we mapped 

them in a human protein-protein interaction (PPI) network that consisted of 18,816 proteins and 

478,353 physical interactions (Alanis-Lobato et al., 2017; Luck et al., 2020; Menche et al., 2015). 

Overall, we observed that the altered proteins in each BPA condition tended to be more connected 

than random in the PPI (Figure 19A), meaning that they contribute to the same molecular 

processes. The number of interactions was mainly driven by the upregulated proteins (Figure 

19B).  

 

Figure 19. (A) Distribution of the size of the largest connected component of the differentially abundant 

proteins in the human Protein-Protein Interactions Network at 0.01 µM (blue), 0.1 µM (green), 1 µM (red) 

BPA concentration against 10,000 random protein sets of the same size. (B) Bar plot representing the 
number of interactions among the differentially abundant proteins for each BPA condition, distinguishing 

global signature (green), only the up-regulated proteins (red), and only the down-regulated proteins (blue).   

https://ctdbase.org/
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In the BPA groups, we identified a core interacting module consisting of four proteins (COL4A2, 

COL4A1, LAMC1, NID2) (Figure 20A, p: 6e-39). These proteins will be referred to as the BPA-

upregulated core (Figure 20A), which was associated with the ECM receptor-interaction (FDR: 

2e-06, Figure 20B).  
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Figure 20. Network analysis after 21 days of BPA treatment. (A) Protein-Protein Interactions Network 

(PPI) of the 6 differentially abundant proteins in common with the three BPA-treated groups. The BPA-
upregulated core is grouped by a dashed line. (B) Bubble plot of the top 10 enriched terms of the 6 BPA-

upregulated core proteins with the gene ontology (GO). (C) PPI Network of the BPA-unified core. Red 

nodes are proteins perturbed in all three BPA conditions, orange nodes in one BPA condition, and green 

nodes are linker genes not perturbed by BPA, but highly expressed in the heart from the Human Protein 
Atlas (HPA). (D) Bubble plot of the top 10 enriched terms of the 24 unified BPA-upregulated core proteins 

with the GO. (E) PPI Network of the BPA unified core proteins and interacting heart disease proteins. The 
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size of each node is given by the degree in the heart-specific PPI, calculated by the network expansion of 

the proteins highly expressed in the heart from HPA. The inner colour of each node represents whether that 
protein belongs to the unified BPA core proteins (red), or a connecting protein (orange) or a disease-

associated protein (colour-specific for each disease). If a protein is associated with more than 2 diseases, 

then the colour indigo will be used. The edge colour is used for BPA unified core proteins and connecting 
proteins that have been already observed to be associated with one or more diseases. (F) Bubble plot of the 

top 10 enriched terms of the BPA unified core proteins and connecting disease proteins with the GO. In 

(B), (D) and (F) bubbles are placed based on their -log10 p-value. Bubble size corresponds to the number 

of proteins that are found in each term, while their colour reflects the enrichment combined score. 

 

Thereafter, we investigated the underlying interactions of the BPA-upregulated core with SERBP1 

and TNNC1, through highly expressed proteins in the heart. We obtained an extended unified core 

of 24 proteins (BPA-unified core, Figure 20C), which was enriched in the ECM-receptor 

interaction and in pathological heart conditions, such as hypertrophic and dilated cardiomyopathy 

(Figure 20D, Supplementary table 8). To further investigate the possible association with heart-

related diseases, we analysed its representation on a DisGeNET list of 11,099 diseases (Piñero et 

al., 2015), and we calculated a Jaccard Index which computed their genetic overlap with the BPA-

unified core. We found a positive association with heart pathological conditions such as 

“Hypertrophic cardiomyopathy” (FDR: 5e-05) and “Idiopathic hypertrophic subaortic stenosis” 

(FDR: 0.0001) (Supplementary table 9).  

Afterwards, to implement topological network traits on the gene sets overlap, we used the network 

proximity measure (Guney et al., 2016), which identified 1806 diseases associated with the BPA-

unified core, including “Acute Coronary Syndrome” (FDR: 1e-19), “Heart Failure, Right-sided” 

(FDR: 4e-11), and “Cardiomyopathies” (FDR:4e-09) (data not shown). Due to the large number 

of associated heart diseases, we curated nine phenotypical groups, gathering them based on their 

common physiopathology. In this regard, we identified the closest interacting proteins that link the 

BPA-unified core to these diseases (Figure 20E). These are considered hub markers in the PPI, 

such as ESR1/2, EGFR and SOD1/2. The enrichment analysis of this network showed alterations 

in the ECM organization/interaction, and in the response to reactive oxygen species (ROS) (Figure 

20F, Supplementary table 10). Due to these results, further investigations have been performed 

treating the hiPSC-CMs to a hypoxia/reoxygenation (H/R) insult. Indeed, alterations to ROS 

response can also be a contributing factor affecting the antioxidant defences during H/R (Li & 

Jackson, 2002). The integration of this stress factor, which can easily occur during early 

development, aimed to deeper evaluate the BPA’s toxicity on early developing cardiomyocytes. 
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4.6 Effects of Bisphenol A upon hypoxia-reoxygenation challenge  

After 21 days of BPA treatment, the hiPSC-CMs were subjected to a hypoxia/reoxygenation (H/R) 

challenge. The hiPSC-CMs were first exposed to 8 hours of hypoxia, followed by 15 hours of 

reoxygenation (Figure 21A).  

 

Figure 21. Hypoxia and reoxygenation (H/R) induction on hiPSC-CMs treated with BPA. (A) 

Schematic overview of H/R experiment. Apoptotic events were measured with caspase 3/7 dye during 
normoxia (B) and (C) H/R induction. Data were normalized to the baseline (0h) value. Results show 

independent experiments (n = 3); error bars represent ±SEM. Two-way ANOVA with Dunnett’s post-hoc 

test was used for comparisons between untreated control (vehicle) and the three BPA concentrations 
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(adjusted p-value *< 0.05, **< 0.01, ***< 0.001, ****< 0.0001.). H/R, hypoxia and reoxygenation; GMI, 

Green Mean Intensity; RMI, Red Mean Intensity; MEM NEAA, Minimum Essential Medium Non-

Essential Amino Acids. 

 

The standard culture conditions are referred to as “normoxia”. During the reoxygenation time, 

Caspase 3/7 Green probe was used to detect apoptotic events over time. A significant increase of 

cellular death was observed in hiPSC-CMs subjected to the sequential periods of H/R, compared 

to hiPSC-CMs in normoxia (Figure 21B, C). Regardless of the BPA treatment, the caspase activity 

in normoxia exhibited an overall increase of 1.9 times compared to the starting point (0h). By 

contrast, the hiPSC-CMs exposed to H/R showed a remarkable increase of apoptosis, with an 

overall elevation of 4.8 times by the end of the period (Figure 21B, C). In normoxia, we claimed 

a lower caspase activity in hiPSC-CMs treated with BPA compared to the untreated control (p < 

0.05* in 1 µM). On the other hand, the apoptosis trend was reversed after H/R induction, with 

higher caspase activity in BPA-treated groups than in the vehicle control, especially in the hiPSC-

CMs treated with two highest concentrations (0.1 µM, p < 0.01**; 1 µM, p < 0.05* by the end of 

the reoxygenation period). In standard conditions, and regardless of the BPA treatment, the 

mitochondrial activity remained stable (Figure 22A). However, the overall effect of the H/R 

induction was a 25% reduction in the mitochondrial fluorescent signal across all groups (Figure 

22B). After H/R, the mitochondrial activity decreased mildly in 0.1 μM BPA (p < 0.05*), 

compared to the vehicle control (Figure 22B). 

 

Figure 22. Mitochondrial activity in normoxia and hypoxia/reoxygenation (H/R). Mitochondrial 

activity was measured with MitoTracker™ Deep Red dye at the end of the considered period (15 h) after 

(A) normoxia and (B) H/R induction. Qualitative immunofluorescence pictures of MitoTracker™ Deep 
Red are displayed for (A) and (B), scale bar 200 μm. Results show independent experiments (n = 3); error 

bars represent ±SEM. Two-way ANOVA with Dunnett’s post-hoc test was used for comparisons between 

untreated control (vehicle) and the three BPA concentrations (adjusted p-value *< 0.05, **< 0.01, ***< 
0.001, ****< 0.0001.). H/R, hypoxia and reoxygenation; GMI, Green Mean Intensity; RMI, Red Mean 

Intensity.  
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5 NEW SCIENTIFIC RESULTS 

 

In this research, the effects of a repeated-dose BPA exposure during the cardiomyocyte 

differentiation were investigated. Firstly, a 2D in vitro differentiation system to obtain 

cardiomyocytes from hiPSCs was established and characterised to provide a suitable model for the 

early stages of cardiac development. The model was suitable for cardiotoxicity investigations, 

providing reproducible dose-response effects from different DOHaD-related compounds, BPA 

included. Subsequently, functional, and molecular investigations were performed to identify the 

effects of environmentally relevant concentrations of BPA on hiPSC-CMs, and the potential 

implications with cardiovascular diseases. The research allowed the use of hiPSC-CMs to provide 

the following new scientific findings: 

1. For the first time, I have provided a human in vitro model to investigate the effect of 21-

day repeated-dose exposure to BPA. Of note, the BPA treatment was performed from the 

hiPSC stage to hiPSC-CMs, offering a new perspective of the BPA toxicity at the earliest 

stage of cardiomyocyte development. 

2. I have presented data showing a significant change in functional features of hiPSC-CMs 

treated with BPA, such as the decreased contraction frequency and beating velocity, and 

the increased contraction and relaxation time, demonstrating that low doses of BPA 

significantly affect the function of hiPSC-CMs.  

3. I have performed, for the first time, a proteomics-based analysis on hiPSC-CM treated with 

BPA for 21 days, and, together with network analysis, identified links between BPA-

perturbed proteins and several cardiovascular alterations. Of note, the accumulation of BM 

components (COL4A2, COL4A1, LAMC1, NID2), TNNC1, and SERBP1 are potentially 

associated with the altered cellular functionality observed, and CVDs, such as heart failure 

and cardiomyopathies. 

4. Finally, I have provided evidence that BPA potentially renders the hiPSC-CMs more 

vulnerable to additional challenges, such as the hypoxia-reoxygenation insult. 
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6 DISCUSSION 

 

In the present study, we used a human-induced pluripotent stem cell-derived model to investigate 

the effects of repeated and low-dose BPA exposure on early developing cardiomyocytes. The 

hiPSC-derived cellular model used in the study consisted of human cardiomyocytes, which 

provide a well-established and suitable in vitro modelling system for studying cardiac toxicity 

mechanisms (Narkar et al., 2022). In line with the DOHaD field, we presented novel data which 

contribute to the current investigation of early biomarkers of cardiovascular alterations that can 

arise due to early-life chemical exposure.  

Most of the currently available data on BPA toxicity originates from research done using animal 

models. While the resulting knowledge is extremely valuable and paved the way for further 

investigation in the field, our work with hiPSC-derived cardiomyocytes represents a valuable 

contribution, extending the work on animal models to the human cellular system. Since several 

stress conditions can alter the cardiovascular system and predispose to CVDs, progress has been 

made during the past decade in developing NAMs for cardiotoxicity to draw attention on the 

unique aspects of environmental toxicity assessment (Daley, 2022). Current advances in hiPSC-

CM-based approaches showed the relevance of in vitro NAMs for accurately capturing impacts on 

human cardiovascular health. Therefore, as well as a paucity of data regarding BPA’s toxicity on 

the developing human heart, in this work hiPSC-CMs were used to contribute to the current 

urgency of BPA’s regulatory safety assessment, albeit the decision-making about a safe daily 

amount of BPA is rather complex due to the unique toxicity effects of this chemical and the varied 

nature of experimental conditions used for investigation (EFSA CEF Panel, 2015; EFSA CEP 

Panel, 2023; Heindel et al., 2020; Vandenberg et al., 2019; Vom Saal & Vandenberg, 2021).  

Firstly, the pluripotency of the hiPSC line was determined before they were induced towards the 

cardiac lineage. To confirm whether the cells were fully reprogrammed, a spontaneous 

differentiation assay was performed to confirm their ability to generate EBs in culture and express 

markers of the three germ layers (Liu & Zheng, 2019). Therefore, following the cardiomyocyte 

differentiation, deep characterization of hiPSC-CMs was assessed to confirm the differentiation 

towards the cardiac lineage. The process involves the formation of endodermal and mesodermal 

cellular populations, leading cardiovascular progenitors into cardiomyocytes and other progenies 

(i.e., endothelial, fibroblast and smooth muscle cells) (Burridge et al., 2012). We obtained ~80% 

cTnT+ hiPSC-CMs, and, consistently with the gene expression profiles from other differentiation 

strategies (Lian et al., 2012, 2013; Lin & Zou, 2020), and with embryonic development, we 

obtained cells expressing key cardiac genes, closely resembling the embryonic day 9.5 in vivo 
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(Morita & Tohyama, 2020; Paige et al., 2015; Shimoji et al., 2010). Together with the distinctive 

contraction ability of hiPSC-CMs, the robust generation of cardiomyocytes was confirmed by LC–

MS/MS analysis, which indicated a net increase of well-known cardiomyocyte markers (Figure 

11). Since the goal of this study was to investigate the toxicity of BPA during the early stages of 

cardiac differentiation, the foetal phenotype of hiPSC-CMs represents an important aspect of this 

research. Compared to postnatal and adult cardiomyocytes, foetal cardiomyocytes exhibit a 

smaller size and disorganised structures (Karbassi et al., 2020), as observed for the generated 

hiPSC-CMs using immunocytochemistry. Additionally, our hiPSC-CM cultures showed genes 

predominantly expressed in the sarcomeres of the foetal heart and in early neonatal life (e.g., 

TNNI1, MYL2 and MYH6), conforming to the early-stage phenotype observed in other studies 

(Emanuelli et al., 2022; Ulmer & Eschenhagen, 2020).  

Thereafter, we aimed to validate our cellular cultures as a NAM to study chemical exposures in 

vitro. The hiPSC-CMs have been widely used as models for investigating the effects of various 

chemicals. In this regard, our generated cells provided a robust and reproducible model to validate 

the cytotoxicity of well-known compounds (Figure 12). Doxorubicin is an anticancer agent which 

causes cardiotoxicity in many patients, and for this reason represents a well-established cardiotoxic 

standard in vitro (Zhao & Zhang, 2017). Acrylamide forms from food, particularly when cooked 

at high temperatures (Mottram et al., 2002), and menadione is commonly used as a nutritional 

supplement in animal feed (Prasad et al., 2018). All these compounds have been demonstrated to 

generate ROS, which can cause deleterious effects in many cell types, including cardiomyocytes 

(Asensio-López et al., 2017; Huang et al., 2018; Loor et al., 2010; Yang et al., 2021). Our results 

demonstrated that 24-hour treatment with doxorubicin and menadione induced a dose-dependent 

ROS production in hiPSC-CMs cultures, even at concentrations lower than the EC50 (Figure 13A, 

B). An upward trend of ROS production was observed even after acrylamide treatment, although 

this compound was significantly less cytotoxic after 24 hours, compared to doxorubicin and 

menadione (Figure 13C). Altogether, these results demonstrated that our model facilitated the 

generation of repeatable dose-response effects with well-known compounds and DOHaD-related, 

thus suitable for further in vitro cardiotoxicity assessments. 

Therefore, to investigate the effects of environmentally relevant concentrations of BPA on human 

foetal cardiomyocytes, firstly a short treatment (24- and 72-hour) was performed to evaluate the 

acute toxicity of the chemical using a wider concentration range on differentiated cardiomyocytes. 

There was no relevant impact on the cellular viability, except for the supraphysiological dosage 

(100 µM) after 24- and 72-hour treatment. Low concentrations of interest (0.01 µM, 0.1 µM, 1 

µM) did not elicit severe cytotoxicity, also after 72 hours of exposure (Figure 14). Later, a chronic 
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exposure scenario was mimicked, during which the cells were treated every second day of the 

differentiation process.  

Firstly, the BPA’s effect was investigated during the main time points of cardiomyocyte 

differentiation. Studies conducted in vivo revealed that intrauterine exposure to BPA impacts heart 

development, for example, compromising cardiomyocyte differentiation, the cardiac looping 

process, as well as the overall morphology and function of the heart (Chapalamadugu et al., 2014; 

Lombó et al., 2015, 2019; Rasdi et al., 2020). Knowing that changes in the number of 

cardiomyocytes are critical for the heart’s functionality later in life (Corstius et al., 2005; Li et al., 

1996), we hypothesized that BPA could affect the proportion of generated cardiomyocytes. The 

percentage of hiPSC-CMs (cTnT+) differentiated during the process was not altered by low-dose 

exposure to BPA, and the cellular viability remained unchanged upon the treatment (Figure 15B, 

C), suggesting that the chosen concentrations of BPA do not influence the proportion of 

cardiomyocytes. Likewise, the proliferation (percentage of Ki67-positive cells) and proportion of 

double-strand DNA breaks (percentage of γH2AX-positive cells) were not affected upon BPA 

treatment, meaning that low doses of BPA might not exert genotoxic effects on cardiomyocyte 

differentiation, in contrast to observations obtained from rat embryonic cardiomyoblasts (Escarda-

Castro et al., 2021) and other cell types, such as hepatic cells (Eid et al., 2015), spermatozoa 

(Chianese et al., 2018; Liu et al., 2013) and human peripheral blood mononuclear cells (Di Pietro 

et al., 2020). 

Although low doses of BPA did not elicit severe alterations of crucial differentiation features (i.e., 

quantity of cardiomyocytes generated, proliferation, and viability), we observed significant 

changes in the functionality of the hiPSC-CMs after 21-day treatment with BPA. Whereas mature 

atrial and ventricular cardiomyocytes display low automaticity, immature cardiomyocytes, and 

pluripotent stem cell-derived cardiomyocytes exhibit spontaneous beating activity, which is used 

to study alterations of cardiac health and excitability (Guo & Pu, 2020; Satin et al., 2004). In this 

work, BPA treatment significantly decreased the beat rate of hiPSC-CMs, and longer contraction 

and relaxation times were observed. These results suggest that repeated treatment with BPA elicits 

a chronotropic effect, as observed in neonatal rat cardiomyocytes (Ramadan et al., 2018), rat atrial 

preparations (Pant et al., 2011) and excised whole hearts from rats (Posnack et al., 2014), although 

after acute BPA exposure. Notably, observing the proteome profile of hiPSC-CMs treated with 

BPA, a higher abundance of TNNC1 was revealed (Figure 18D, Supplementary table 5-7). This 

is a key regulatory protein which binds calcium ions to initiate muscle contraction (Li & Hwang, 

2015). Several studies reported that BPA has a negative impact on ion channel activity and calcium 

handling, either in cardiac cells and other cell types including neurons, pancreatic β-cells, and renal 
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tubular cells (Kuo et al., 2011; Tanabe et al., 2006; Villar-Pazos et al., 2017; Wang et al., 2019; 

Yan et al., 2011). In hiPSC-CMs, it has been demonstrated that acute BPA exposure at micromolar 

levels inhibits the L-type Ca2+ channels, which regulate the excitation-contraction coupling (Eisner 

et al., 2017; Hyun et al., 2021; Prudencio et al., 2021). Similarly, the chemical promoted the 

alteration of the Ca2+ release/reuptake kinetics of the sarcoplasmic reticulum in adult myocytes 

(Liang et al., 2014). These alterations may have an impact on the activation and deactivation rates 

of the myofilaments, which are mainly, but not exclusively, caused by altered Ca2+ binding and 

unbinding to TNNC1 (Chung et al., 2016). This provides a potential explanation for the higher 

levels of TNNC1 protein observed in hiPSC-CMs treated with BPA. Interestingly, we did not 

observe an arrhythmic beating profile, possibly related to the XY-karyotyped hiPSC-CMs used in 

this work. For instance, in the work of Cheng et al., XX-karyotyped hESC-CMs displayed a higher 

susceptibility to low doses of BPA upon 3-day exposure, rather than XY-karyotyped cells (Cheng 

et al., 2020). Electrophysiological perturbations can be related to BPA’s ability to target and 

activate ERs, leading to sex-specific alterations (Belcher et al., 2015; Raja et al., 2020; Xu et al., 

2013; Zou et al., 2022). For example, BPA induced proarrhythmic effects in the female rodent and 

canine heart (Ma, et al., 2023; Yan et al., 2011), while in the male heart, the different sensitivity 

of myocytes to ERs resulted in unobservable responses (Belcher et al., 2012). Further studies 

would be relevant to investigate if XX-karyotyped hiPSC-CMs might exhibit different readouts. 

Next, the proteomics analysis allowed us to identify additional molecular alterations induced by 

BPA. A higher number of altered proteins was observed for hiPSC-CMs treated with the two 

lowest BPA concentrations (0.01 μM and 0.1 μM). This result can be explained by the non-

monotonic property of BPA (and other EDCs), which poses additional challenges when trying to 

agree on the effects of BPA exposure on cardiac development (Hill et al., 2018; Vandenberg et al., 

2019). Nevertheless, an increased level of the BM components (COL4A1, COL4A2, LAMC1, 

NID2) was revealed in hiPSC-CMs treated with BPA in all three concentrations (Figure 18D). 

Notably, a higher number of ECM proteins was detected in the 1 μM BPA-treated group, in which 

LAMB1, LAMA1 and HSPG2 were significantly upregulated (Supplementary table 7). The BM 

has a wide range of biological functions, among which it provides structural and mechanical 

support to tissues (Boland et al., 2021). A pathological remodelling and deposition of the BM have 

been related to structural anomalies, such as fibrosis, either in the myocardium of animal models 

(Bahey et al., 2019; García-Arévalo et al., 2021; Rasdi et al., 2020) and in humans (Díez et al., 

2002; Disertori et al., 2017; Heymans et al., 2005; Hinderer & Schenke-Layland, 2019). An 

excessive fibrosis can lead to detrimental effects on myocardial function, for example, anomalies 

in the contraction activity (Münch & Abdelilah-Seyfried, 2021). In this study, a clear slow-down 
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of the contraction frequency was observed after BPA treatment. Interestingly, a mild, although not 

significant, decrease in the contraction force (peak height) was recognized in hiPSC-CMs treated 

with BPA (Figure 16B). Moreover, the contraction displacement, and the beating velocity, 

representing vector features of the cellular movement, showed that both the speed and the range 

of cellular elongation-shortening were affected by BPA treatment (Figure 16C, Figure 17). In 

this context, a rigid environment can explain the increase of the contraction force and restrain the 

cell shortening distance, as observed in hESC-CMs (Ribeiro et al., 2020). At the same time, the 

stiff environment perturbs the beating frequency, demonstrated on avian cardiomyocytes (Engler 

et al., 2008), or on murine iPSC-CMs, which had an irregular beating profile on stiff hydrogels 

(Heras-Bautista et al., 2019). To counteract the stiffness of the niche, one of the possible adaptive 

responses of cardiomyocytes might be the increased production of contractile sarcomere proteins 

(Grossman & Paulus, 2013). This would explain the proteome profile of hiPSC-CMs treated with 

BPA, showing the upregulation of proteins related to muscle contraction, such as TNNC1 in all 

BPA concentrations and MYH7 in 0.01 µM- and 0.1 µM-treated groups (Figure 18D, 

Supplementary table 5-7). Additionally, higher rigidity of the cardiomyocyte niche has been 

linked to changes in the regulation of translational processes and protein synthesis (Simpson et al., 

2020; Wu et al., 2020). In this study, proteins related to translational regulation were consistently 

changed in abundance in hiPSC-CMs after BPA treatment (Figure 18D, Supplementary table 5-

7). We noticed the up- and down-regulation of the 60S and 40S ribosomal subunit components 

(e.g., RPL15, RPL6, RPS9, RPS5) in at least two BPA concentrations. In all BPA-treated groups, 

we observed the upregulation of SERBP1, which has been correlated with the translational 

inactivation of the 80S ribosomes in mammals, together with eEF2 (Brown et al., 2018). These 

results suggest that the ability to modulate global translation is required to maintain cardiomyocyte 

function and survival under cellular stress (Simpson et al., 2020).  

Next, we explored the molecular interconnection between the genes involved in the ECM (BPA-

upregulated core) and both TNNC1 and SERBP1. We obtained a unified network of 24 proteins, 

that were demonstrated to be modulated by BPA in at least one condition (Figure 20C). While 

examining the altered genetic pathways involved in CVDs, we have identified hub genes which, 

upon interaction with BPA-perturbed genes, could have different roles in heart pathologies 

(Figure 20E). For instance, ESR2, together with ESR1, is triggered by cardiac damage, mostly 

leading to ECM remodelling linked to pathological hypertrophy and heart failure in zebrafish and 

mouse models (McLellan et al., 2020; Xu et al., 2020). Conversely, other works demonstrated the 

interaction between ERs and ECM supporting the anti-fibrotic effect of ESR2 activation in female 

mice (Iorga et al., 2017; Pedram et al., 2016). Furthermore, we have identified connecting genes 

that are specifically associated with individual cardiovascular conditions. In this regard, EGFR 
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interaction with COL1A2 could potentially lead to localized changes in the ECM and, 

consequentially, blood pressure (Tian et al., 2016; Zheng et al., 2021).  

Lastly, we examined the outcomes raised after BPA treatment exposing the hiPSC-CMs to a 

hypoxia-reoxygenation insult. Studies have investigated the pleiotropic effects of BPA in 

conjunction with other stressors such as hypoxia-reoxygenation (Cypher et al., 2015, 2018; 

Sonavane & Gassman, 2019). However, mixture exposures are difficult to perform and interpret 

since they are an additional confounding factor in understanding BPA impact. In normoxia, the 

caspase 3/7 activity was not remarkably affected in hiPSC-CMs treated with BPA, suggesting that 

the tested concentrations might not trigger substantial oxidative stress and cellular death, in line 

with the results of cellular viability (Figure 15B, Figure 21B). Conversely, over the hypoxic 

stress, the caspase 3/7 activity increased in hiPSC-CMs treated with BPA, alluding to an alteration 

of the cellular response (Figure 21C). One possible explanation could be the altered deposition of 

BM components in hiPSC-CMs treated with BPA. Perturbations in the BM network may deprive 

cardiomyocytes of crucial molecular signals that promote cardiomyocyte survival and function 

(Heras-Bautista et al., 2019; Sekiguchi & Yamada, 2018). For example, followed by stress stimuli, 

ECM remodelling and degradation can release latent growth factors and cytokines, and/or generate 

matrikines, through the proteolytic function of matrix metalloproteinases (Frangogiannis, 2019), 

with pro-apoptotic function, contributing to the cardiac cells’ dysfunction (Chute et al., 2019; 

Frangogiannis, 2017; Mutgan et al., 2020). Otherwise, the toxicity of BPA has been previously 

linked to the destabilization of antioxidant defences in vitro, mainly through HIF-1α degradation 

(Kubo et al., 2004). Indeed, studies on zebrafish indicated that early cardiovascular development 

may be more susceptible to hypoxia under BPA exposure (Cypher et al., 2015, 2018). The analysis 

of the unified BPA-core disease network revealed a group of genes (e.g., JUN, TPM1, APOE, 

SOD2, MMP9, EGFR, SOD1) that may play a role in the ROS response, linking the BPA 

molecular signature to several CVDs, such as transient ischemic events (Kibel et al., 2020) and the 

acute coronary syndrome (Sugamura & Keaney, 2011). These conditions are also associated with 

the ECM remodelling, and the response to ROS (data not shown). Furthermore, a known response 

to hypoxia is the reduction of mitochondrial mass by mitophagy (Fuhrmann et al., 2013), in line 

with the decreased MitoTracker™ signal observed after H/R compared to normoxia, regardless of 

the BPA treatment (Figure 22). However, the MitoTracker™ and caspase 3/7 signals did not show 

a remarkable correlation in the time point analysed, although we observed lower mitochondrial 

activity in the 0.1 µM-treated group. This result could explain the higher levels of caspase 3/7 

signal in the 0.1 µM compared to the other two BPA-treated groups, suggesting initiation of the 

apoptotic process through the mitochondria destabilization. Nevertheless, further investigations 
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are necessary to investigate the apoptotic pathway involved. A good avenue for future experiments 

could be the examination of the matrikines production (e.g., arresten, canstatin), and the Fas 

ligand-mediated apoptosis, a known target for BM matrikines (Panka & Mier, 2003; Verma et al., 

2013). Since arresten and canstatin induce caspase-9 dependent mitochondrial apoptosis, 

quantification of this enzyme and cytochrome c release can elucidate the mechanism underlying 

the apoptotic events involved. 

Despite the results obtained, which add a valuable contribution to the current information 

regarding the toxicity of BPA, the model used in this study does not lack limitations. Firstly, the 

use of one cell line limits the evaluation of BPA effects in a wider spectrum, and further studies 

will be needed to validate and expand our findings using other cell line models. Nevertheless, in 

the present study, an in-depth and comprehensive characterization of our cellular model was 

performed, and a deep investigation into the effects of BPA was addressed, obtaining results 

supported by previous studies and observed in human studies, animal models and in vitro 

investigations, thus making our data reliable. Secondly, stress exposure in vitro, for practical 

reasons, is different from the in vivo stress exposures, occurring over a longer period and in 

variable doses. Even if hiPSCs can be an effective model to reduce the use of experimental 

animals, which is costly and time-consuming, and involves numerous ethical issues, using hiPSCs 

instead of animals is still a controversial issue because it is difficult to predict the in vivo results 

with only in vitro data. For this reason, developing a more sophisticated in vitro model system, 

with longer differentiation time, might help to overcome the current limitations. Nevertheless, 

comparing the exposure effects in variable specific time points of the in vitro cardiac 

differentiation, and extrapolating to in vivo development, might allow to generate data comparable 

to the stress exposures occurring in vivo. Moreover, even if the features of hiPSC-CMs are 

improving due to numerous protocol developments, differentiation methods still need further 

improvement to reach the desired degree of maturity. Indeed, this represents a major difficulty to 

recapitulate the adult phenotype and, therefore, an adult disease modelling observed in vivo. On 

the other hand, the use of hiPSC from the pluripotency stage represents a unique opportunity to 

evaluate the disease progression from early stages of development to the adult tissue and to 

understand late-onset changes, as well.  

In conclusion, we investigated, for the first time, the effects of a repeated-dose exposure with BPA 

for 21 days on early developing cardiomyocytes using an in vitro human-relevant iPSC-derived 

model, as a NAM for cardiotoxicity testing (Parish et al., 2020; Stucki et al., 2022; Zink et al., 

2020). The results showed a significant reduction of the contraction frequency and beating 

velocity, as well as an increase of the contraction and relaxation times, concluding that BPA clearly 
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affects the function of hiPSC-CMs. The presence of a mixed cellular environment allowed us to 

show BPA’s effects on the hiPSC-CMs niche, relevant for cardiomyogenesis and cardiomyocyte 

functionality (Fountoulaki et al., 2015). The proteome changes in hiPSC-CMs treated with BPA 

revealed the accumulation of BM components, which is considered an additional factor of hiPSC-

CMs functional alteration also later in the development, contributing to CVDs, such as heart failure 

and cardiomyopathies (Larson et al., 2022; Silva et al., 2021). Moreover, BPA potentially renders 

the hiPSC-CMs more vulnerable to additional challenges, such as the hypoxia-reoxygenation 

insult. Indeed, we observed that hiPSC-CMs treated with BPA were more prone to apoptotic 

events, suggesting that their functional decline might be even more extended. In line with the 

DOHaD field, the above results add valuable insights to the current investigation of early 

biomarkers of cardiovascular alterations that can arise due to early-life chemical exposure.  
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7 SUMMARY 

 

The hypothesis known as DOHaD asserts that, during early embryonic development, the foetus 

can be predisposed to stress conditions leading to the onset of NCDs after birth and/or later in life. 

Among these stressors, chemicals can negatively affect the embryo and organ development. 

Increasing evidence supports the requirement of NAMs that can generate human-relevant 

platforms for drug testing and in vitro toxicology models to study the effects of environmentally 

realistic doses of chemicals on foetal development. The goal of the present study was to investigate 

the BPA’s toxicity over the early stages of cardiomyocyte development. BPA is a synthetic 

chemical widely used in plastics manufacturing, and it has been associated with heart 

developmental defects, even in low concentrations. The extent of BPA toxicity on human foetal 

heart development is still largely unexplored, and the information mostly comes from animal 

models, which include inter-species physiological differences with humans as a major limitation. 

Therefore, we have used hiPSCs to generate human foetal-like cardiomyocytes in vitro to provide 

a model relevant for toxicological applications, and to assess the effects of BPA in low doses on 

cardiac differentiation, resembling the main steps of embryonic heart development. Our 

experimental set-up mimics a chronic exposure scenario, showing that BPA significantly alters the 

functionality and cellular environment of hiPSC-CMs. The chemical significantly decreased the 

beat rate of hiPSC-CMs, extending the contraction and relaxation times in a dose-dependent 

manner. In hiPSC-CMs treated with BPA, quantitative proteomics analysis revealed a high 

abundance of BM components (e.g., COL4A1, COL4A2, LAMC1, NID2) and a significant 

increase in TNNC1 and SERBP1 proteins, suggesting that contractility alterations might result 

from increased ECM deposition. Network analysis of proteomics data supported altered ECM 

remodelling and provided a disease-gene association with well-known pathological conditions of 

the heart. Furthermore, upon the hypoxia-reoxygenation challenge, hiPSC-CMs treated with BPA 

showed a higher rate of apoptotic events. Network analysis revealed a group of genes (e.g., JUN, 

TPM1, APOE, SOD2, MMP9, EGFR, SOD1) that play a role in the ROS response and the ECM 

remodelling, supporting the observed results. Our work on hiPSC-CMs presents a valuable 

contribution to the DOHaD field, providing new insights about diseases that might arise upon 

early-life chemical exposure. The results of our study contribute to the current understanding of 

BPA effects on foetal cardiomyocytes, in correlation with human clinical observations and animal 

studies, and provide a suitable model for environmental chemical hazard and risk assessment. 
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10 APPENDICES 

 

Supplementary Table 1. Primary antibodies used in this work for immunocytochemistry 

(ICC) analysis. 

Target  Host Catalogue number and vendor 
Working 

dilution 

OCT3/4 Mouse sc-5279 (Santa Cruz Biotechnology) 1:50 

NANOG Rabbit sc-33760 (Santa Cruz Biotechnology) 1:1000 

TRA1-81 Mouse sc-21706 (Santa Cruz Biotechnology) 1:500 

BRACHUYRY Rabbit sc-20109 (Santa Cruz Biotechnology) 1:50 

TUBB3 Rabbit 802001 (Biolegend) 1:1000 

NESTIN Mouse MAB5326 (Sigma-Aldrich) 1:1000 

GATA4 Mouse sc-25310 (Santa Cruz Biotechnology) 1:50 

Cardiac TNT Mouse ab33589 (Abcam) 1:200 

NKX2.5 Rabbit PA5-49431 (Thermo Fisher Scientific) 1:100 

MLC2a Mouse 311011 (Synaptic Systems) 1:400 

MLC2v Rabbit 109061AP (ProteinTech) 1:200 

 

 

Supplementary Table 2. Secondary antibodies used in this work for immunocytochemistry 

(ICC) analysis. 

Antibody Catalogue number 
Working 

dilution 

*AF® 488 donkey anti-mouse A21202 1:1000 

*AF® 594 donkey anti-rabbit A21207 1:1000 

  

*AF® = Alexa Fluor®; all Alexa Fluor® antibodies were purchased from Thermo Fisher 

Scientific 

 

Supplementary Table 3. Primers used in this work for RT-qPCR analysis  

Gene Forward sequence Reverse sequence 

*GAPDH  CTCTCTGCTCCTCCTGTTCGAC TGAGCGATGTGGCTCGGCT 

OCT3/4 AAAGCGAACCAGTATCGAGAAC GCCGGTTACAGAACCACACT 

TBXT TGAGCCTCGAATCCACATAGTG GCTGTGATCTCCTCGTTCTGAT 

HAND1 CAGCTACATCGCCTACCTGAT CGGTGCGTCCTTTAATCCTCTT 
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GATA4 AATCTAAGACACCAGCAGCTCC GTAGTGAGATGACAGGCCAGG 

NKX2.5 CCTTCTATCCACGTGCCTACAG TTTCGGCTCTAGGGTCCTTGG 

TNNT2 AAGAAGAGGAAGCAAAGGAGGC AAAGTCCACTCTCTCTCCATCG 

TNNI3 GGTGGATGAAGAGAGATACGACA CCGCTTAAACTTGCCTCGAAG 

TNNI1 CCAAGGCCAAGGAATGCTG AATGTCGTATCGCTCCTCATCC 

MYH6 CCAACGCTCCCTCAATGATTTC CCAACTCTCCATTCTCGGTCTG 

MYH7 TTCTGTCAACGACCTCACCAG GATCAGTGCCTCCTTCTCATCC 

MYL2 GAGAAACTTAAGGGAGCGGACC TTCCCGAACGTAATCAGCCTTC 

MYL7 TCAACTTCACCGTCTTCCTCAC AGCTGCTTGAACTCATCCTTGT 

 

* GAPDH represents the housekeeping gene 

 

Supplementary Table 4. Conjugated antibodies used in this work for flow cytometry 

analysis. 

Antibody Conjugated dye 
Catalogue number and 

vendor 

Working 

dilution 

OCT3/4 PE 130-120-310 (Miltenyi Biotec) 1:50 

NANOG APC 130-120-704 (Miltenyi Biotec) 1:50 

Cardiac TNT FITC 130-119-575 (Miltenyi Biotec) 1:100 

MLC2a FITC 130-106-141 (Miltenyi Biotec) 1:10 

MLC2v PE 130-119-581 (Miltenyi Biotec) 1:50 

Ki-67 PE 556027 (BD Bioscience)  1:500 

Phospho-Histone H2AX 

(γH2AX) 
PE 12-9865-42 (Invitrogen) 1:20 

 

Supplementary Table 5. Results of MS-EmpiRe-based quantitative proteomics of 0.01uM 

BPA D21 (D21L) vs D21. Only proteins showing significant differences in abundance 

between D21L and D21 (FDR < 0.05, fold-change > 1.3) are listed. False-discovery rate 

(FDR) was controlled using Benjamini-Hochberg (BH) method.  

Genes 
log2 fold change  

(D21L vs D21) 

p-value adjusted 

(BH) 
Differentially abundant 

COL1A2 2,59 2,72E-07 upregulated_in_Myoc_D21_L 

COL4A1 1,67 1,24E-06 upregulated_in_Myoc_D21_L 

MYOF 1,44 9,79E-07 upregulated_in_Myoc_D21_L 

TNNC1 1,26 1,94E-08 upregulated_in_Myoc_D21_L 

VTN 1,20 4,87E-08 upregulated_in_Myoc_D21_L 

NID2 1,19 6,45E-06 upregulated_in_Myoc_D21_L 

SEC61A1;SEC61A2 1,06 5,36E-05 upregulated_in_Myoc_D21_L 

COL4A2 1,04 0,00137599 upregulated_in_Myoc_D21_L 
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CSTB 0,96 0,033434743 upregulated_in_Myoc_D21_L 

MOGS 0,91 0,031413924 upregulated_in_Myoc_D21_L 

SLC2A3 0,90 3,98E-07 upregulated_in_Myoc_D21_L 

TNPO2 0,83 0,042802454 upregulated_in_Myoc_D21_L 

PSMD8 0,79 0,002776157 upregulated_in_Myoc_D21_L 

MGST3 0,72 0,0034741 upregulated_in_Myoc_D21_L 

SURF4 0,67 5,56E-05 upregulated_in_Myoc_D21_L 

ARF4 0,64 0,000110401 upregulated_in_Myoc_D21_L 

SERBP1 0,63 1,06E-08 upregulated_in_Myoc_D21_L 

SLC25A1 0,62 0,006401702 upregulated_in_Myoc_D21_L 

RPS9 0,60 3,95E-11 upregulated_in_Myoc_D21_L 

MYH7 0,60 0 upregulated_in_Myoc_D21_L 

DBI 0,57 0,002506063 upregulated_in_Myoc_D21_L 

RPL15 0,57 0,002160952 upregulated_in_Myoc_D21_L 

GPS1 0,56 0,023830253 upregulated_in_Myoc_D21_L 

SNRPD1 0,56 0,029208816 upregulated_in_Myoc_D21_L 

HMGA1 0,56 0,019962068 upregulated_in_Myoc_D21_L 

MYO6 0,55 0,019539395 upregulated_in_Myoc_D21_L 

DHCR7 0,55 0,023346085 upregulated_in_Myoc_D21_L 

APMAP 0,55 0,019539395 upregulated_in_Myoc_D21_L 

RPN2 0,54 7,34E-06 upregulated_in_Myoc_D21_L 

TOP1 0,52 0,009262964 upregulated_in_Myoc_D21_L 

TMED4 0,52 0,028821604 upregulated_in_Myoc_D21_L 

FAM162A 0,52 0,000491877 upregulated_in_Myoc_D21_L 

MLEC 0,51 0,007999061 upregulated_in_Myoc_D21_L 

STT3A 0,50 0,001858359 upregulated_in_Myoc_D21_L 

MAGED2 0,50 0,002711836 upregulated_in_Myoc_D21_L 

RPS16 0,50 9,79E-07 upregulated_in_Myoc_D21_L 

FEN1 0,49 0,029208816 upregulated_in_Myoc_D21_L 

CANX 0,49 3,98E-07 upregulated_in_Myoc_D21_L 

TNNI1 0,48 0,000323899 upregulated_in_Myoc_D21_L 

SLC16A3 0,47 0,002711836 upregulated_in_Myoc_D21_L 

GLUD1 0,47 3,98E-07 upregulated_in_Myoc_D21_L 

HIST1H4A 0,47 1,28E-06 upregulated_in_Myoc_D21_L 

TF 0,46 0,000219024 upregulated_in_Myoc_D21_L 

PCK2 0,46 0,037617732 upregulated_in_Myoc_D21_L 

NDUFAB1 0,46 0,007999061 upregulated_in_Myoc_D21_L 

ARF1;ARF3 0,44 1,26E-05 upregulated_in_Myoc_D21_L 

PRKDC 0,44 0 upregulated_in_Myoc_D21_L 

RPL24 0,44 0,031413924 upregulated_in_Myoc_D21_L 

EIF4A2 0,43 0,011174573 upregulated_in_Myoc_D21_L 

ATP1B1 0,42 0,004325646 upregulated_in_Myoc_D21_L 

SLC25A4 0,40 0,017905677 upregulated_in_Myoc_D21_L 

RPL6 0,40 0,000499373 upregulated_in_Myoc_D21_L 

TPM3 0,39 0,023377823 upregulated_in_Myoc_D21_L 

RPL22 0,39 0,014939029 upregulated_in_Myoc_D21_L 

PGRMC2 0,39 0,019539395 upregulated_in_Myoc_D21_L 

LAMC1 0,39 0,000686657 upregulated_in_Myoc_D21_L 

RPL13A 0,38 0,03766848 upregulated_in_Myoc_D21_L 

DES -0,39 3,98E-07 downregulated_in_Myoc_D21_L 
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HIST1H1C -0,39 0,019879602 downregulated_in_Myoc_D21_L 

CIAPIN1 -0,39 0,005012432 downregulated_in_Myoc_D21_L 

SERPINB6 -0,40 0,017356428 downregulated_in_Myoc_D21_L 

ENAH -0,41 0,036384574 downregulated_in_Myoc_D21_L 

TAGLN2 -0,41 1,07E-05 downregulated_in_Myoc_D21_L 

DDT;DDTL -0,41 0,001358565 downregulated_in_Myoc_D21_L 

RPS5 -0,42 0,010326854 downregulated_in_Myoc_D21_L 

AKAP12 -0,43 0,000889287 downregulated_in_Myoc_D21_L 

TPT1 -0,47 0,000324577 downregulated_in_Myoc_D21_L 

PDLIM3 -0,50 0,00137599 downregulated_in_Myoc_D21_L 

RBM3 -0,51 0,003955695 downregulated_in_Myoc_D21_L 

CHMP4B -0,54 0,011174573 downregulated_in_Myoc_D21_L 

EPS15L1 -0,54 0,047261018 downregulated_in_Myoc_D21_L 

STAM -0,55 0,023830253 downregulated_in_Myoc_D21_L 

LRP1 -0,57 0,022937225 downregulated_in_Myoc_D21_L 

SYNE2 -0,58 0,013743955 downregulated_in_Myoc_D21_L 

NAMPT -0,58 5,30E-07 downregulated_in_Myoc_D21_L 

TMSB10 -0,74 0,011655248 downregulated_in_Myoc_D21_L 

EIF1 -0,76 0,007116014 downregulated_in_Myoc_D21_L 

CSRP1 -0,78 0,036617238 downregulated_in_Myoc_D21_L 

SUMO2 -1,33 0,000144475 downregulated_in_Myoc_D21_L 

PDLIM7 -1,94 1,74E-06 downregulated_in_Myoc_D21_L 

ATXN2L -2,37 2,65E-06 downregulated_in_Myoc_D21_L 

 

 

Supplementary Table 6. Results of MS-EmpiRe-based quantitative proteomics of 0.1uM 

BPA D21 (D21M) vs D21. Only proteins showing significant differences in abundance 

between D21M and D21 (FDR < 0.05, fold-change > 1.3) are listed. False-discovery rate 

(FDR) was controlled using Benjamini-Hochberg (BH) method.  

Genes 
log2 fold change 

(D21M vs D21) 

p-value adjusted 

(BH) 
Differentially abundant 

COL4A1 1,53 0,000116559 upregulated_in_Myoc_D21_M 

VTN 1,39 0,002271246 upregulated_in_Myoc_D21_M 

TNNC1 1,34 9,64E-06 upregulated_in_Myoc_D21_M 

MYOF 1,27 1,27E-07 upregulated_in_Myoc_D21_M 

COL4A2 1,11 3,56E-05 upregulated_in_Myoc_D21_M 

NID2 1,02 0,000453088 upregulated_in_Myoc_D21_M 

DPP4 0,74 0,045560306 upregulated_in_Myoc_D21_M 

MYH7 0,66 0 upregulated_in_Myoc_D21_M 

C1QBP 0,61 0,04821489 upregulated_in_Myoc_D21_M 

RPL15 0,56 0,001789695 upregulated_in_Myoc_D21_M 

DBI 0,53 0,022067879 upregulated_in_Myoc_D21_M 

LAMC1 0,52 5,51E-06 upregulated_in_Myoc_D21_M 

TF 0,51 0,003445996 upregulated_in_Myoc_D21_M 

CYB5A 0,46 0,04821489 upregulated_in_Myoc_D21_M 

ACAA1 0,46 0,006435002 upregulated_in_Myoc_D21_M 

RPL6 0,46 2,71E-05 upregulated_in_Myoc_D21_M 
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RPS9 0,45 2,79E-05 upregulated_in_Myoc_D21_M 

GLUD1 0,45 0,001789695 upregulated_in_Myoc_D21_M 

ANXA4 0,40 0,00052216 upregulated_in_Myoc_D21_M 

SERBP1 0,39 0,001441933 upregulated_in_Myoc_D21_M 

DDT;DDTL -0,39 0,00421023 downregulated_in_Myoc_D21_M 

GLS -0,44 0,033058456 downregulated_in_Myoc_D21_M 

COX5A -0,44 0,003098105 downregulated_in_Myoc_D21_M 

ENO2 -0,45 0,001892221 downregulated_in_Myoc_D21_M 

NAMPT -0,55 1,78E-05 downregulated_in_Myoc_D21_M 

USP9X -1,88 6,17E-06 downregulated_in_Myoc_D21_M 

 

 

Supplementary Table 7. Results of MS-EmpiRe-based quantitative proteomics of 1uM BPA 

D21 (D21H) vs D21. Only proteins showing significant differences in abundance between 

D21H and D21 (FDR < 0.05, fold-change > 1.3) are listed. False-discovery rate (FDR) was 

controlled using Benjamini-Hochberg (BH) method.  

Genes 
log2 fold change 

(D21H vs D21) 

p-value adjusted 

(BH) 
Differentially abundant 

HSPG2 2,83292 1,49E-09 upregulated_in_Myoc_D21_H 

TNNC1 1,70409 0 upregulated_in_Myoc_D21_H 

COL4A1 1,16073 0,021417575 upregulated_in_Myoc_D21_H 

NID2 1,09665 3,52E-05 upregulated_in_Myoc_D21_H 

SEC61A1;SEC61A2 0,86757 0,022784368 upregulated_in_Myoc_D21_H 

LAMA1 0,81476 0,012438524 upregulated_in_Myoc_D21_H 

LAMB1 0,79687 0,014918799 upregulated_in_Myoc_D21_H 

COL4A2 0,75809 0,013148226 upregulated_in_Myoc_D21_H 

ARF4 0,53899 0,00427456 upregulated_in_Myoc_D21_H 

LAMC1 0,48250 1,54E-05 upregulated_in_Myoc_D21_H 

SERBP1 0,39364 0,005273008 upregulated_in_Myoc_D21_H 

RPS5 -0,46974 0,002244793 downregulated_in_Myoc_D21_H 

MPI -0,51182 0,025987128 downregulated_in_Myoc_D21_H 

RPL7 -0,55775 1,86E-05 downregulated_in_Myoc_D21_H 

TJP2 -0,74990 0,020523141 downregulated_in_Myoc_D21_H 

HIST1H1C -0,82208 0,009478341 downregulated_in_Myoc_D21_H 
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Supplementary Table 8. Enrichment analysis of BPA-Unified core. The list shows terms in 

KEGG Pathway Library. Fisher's exact test and Benjamini-Hochberg threshold=0.05 

(correcting for multiple comparisons) were used. 

KEGG_2021_Human_Term p-value 

Adjusted 

p-value Combined Score 

ECM-receptor interaction 8,2E-12 3,67E-10 2582.31 

Hypertrophic cardiomyopathy 8,84E-10 1,97E-08 1645.56 

Dilated cardiomyopathy 1,31E-09 1,97E-08 1506.41 

Cardiac muscle contraction 5,52E-08 4,97E-07 1066.98 

Focal adhesion 1,11E-07 7,11E-07 541.58 

Adrenergic signaling in cardiomyocytes 8,41E-07 4,73E-06 503.47 

PI3K-Akt signaling pathway 3,03E-06 1,36E-05 238.9 

Diabetic cardiomyopathy 9,34E-05 3,50E-04 184.43 

AGE-RAGE signaling pathway in diabetic complications 2,27E-04 7,87E-04 245.59 

Relaxin signaling pathway 4,81E-04 1,35E-03 171.96 

Citrate cycle (TCA cycle) 5,88E-04 1,56E-03 481.77 

Synthesis and degradation of ketone bodies 1,19E-02 2,98E-02 427.12 

 

 

Supplementary Table 9. Genetic overlap between group of proteins of interest and diseases 

calculated by a Fisher's exact test + Benjamini Hochberg correction for multiple 

comparisons. 

Disease Name FDR 

Hypertrophic Cardiomyopathy 5.318130946626812e-05 

Cardiomyopathy, Hypertrophic, Familial 0.0001010286818400429 

Obstructive asymmetric septal hypertrophy 0.00017650428162827554 

Idiopathic hypertrophic subaortic stenosis 0.00017650428162827554 

Porencephaly, Familial 0.002884604763795208 

Developmental Porencephaly 0.002884604763795208 

Other restrictive cardiomyopathy 0.024667404626811808 

 

 

Supplementary Table 10. Enrichment analysis of BPA-Unified core with Disease Proteins 

Network. The list shows terms in KEGG Pathway Library. Fisher's exact test and 

Benjamini-Hochberg threshold=0.05 (correcting for multiple comparisons) were used. 

KEGG_2021_Human_Term p-value 

Adjusted 

p-value Combined Score 

Hypertrophic cardiomyopathy 2,76E-14 4,69E-12 1846.2 

Dilated cardiomyopathy 2,86E-12 2,43E-10 1270.03 

ECM-receptor interaction 6,52E-11 2,77E-09 1059.03 

Focal adhesion 9,20E-11 3,13E-09 569.14 

Relaxin signaling pathway 1,43E-09 4,04E-08 606.81 
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Fluid shear stress and atherosclerosis 2,58E-09 6,28E-08 543.87 

AGE-RAGE signaling pathway in diabetic complications 7,03E-09 1,49E+09 623.48 

Estrogen signaling pathway 6,27E-08 9,70E-07 393.27 

Cardiac muscle contraction 9,86E-08 1,40E-06 516.09 

PI3K-Akt signaling pathway 2,90E-07 3,79E-06 179.03 

Diabetic cardiomyopathy 9,09E-07 1,10E-05 218.07 

Adrenergic signaling in cardiomyocytes 2,47E-06 2,62E-05 231.64 

IL-17 signaling pathway 4,50E-06 4,25E-05 292.27 

Lipid and atherosclerosis 1,94E-05 1,65E-04 133.66 

Arrhythmogenic right ventricular cardiomyopathy 4,78E-05 3,69E-04 225.72 

TNF signaling pathway 2,05E-04 1,29E-03 130.0 

Chemical carcinogenesis 3,84E-04 2,25E-03 70.48 

Apoptosis 5,06E-04 2,87E-03 90.78 

GnRH signaling pathway 1,82E-03 8,38E-03 85.2 

cAMP signaling pathway 2,39E-03 1,04E-02 46.84 

Citrate cycle (TCA cycle) 2,75E-03 1,17E-02 167.76 

HIF-1 signaling pathway 2,87E-03 1,19E-02 67.1 

MAPK signaling pathway 7,12E-03 2,63E-02 27.93 

NOD-like receptor signaling pathway 1,16E-02 3,81E-02 30.28 

Mitophagy 1,35E-02 4,10E-02 51.84 

Adherens junction 1,47E-02 4,10E-02 48.63 
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Supplementary Figure 1. Bubble plot of the top 10 enriched terms of the differentially abundant proteins 

at 0.01 µM (A), 0.1 µM (B), 1 µM (C) BPA concentration with the 3 main branches of the gene ontology 

(GO) (biological processes (BP), molecular functions (MF), and cellular components (CC). Bubbles are 
placed based on their -log10 p-value. Bubble size corresponds to the number of proteins that are found in 

each term, while their colour reflects the enrichment combined score. 
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