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Abbreviation  
 

a-MHC alpha-myosin heavy chain 

b Beta  

µ Micro sign 

  

ASC Adult stem cell 

  

BVL Federal Office of Consumer Protection and Food Safety 

(Bundesamt für Verbraucherschutz und Lebensmittelsicherheit) 

  

Ctrl Control 

cDNA Complementary DNA  

CI Cell Index 

CMs Cardiomyocyte 

  

DMEM Dulbecco`s modified eagle medium  

DPBS Dulbecco’s phosphate-buffered saline 

  

eGFP IRES-flanked enhanced green fluorescent protein  

EB Embryoid body 

EMA European Medicines Agency 

ESC Embryonic stem cell 

  

FACS Fluorescence-activated cell sorting 

  

hBD-3 Human β-defensin 3  

hESC Human embryonic stem cell 

hiPSC Human induced pluripotent stem cell 

  

ICM Inner cell mass  

IL-6 Interleukin 6 

IMDM Iscove´s Modified Dulbecco´s Medium 

iPSC Induced pluripotent stem cell 

iPSC-CM IPSC derived cardiomyocyte 

  



 

8 
 

K2CO3 Potassium Carbonate 

  

LIF Leukemia inhibitory factor  

  

MEF Mouse embryonic fibroblast 

mES Murine embryonic stem cell 

  

n An integer, whose value can be varied  

NCX Na+/Ca2+ exchanger 

NEAA Non-essential amino acids 

  

PAC Puromycin resistance gene N- acetyl-aminotransferase 

PBS Phosphate buffer saline  

PCR Polymerase chain reaction  

PFA Paraformaldehyde 

PI Propidium Iodide 

PRAC                                Pharmacovigilance Risk Assessment Committee 

PSC         Pluripotent stem cell 

  

qPCR Quantitative PCR 

qRT-PCR Quantitative real-time PCR  

  

RT Room Temperature 

RTCA Real-Time Analysis Cardio Instrument 

  

SSCS/SCCP Scientific Committee on Consumer Safety 

SEM Standard error of the mean 

SOCS3 Suppressor of cytokine signaling 3  

SrCl2 Strontium Chloride 

  

TGF-b Transforming growth factor-b 

TNF-a Tumor Necrosis Factor-a 
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1. Zusammenfassung 
Zahlreiche Inhaltsstoffe in alltäglichen Kosmetika und Pflegeprodukten gelten als 

unbedenklich, obwohl ihre potenziellen toxikologischen Effekte, insbesondere im kardialen 

Kontext, bisher nicht ausreichend untersucht wurden. In der vorliegenden Studie wurde der 

Einfluss von Strontiumchlorid (SrCl2) und Kaliumcarbonat (K2CO3), zwei in Zahnpasta 

eingesetzten Ionenverbindunden, auf murine induzierte pluripotente Stammzellen (iPSCs) und 

daraus abgeleitete Kardiomyozyten (iPSC-CMs) untersucht.  

Mittels Impedanz-basierter Echtzeitmessung (xCELLigence), Durchflusszytometrie (FACS), 

multielektrodenbasierter Elektrophysiologie (MEA), Immunfluoreszenz und quantitativer PCR 

(qRT-PCR) wurden zytotoxische, elektrophysiologische und molekulare Effekte analysiert.  

Die Ergebnisse zeigen, dass niedrige Konzentrationen beider Substanzen vorübergehend die 

iPSC-Proliferation steigerten, während höhere Konzentrationen signifikant zytotoxisch wirkten. 

FACS-Analysen belegten eine signifikante Zunahme toter iPSCs, insbesondere nach 

Exposition mit 3.15 mM SrCl2 und 3.2 mM K2CO3. Bei iPSC-CMs zeigte das 

Impedanzverfahren überdies eine konzentrationsabhängige Abnahme der Zell-Viabilität und 

Kontraktionsaktivität, insbesondere unter höheren K2CO3-Konzentrationen. Diese 

funktionellen Verluste traten ergänzend zu den MEA-basierten elektrophysiologischen 

Störungen auf. Speziell SrCl2 führte bei Konzentrationen > 1.6 mM zu deutlichen Änderungen 

der Feldpotenzialamplitude und der Schlagfrequenz. K2CO3 dagegen verursachte bei 3.2 mM 

eine ausgeprägtere Störung. Die beobachteten elektrophysiologischen Effekte sind konsistent 

mit bekannten Wirkmechanismen (z.B. Sr2+ als Ca2+-Analogen; K+-induzierte 

Depolarisationsblockade), konnten jedoch in dieser Studie nicht kausal nachgewiesen werden 

und bleiben hypothetisch. Auch auf molekularer Ebene wurden Veränderungen in der 

Genexpression beobachtet. SrCl2 führte zu einer initialen Reduktion Kardiomyozyten-

spezifischer Gene (z.B. Mesp1, Mlc2v), die sich teils nach 72 h wieder normalisierte. K2CO3 

hingegen bewirkte eine anhaltende Suppression struktureller und elektrophysiologischer 

Marker (z.B. Myh6, Scn5a, Kcnh2), was auf eine stärkere Beeinträchtigung kardialer 

Genprogramme hindeutet.  

Zusammenfassend zeigt die Studie, dass SrCl2 und K2CO3 dosisabhängige zelluläre Effekte 

auf Proliferation, Viabilität, Elektrophysiologie und Genexpression entfalten. Beide Substanzen 

wirken zytotoxisch in höheren Konzentrationen, jedoch wahrscheinlich über unterschiedliche 

Mechanismen. Basierend auf Plausibilität und Literaturvergleich entfaltet SrCl2 seine Wirkung 

vermutlich über gestörte Calcium-Signalwege, K2CO3 primär über Membrandepolarisation, 

wobei letzteres zu einem schnellen Funktionsverlust, SrCl2 zu einem progressiven 

Funktionsabbau, führt. Die Ergebnisse unterstreichen die Relevanz iPSC- und iPSC-CM 

basierter in vitro Modelle zur Erkennung potenzieller Kardio- und Zytotoxizität auch bei 

scheinbar unproblematischen Inhaltsstoffen. Weitere Studien mit human Zellen, 
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Langzeitexpositionen sowie präklinische Validierung sind erforderlich, um das Risiko von SrCl2 

und K2CO3 im Kontext realer Anwendungsszenarien sicher beurteilen zu können.  
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Summary 
Many consumer products are used in routine without sufficient awareness of the toxicological 

risks posed by certain ingredients. Strontium Chloride (SrCl2) and Potassium Carbonate 

(K2CO3), both found in some toothpaste formulations, remain under-researched in terms of 

their cardiotoxic potential. This study aimed to systematically assess the toxicological effects 

of SrCl2 and K2CO3 on murine induced pluripotent stem cells (iPSCs) and iPSC-derived 

cardiomyocytes (iPSC-CMs) using a multi-assay approach. We employed impedance-based 

real-time cell analysis (xCELLigence), multielectrode array (MEA) recordings, PI-based flow 

cytometry (FACS), immunocytochemistry, and quantitative real-time PCR (qRT-PCR) to 

evaluate cytotoxic, electrophysiological, and molecular effects across multiple time intervals 

and compound concentrations.  

Our data shows that both compounds induced a dose-dependent biphasic response in 

undifferentiated iPSCs: low-dose SrCl2 and K2CO3 exposure showed trends toward increased 

proliferation, followed by significant dose-dependent cytotoxic effects at higher concentrations. 

In iPSC-CMs, impedance-based measurements showed a concentration-dependent reduction 

in viability and contractile behavior, particularly under high K2CO3 concentrations. These 

findings confirm functional cytotoxicity beyond earlier instances and complement the MEA-

derived electrophysiological disturbances. SrCl2 exposure led to noticeable changes in both 

spike amplitude and frequency, suggesting calcium overload. K2CO3 in contrast, caused an 

immediate suppression of electrical activity and beating rate at higher doses, consistent with 

depolarization-induced electrical silencing. FACS analysis confirmed increased cell death in 

both treatment groups. Gene expression analysis revealed that SrCl2 affected structural genes 

with partial recovery over 72 hours, whereas K2CO3 caused persistent downregulation of 

contractile and ion channel genes (e.g., Scn5a, Myh6, Kcnh2), highlighting different underlying 

toxicological mechanisms.  

Together, these findings demonstrate that SrCl2 and K2CO3 exert significant, concentration-

dependent cardiotoxic and cytotoxic effects in murine iPSCs and iPSC-CMs via distinct ionic 

and molecular pathways. These results underscore the importance of evaluating even simple 

inorganic ingredients for their potential cardiac impact and advocate for further investigation 

using human-relevant models to better inform safety assessments of oral care products.  
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2. Introduction 

2.1. The Clinical Importance of Dentifrice Components 
Toothpaste primarily serves as a support to mechanical plaque removal; however, modern 

formulations are expected to fulfill a wide range of functions. Depending on their intended 

purpose, toothpastes are formulated for cavity prevention, gingivitis control, teeth whitening, 

or reducing hypersensitivity. Their composition (Table 1) typically includes key ingredients 

such as abrasives, detergents, and fluoride, each with a distinct role1.  

 

Table 1. Typical Ingredients and Proportions in Toothpaste Formulations adapted from 
Weber 2  
 

Ingredients Examples Proportions 
in % 

Water - 20-40 

Abrasives  Calcium Carbonate, Sodium Metaphosphate 20-40 

Humectants  Glycerol, Sorbitol 20-40 

Binders Xanthan Gum, Carboxymethyl Cellulose 2 

Surfactants  Sodium Lauryl Sulfate, Betaine < 2 

Flavors  Peppermint Oil, Eucalyptus Oil 2 

Sweeteners Saccharine, Aspartame 2 

Preservatives PHB Esters, Sodium Benzoate <1 

Colorants Titanium Dioxide, Patent Blue V <1 

Active 
Ingredients 

Sodium Fluoride  

 

<1 

Astringents Zinc Citrate3, Aluminum Lactate 4  <2 

Tartar 
Inhibitors 

Pyrophosphate 5 <2 

Plant Extracts Punica Granatum 6 <2 

Desensitizing 
Agents 

Strontium Chloride 7 1-10 

Alkalizing 
Agents 

Potassium Carbonate 8,9 <5 
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Abrasives, which can constitute up to 40 % of a toothpaste’s formulation, vary in size and 

hardness to enhance plaque removal and reduce extrinsic tooth discoloration2,7. By minimizing 

bacterial accumulation, these components support the health of both teeth and the 

periodontium10. Detergents, on the other hand, contribute to the foaming action, lowering 

surface tension to enhance cleaning while also acting as solubilizers for flavoring agents7. 

Fluoride, one of the most extensively studied cariostatic agents, plays a crucial role in 

preventing cavities by promoting natural remineralization and inhibits bacterial metabolism11. 

The caries-preventive effect primarily relies on the formation of a CaF2-like layer of the tooth 

surface, serving as a fluoride reservoir that provides a sustained release of fluoride ions12,13. 

Due to its potential toxicity in high concentrations, regulatory guideline limit fluoride levels to a 

maximum of 1500 ppm in adult toothpastes7. In addition to standard toothpastes, high-fluoride 

formulations (e.g., 5000 ppm) are available by prescription for patients at elevated caries risk, 

under professional supervision14. Although fluoride-containing formulations remain the 

standard, a growing number of individuals opt for fluoride-free alternatives15. Beyond these 

core ingredients, toothpaste formulations may contain antibacterial agents, remineralizing 

compounds, humectants, binding agents, preservatives, and colorants, each contributing to 

both the clinical efficacy and the user acceptability of the product. 

These substances, typically found in toothpaste formulations, can persist in the oral cavity after 

use and may be absorbed by oral tissues, especially if swallowed16 (Figure 1). Even with 

thorough rinsing, certain compounds – of which not all are entirely harmless – may remain 

trapped in periodontal pockets, mucosal folds, or adhere to oral tissues (Figure 1A). From 

there, they may be absorbed into the systemic circulation (Figure 1B). This potential for 

systemic exposure emphasizes the importance and need for precise safety assessments of 

toothpaste ingredients.  

To ensure consumer safety, toothpaste formulations are subject to strict regulatory guidelines, 

which are regularly updated to incorporate emerging scientific evidence. The EU Cosmetics 

Regulation provides a framework for evaluating the potential risks of various substances used 

in dental products17. Specific ingredients are either prohibited, restricted in terms of permitted 

concentrations and applications, or approved following toxicological evaluation. A safety report 

is required for each cosmetic product, and unregulated substances may only be used if the 

product’s safety is guaranteed. The "Notes of guidance for the testing of cosmetic ingredients 

and their safety evaluation”, prepared by the Scientific Committee on Consumer Safety 

(SCCS), outlines recommended protocols and criteria for toxicity testing18.  
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Figure 1. Schematic representation of mucosal drug delivery: A. Topical 

application of toothpaste to the oral cavity. B. After permeation through the 

epithelial layers and uptake into the capillary bloodstream, the active substance 

is distributed systemically, metabolized primarily in the liver, and subsequently 

excreted.  
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Recently, there has been a growing consumer trend toward natural and sustainable products, 

accompanied by increasing awareness of the ingredients used in both conventional and 

natural hygiene products (Table 2). This shift aligns with the rise in ecological consciousness 

and has fueled demand for research into the safety and efficacy of natural alternatives, as well 

as a critical re-evaluation of synthetic formulations. 

 

Table 2. Critical substances in toothpastes and their safety classification 
 

Toothpaste 
Ingredients 

Regulatory Status and Safety Assessment 

Fluoride - Permitted in toothpaste formulations up to 0,15 % 

(1500ppm)19 

- Considered safe at this concentration 

- High-fluoride formulations (e.g. 5000 ppm) are available 

by prescription for patients at elevated caries risk, under 

professional supervision 14 

Triclosan - Allowed in cosmetics up to 0.3%20 

- banned by the US Food and Drug Administration (FDA) 

in hand soaps and body washes21 

- still permitted in certain toothpaste formulations based 

on demonstrated efficacy 21 

Titanium Dioxide - was used in toothpaste up to 1% 22 

- no longer permitted as a food additive 23 

- According to the Federal Institute for Risk Assessment 

(BfR), no current evidence indicates harm from titanium 

dioxide in cosmetic products such as toothpaste24; 

however, concerns regarding genotoxicity cannot be 

entirely ruled out 25 

Sodium Lauryl 
Sulfate 

- Commonly used at 0.5 – 2% in toothpaste formulations26 

- Associated with mucosal irritation and increased 

cytotoxicity compared to alternative surfactants 1,27 

- Usage levels subject to general cosmetic safety 

requirements 

Strontium 
Chloride 

- Approved for use as a desensitizing agent in toothpaste 

(e.g., Sensodyne28) at 1 - 10 Vol.-%7 

- Systemic effects and potential cardiotoxicity not fully 

established 
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Potassium 
Carbonate 

- Used in certain alternative oral care products (e.g., Pearl 

Shield Plus Gel Zahnpasta29, Fango Zahncreme30, 

Parodontalâ Mundsalbe31, AlkaWhite®32, practice-based 

estimate is typically up to 1 - 5 % 8,9 

- Not a standard ingredient in conventional toothpaste 

formulations, therefore limited toxicological data 

available, systemic and cardiotoxic effects remain poorly 

characterized 

 

2.1.1. State of the Art of Strontium Chloride and Potassium Carbonate 
As mentioned above, apart from conventional toothpaste, specialized formulations targeting 

sensitivity or whitening often incorporate additional ingredients such as strontium or potassium 

salts7. The increasing demand for desensitizing oral care products is reflected in consumer 

data: between 2017 and 2021, the number of individuals using sensitive toothpaste daily in 

Germany rose from 5.12 to 7.81 million33. Toothpaste formulations can vary, but Strontium 

Chloride (SrCl2, see Figure 2A) is commonly used at concentrations up to 10 Vol.-% in 

products specifically targeting sensitivity7 by occluding exposed dentinal tubules and forming 

a protective layer on the dentin surface11,34. Its similarity to calcium allows strontium to act in 

biological processes in a calcium-like way.  

 

 

 
 

Figure 2. Chemical Structure of SrCl2 and K2CO3. A. SrCl2 consists of a divalent 

strontium cation (Sr2+) and two chloride anions (Cl-). In solid state, Sr2+ is 

octahedrally coordinated by six anions35. B. K2CO3 features a central carbonate 

anion (CO3
2-) coordinated by two potassium cations (K+)35.  
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Several studies have demonstrated that topical application of SrCl2 reduces dentin 

permeability and supports remineralization. Pinto et al., for instance, showed that a 10% SrCl2 

desensitizing toothpaste significantly reduced dentinal permeability in rat teeth with partially 

exposed dentinal tubules36. Complementary to these findings, Lippert reported that 

supplementation with 1.1 mM Sr2+ increased enamel hardness when combined with fluoride, 

although without a synergistic effect on fluoridation37. Further supporting its clinical utility, 

Alencar et al. demonstrated that the combination of 10% SrCl2 and 5% potassium nitrate 

reduced enamel damage during bleaching treatments38. 

Taken together, these studies highlight the potential of SrCl2 as an effective agent in dental 

care, both for dentin hypersensitivity management and enamel protection.  

Beyond dentistry, SrCl2 has been applied across a broad spectrum of fields, underscoring its 

chemical versatility. It is used in pyrotechnics39,40, metallurgy41, glass ceramics42, and atomic 

absorption spectroscopy43. In biomedical contexts, it has found applications in dermatology44-

46 and has also been incorporated into homeopathic formulations47. Most notably, radioactive 

isotopes such as 89SrCl2 are clinically relevant in oncology, where they are used for targeted 

therapy of bone metastases48. These diverse applications illustrate the broad functional scope 

of SrCl2 in both industrial and medical domains.  

With respect to toxicological safety, available data generally indicate a favorable profile. Akyol 

et al. observed no reduction in fibroblast viability after 96 hours of exposure to concentrations 

up to 20%49. Similarly, zebrafish embryo models identified a lethal dose of approximately 6 

mM, while also revealing dose-dependent effects on mineralization: low concentrations 

(0.0033 mM) promoted vertebral mineralization, whereas higher concentrations (0.033 – 0.33 

mM) inhibited mineral deposition50. This biphasic response has likewise been observed in 

human periodontal ligament cells, where low doses of SrCl2 (0.5 – 10 µg/ml) enhanced 

mineralization, while higher concentrations (25 – 500 µg/ml) promoted proliferation at the 

expense of mineral deposition51. Collectively, these findings suggest that SrCl2 exerts 

concentration-dependent biological effects, which may be beneficial at lower doses but require 

careful consideration at higher exposures. Importantly, no evidence to date links SrCl2 with 

carcinogenicity, genotoxicity, immunotoxicity, reproductive toxicity, neurotoxicity, or 

cardiotoxicity. Nevertheless, the absence of comprehensive long-term studies means that 

uncertainties remain, particularly regarding systemic toxicity and potential cardiac implications. 

Consequently, while current data support the relative safety of SrCl2, further investigations is 

warranted to fully establish its toxicological profile in long-term and systemic contexts.  

In contrast to SrCl2, potassium carbonate (K2CO3, Figure 2B) in only rarely found in 

commercial dentifrices. As an alkalizing agent, it is primarily used to buffer pH levels in certain 

oral care formulations, including some natural or fluoride-free alternatives29-31. K2CO3 occurs 

as a hygroscopic, odorless powder that is readily soluble in water but practically insoluble in 
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ethanol. While potassium compounds such as potassium nitrate are well established in oral 

care, the efficacy of K2CO3 remains insufficiently characterized. Some toothpaste products 

containing K2CO3 are marketed for the treatment of dentin hypersensitivity and 

remineralization support. However, evidence supporting improvement in bone or tooth mineral 

density remains limited 52 and largely hypothetical.  

Outside of oral care, K2CO3 is widely used in the soap and glass industries53, chemical 

synthesis54, and in homeopathy55,56, where it is claimed to alleviate fatigue, emotional distress, 

and cardiovascular complaints55. The compound is available as a bulk chemical in pharmacies 

and drugstores; however, professional consultation is recommended for high-potency 

applications55. From a toxicological perspective, K2CO3 is classified as a caustic irritant at high 

concentrations. Upon ingestion or inhalation, it is absorbed via the gastrointestinal and 

respiratory tracts and may cause mucosal, ocular, and dermal irritation57. In a sub chronic 

toxicity study, Akintunde et al. exposed rabbits orally to 50 and 100 mg/L K2CO3 over 14 days, 

resulting in significant increases in serum potassium, albumin, creatine, urea, and blood urea 

nitrogen (BUN), suggesting hepatorenal toxicity at elevated doses58. Inhalation studies in rats 

showed reversible histological changes in nasal and lung following aerosol exposure (0.1 – 0.4 

mg/L for 21 days, 6h/day), but no systemic or neurotoxic effects were detected59. In another in 

vitro screening for apoptosis-inducing compounds, K2CO3 and sodium bicarbonate at minimal 

concentrations induced necrotic cell death in over 78% of the mammalian cells tested60, 

highlighting its potential cytotoxicity at the cellular level.  

Despite its widespread use in non-dental industries, systematic safety evaluations for K2CO3 

in oral care products are lacking. Given its possible incorporation in emerging natural 

formulations and its potential systemic effects, detailed toxicological investigations using 

advanced human-relevant in vitro models such as stem-cell derived systems are warranted.  

 

2.2. Stem Cell Models in Drug Discovery and Toxicity Evaluation  
Over the past decade, there has been a significant increase in research exploring the use of 

stem cells in toxicology and drug discovery. This has led to the development of new 

experimental models and investigational approaches, particularly involving pluripotent stem 

cells (PSCs) from both murine and human origin. Stem cells are undifferentiated cells defined 

by their self-renewal capacity and their ability to differentiate into multiple cell types61. They 

vary in origin and in the degree of differentiation, i.e., the cell potency (Figure 3A-C). For 

example, oligopotent stem cells can give rise to a limited range of cell types within a single 

tissue, while unipotent stem cells are restricted to a single lineage62. Pluripotent stem cells, 

such as embryonic stem cells (ESC), can differentiate into almost any cell type of the body 

(Figure 3B). In contrast, multipotent stem cells, such as adult hematopoietic stem cells, can 

generate several related cell types (Figure 3C). 
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Figure 3. Developmental Potency and Origin of Stem Cells: A. Totipotent cells, 

such as the fertilized ovum, have the capacity to give rise to all cell types of the body 

and extraembryonic tissues, thereby forming a complete organism. B. Pluripotent 

stem cells, including ESC and iPSCs, can differentiate into all cell types of the three 

germ layers ectoderm, mesoderm, endoderm, giving rise to tissues and organs such 

as brain, kidney, and lungs, but not extraembryonic structures. C. Multipotent adult 

stem cells (ASCs) are tissue-resident and restricted to specific lineages within their 

tissue of origin (e.g. mesenchymal or hematopoietic stem cells from bone marrow). 

They can differentiate into specialized cell types within one organ system, such as 

neurons or muscle cells.  
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2.2.1. Embryonic Stem Cells: Applications and Limitations 
ESCs are derived from early-stage embryos and can be obtained at two developmental stages: 

the blastomere stage and the blastocyst stage. Cells from the blastomere stage are totipotent, 

meaning they can give rise to all embryonic and extraembryonic tissues, and even form an 

entire organism (Figure 3A). In contrast, ESCs isolated from blastocyst, a structure that forms 

approximately five days after fertilization63, are pluripotent (Figure 3B). These cells can 

differentiate into nearly all cell types of the three germ layers: ectoderm, mesoderm, and 

endoderm. Human embryonic stem cells (hESCs) are isolated from the inner cell mass (ICM) 

of the blastocyst.  

 

Table 3. Comparison of different types of stem cells adapted from Robey 64 

 Stem Cell Types 
 ESCs ASCs iPSCs 
Source - Extraction from ICM of   

Blastocyst 

- Derived from different 

adult tissues 

- Derived from 

somatic cells 

Scientific 
Advantages 

- Pluripotent, can 

differentiate in cell 

types of all three germ 

lineages 

- Unlimited division 

 

- Moderate division, can 

differentiate in limited 

cell types depending on 

the tissue 

- Autologous, no ethical 

issues and no teratoma 

risk 

- Pluripotent, can 

differentiate in cell 

types of all three 

germ lineages  

- Autologous, no 

destruction of a 

blastocyst 

Scientific 
Limitations 

- Many steps required 

to drive differentiation 

into desired cell type 

and may be rejected 

- Ethical reasons 

because of destruction 

of embryo 

- Possibility of teratoma 

and allogenic 

- May not be able to 

produce enough cells 

- Identification and 

isolation are difficult   

- Possibility of 

teratoma 

- Indefinite growth 

Applications - Developmental 

biology studies 

- Potential for 

regenerative medicine 

- Disease modeling 

- Tissue repair and 

regeneration 

- Potential treatments 

for blood disorders 

- Drug testing and 

toxicity studies 

- Disease modeling 

and regenerative 

therapies 
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This is traditionally performed using immunosurgery, although laser-assisted isolation has 

been established as an alternative method65. Once isolated, hESCs are grown under controlled 

in vitro conditions. However, the use of hESCs is ethically and legally controversial due to the 

destruction of human embryos during isolation. These concerns have prompted the 

development of human induced pluripotent stem cells (hiPSCs) as a less ethically problematic 

alternative 66 (Table 3). In contrast, murine ESCs (mESCs) are commonly used in 

developmental and biomedical research. They can be differentiated into a wide range of cell 

types and are frequently employed to study the developmental potential of stem cells, as well 

as to investigate the effects of embryotoxic and pharmacological agents67-69. The efficiency of 

mESC culture depends on several factors, including the mouse strain and the pregnancy 

status of the donor female. Despite their versatility, ESCs are highly sensitive and may undergo 

undesired changes in culture70-72. To minimize the risk of tumor formation, it is crucial to 

establish pure lineages before further application.  

 

2.2.2. Advances in Induced Pluripotent Stem Cell Technology 
The ethical and legal challenges surrounding the use of hESCs have been the catalyst for the 

development of alternative, ethically less controversial sources of pluripotent stem cells (see 

Figure 4). A breakthrough method was introduced by Takahashi and Yamanaka, who 

demonstrated that somatic cells can be reprogrammed into a pluripotent state by ectopic 

expression of transcription factor such as Oct4, Sox2, Klf4 and c-Myc.  

 

 
 

Figure 4. Reprogramming of somatic cells into iPSCs and differentiation into 
iPSC-CMs: Schematic overview illustrates the generation of iPSCs from somatic skin 

cells obtained via biopsy from a donor mouse. The somatic cells are reprogrammed 

into a pluripotent state using the four Yamanaka transcription factors (Oct4, Sox2, Klf4, 

and c-Myc). The iPSCs can subsequently be directed toward cardiac lineage through 

forward reprogramming to yield functional iPSC-CMs. This platform serves as a basis 

for cardiotoxicity screening and drug testing using electrophysiological readouts and 

impedance-based assays.  
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These iPSCs closely resemble hESCs in morphology, proliferation capacity, gene expression, 

and differentiation potential73,74. iPSCs offer a promising platform for basic research, 

regenerative medicine, and particularly toxicological studies due to their self-renewing capacity 

and pluripotency75. Disease-specific iPSC lines provide patient relevant models for drug testing 

and enhance the predictive value of compound toxicity assessments76,77. Various strategies 

have been developed to generate iPSCs and differentiate them into specific lineages. For 

instance, Fatima et al. employed the genetically modified murine iPSC line TiB7.4 to generate 

the transgenic line αPig-AT25, characterized by pluripotent colony morphology, alkaline 

phosphatase activity, Oct4 expression, and the surface marker SSEA178. Murine iPSCs have 

demonstrated the capacity to differentiate into specialized cell types, including cardiomyocytes 

and neurons. This process is determined by differential gene activity, driven by unequal 

distribution of signaling molecules to daughter cells79. iPSC-derived cardiomyocytes (iPSC-

CMs) represent a widely used in vitro model for evaluating cardiotoxicity. Their physiological 

relevance enables the detection of proarrhythmic effects of drugs, which may pose life-

threatening risks to patients80,81. These cells also provide mechanistic insights into the 

pathophysiology of cardiovascular diseases. Several protocols are available for generating 

iPSC-CMs, including co-culture with visceral endoderm-like cells, monolayer-based 2D 

systems, and the widely used 3D embryoid body (EB) approach, especially in murine 

models80,82-85. EBs containing contractile areas exhibit both structural and functional 

characteristics of cardiomyocytes86. Characterization of iPSC-CMs includes analysis of cardiac 

transcription factors, structural proteins, ion channel expression, and Ca2+-cycling machinery87. 

These properties can be accessed via techniques such as patch-clamp electrophysiology, 

calcium imaging, and microelectrode array (MEA) recordings. Compared to adult 

cardiomyocytes, iPSC-CMs exhibit immature phenotypes88,89. However, recent advances such 

as long-term culture, electrical stimulation, chemical induction, and 3D scaffolding have 

improved maturation90. Functionally and molecularly, iPSC- and ESC-derived cardiomyocytes 

show high similarity91, including comparable responses to cardioactive substances92. 

 

2.3. Experimental Approaches for Toxicity Assessment 
Stem-cell derived systems are increasingly essential in toxicological testing due to their ability 

to replicate human-relevant cellular responses. A variety of approaches are currently employed 

to assess toxicity of chemical ad cosmetic ingredients, including in vivo, ex vivo, in vitro, and 

computational (in silico) models. Each method has well defined advantages and limitations 

depending on the study objectives and biological context. In vivo studies, traditionally 

performed on animal models such as mice or rats, offers the advantages of systemic 

integration. The physiological similarity between species enables long-term monitoring and 

evaluation of complex toxic responses93. However, the ethical implications of animal use, 
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interspecies variability, and limited translational value have led to an increased focus on 

alternative strategies94. Ex vivo approaches involve the use of excised tissues (e.g., skin 

biopsies) and provide ethically preferable options with partially retained tissue architecture. 

These systems are suitable for studying penetration, irritation, and dermal absorption, yet they 

lack full systemic interaction and are prone to artefacts and short-term viability restrictions95,96. 

On the other hand, computational models use chemical structure data and established 

biological knowledge to predict toxicity outcome and generate hypotheses about mechanisms 

of action97-102. These methods are cost-efficient and allow for high-throughput prediction103,104; 

however, their accuracy is highly dependent on the availability and quality of curated training 

data and may remain unclear to non-specialists103,105. In contrast, in vitro assays allow direct 

testing of compounds on cultured cells under controlled laboratory conditions. These methods 

are widely used for cytotoxicity, genotoxicity, and irritation screening106. They offer high 

reproducibility and throughout, though they may not fully replicate the physiological complexity 

of a living organism107. Nevertheless, in vitro systems have become a cornerstone of modern 

toxicity testing, particularly due to their ethical acceptability and compatibility with stem cell-

based platforms108,109. One such molecular-level approach is quantitative polymerase chain 

reaction (qPCR), which can detect transcriptional responses to toxic insult. By monitoring the 

expression levels of key genes involved in apoptosis, oxidative stress, or DNA repair, qPCR 

enables the identification of early sublethal toxic effects with high sensitivity110. Moreover, 

quantitative PCR (qPCR) allows for high sensitivity and precise quantification, enabling the 

early identification of sub-lethal toxic effects. Emerging technologies, such as organ-on-chip, 

high-throughput screening (HTS), and studies involving human volunteers, further expand the 

toolbox of experimental toxicology94.  

Recent advantages in stem cell-based platforms, particularly iPSC-derived cardiomyocytes, 

have enabled high-resolution, human-relevant toxicity testing. These systems form the basis 

of experimental strategies discussed in subsequent chapters of this work.  

 

2.3.1. Cellular Analysis Approach  
The evaluation of toxicity depends on a range of experimental approaches that can be 

categorized into cellular and functional analysis. Techniques such as immunostaining and flow 

cytometry provide complementary insights into cell identity, viability, and proliferation 

dynamics. Immunostaining is widely used to visualize the localization and abundance of 

specific proteins within cells or tissue sections. This method relies on antibodies directed 

against target proteins, which are typically combined with fluorophores or chromogens to allow 

detection. Immunostaining is a standard tool for validating pluripotency in iPSCs111, confirming 

the differentiation status of iPSC-CMs, and verifying the purity of cardiac cultures112,113. While 

immunostaining offers spatial resolution, flow cytometry provides high-throughput, quantitative 
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analysis of cell populations. This technique is particularly useful for distinguishing between 

viable and non-viable cells in response to toxic insults. One commonly used marker is 

propidium iodide (PI), a membrane-impermeable dye that selectively stains the DNA of dead 

or dying cells with compromised membrane integrity114,115. In contrast, viable cells exclude PI, 

resulting in low background fluorescence. This enables a precise quantification of drug-

induced cytotoxicity within defined cell populations. Another approach frequently used in 

toxicity studies is the mentioned qPCR. This method allows for the sensitive detection and 

quantification of transcriptional changes, such as the expression of genes related to apoptosis, 

DNA repair, or stress response. By analyzing these early molecular responses, qPCR provides 

valuable mechanistic insights, that complement protein-level and functional readouts110. 

Together, these approaches provide both qualitative and quantitative metrics of toxicity 

induced changes at the cellular level.  

 

2.3.2. Functional Assessment Techniques 
To complement morphological and viability analyses, functional assessment tools such as the 

xCELLigence Real-Time Cell Analysis (RTCA) system (Figure 5A-C) and Multi-Electrode 

Array (MEA) technology have become integral in toxicity testing. These systems allow for 

continuous, label-free monitoring of dynamic biological processes such as cell growth, 

morphological changes, and electrical activity, particularly in cardiomyocytes116-122.  

 

 
 

Figure 5. The xCELLigence RTCA Cardio Instrument: This System consists 

of four main components: A. the RTCA Cardio Control Unit and Analyzer, B. the 

RTCA Cardio Station, and C. the 96-well electronic microtiter plate (E-Plate 

Cardio 96) (adapted from Accela)123. The arrow indicates the insertion of C. the 

E-Plate Cardio 96 into B. the RTCA Cardio Station for measurement.  
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The xCELLigence RTCA system utilizes impedance-based measurements to monitor cell 

adhesion, proliferation, and cytotoxicity in real time. This method has been successfully applied 

across various fields, including environmental toxicology, microbiology, and cardiac 

research124-128. In the context of stem cell-based studies, RTCA has proven valuable for 

evaluating compound-induced effects on iPSC-CMs, capturing both acute and long-term 

responses128. In parallel, MEA recordings enable extracellular measurement of field potentials, 

providing functional readouts of electrical activity in cardiomyocytes129,130. This technique is 

particularly suited for detecting arrhythmic events, conduction abnormalities, and drug-induced 

alterations in electrophysiological behavior131,132. The combination of MEA and RTCA 

technologies enables a multi-dimensional analysis of compound effects, capturing both 

electrophysiological and morphodynamical parameters in real time. 

 

2.4. Aim of Study  
Currently, screening for potential toxicity of chemical ingredients is an important part of medical 

research. Despite their use in toothpastes, the potential cardiotoxic effects of SrCl2 and K2CO3 

remain insufficiently characterized. Previous studies have not demonstrated carcinogenic or 

neurotoxic properties of these compounds; however, systematic assessments of their impact 

on cardiac function and stem cell behavior are lacking.  

The primary objective of this study was threefold:  

(i) to investigate the proliferative effects of SrCl2 and K2CO3 across various concentrations 

on undifferentiated iPSCs.  

(ii) to determine the arrhythmogenic potential of these compounds using iPSC-CMs under 

controlled in vitro experimental setting, focusing on their ability to induce toxic 

responses or arrhythmias over prolonged exposure.  

(iii) to examine gene expression changes related to stress response and apoptosis in 

iPSC-CMs after compound exposure using quantitative PCR. 

To achieve this, a multimodal analysis strategy was employed combining real-time impedance 

monitoring (xCELLigence RTCA), qRT-PCR, FACS, and MEA recordings. These 

complementary approaches enable a more comprehensive understanding of the toxicological 

profile of SrCl2 and K2CO3, with relevance to their implications for cardiac health and their 

potential therapeutic applications.  
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3. Materials and Methods  

3.1. Chemicals, Media, and Drugs  
All cell culture media and supplements were purchased from Thermo Fisher Scientific 

(Germany); unless otherwise noted. Chemicals and test compounds were purchased from Carl 

Roth (Germany) or Sigma-Aldrich (Germany). A comprehensive list of reagents, including final 

working concentrations and suppliers, is provided in Table 4. 

 

Table 4. Cell culture media, supplements, and drugs 

Substances Final Concentration Supplier  
Cell Culture Reagents   

DMEM+GlutaMAX 83 % Thermo Fisher Scientific GmbH  

FBS 1% (FACS) 

15 % (AT25-culture) 

Thermo Fisher Scientific GmbH  

MEM-NEA 1 X Thermo Fisher Scientific GmbH  

Penicillin-Streptomycin 1 X Thermo Fisher Scientific GmbH  

ß-Mercaptoethanol  50 µM Thermo Fisher Scientific GmbH  

LIF 1 U/ml Thermo Fisher Scientific GmbH  

G418 (Neomycin) 0,5 mg/ml Thermo Fisher Scientific GmbH  

PBS 1 X Thermo Fisher Scientific GmbH  

Trypsin/EDTA 0.05 % Thermo Fisher Scientific GmbH  

Staining & Analysis   

PI 10 µg/ml Thermo Fisher Scientific GmbH  

Hoechst 33342 1 µg/ml Thermo Fisher Scientific GmbH  

α-Actinin Antibody 1:500 Sigma-Aldrich 

Triton X-100 0.25% Sigma-Aldrich 

Ammonium Chloride 0.5 M Sigma-Aldrich 

BSA 0.8% Sigma-Aldrich 

Matrigel undiluted Corning (USA) 

Gelatin 0.1% Sigma-Aldrich 

Puromycin  8 µg/ml Thermo Fisher Scientific GmbH  

IMDM + GlutaMAX  Thermo Fisher Scientific GmbH  

Trypan Blue 0.4 % Thermo Fisher Scientific GmbH  

Test Compounds   

SrCl2 0.07 to 3.15 mM Carl Roth  

K2CO3 0.1 to 3.2 mM Carl Roth  
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3.2. Cells Culture and Differentiation Protocols 

3.2.1. Maintenance of Undifferentiated iPSCs 
The murine iPSC line AT25 was maintained on neomycin-resistant feeder layers in DMEM 

supplemented with 15% FBS, 1X NEAA, 2X Pen/Strep, 50 µM ß-Mercaptoethanol, and 1 U/mL 

leukemia inhibitory factor (LIF). Cells were passaged every two days using 0.05% 

trypsin/EDTA. After detachment at 37°C for 3-5 minutes, cells were neutralized with medium, 

centrifuged, resuspended in fresh culture medium, and seeded onto new plates. Cell viability 

and density were determined using trypan blue exclusion. Dissociated cells were either used 

for subsequent passaging or downstream applications (e.g., FACS, MEA).  

 

3.2.2. Differentiation of iPSCs into Cardiomyocytes 
Cardiac differentiation was performed as previously described133. Briefly, undifferentiated 

iPSCs were transferred to non-adherent conditions and cultured in IMDM + GlutaMAX medium 

supplemented with 20% FBS, 0.1 mM NEAA, 0.1 mM ß-mercaptoethanol, and 50 µg/mL 

Pen/Strep to induce EB formation. Contractile EBs typically appeared after 7-10 days. eGFP 

expression was used to confirm cardiomyocyte identity prior to puromycin selection. The purity 

of selected populations was confirmed microscopically based on fluorescence intensity. 

Surviving clusters were dissociated into single cardiomyocytes, pre-plated for 24 hours, and 

subsequently seeded onto MEA chips or E-Plates for downstream functional assays 

(xCELLigence RTCA, MEA). 

 

3.3. Experimental Models and Tools 

3.3.1. Immunostaining  
Immunocytochemistry was performed to assess the differentiation status of iPSC-CMs via 

detection of sarcomeric a-actinin and nuclear morphology. Following dissociation, iPSC-CMs 

were replated on Matrigel-coated plates and cultured for two days. Cells were fixed with 4% 

paraformaldehyde (PFA) for 20 minutes at room temperature (RT) and subsequently washed 

three times with Dulbecco’s phosphate-buffered saline (DPBS). Permeabilization was 

achieved using 0.25% Triton X-100 in Trish wash buffer for 10 minutes. To block non-specific 

binding, Roti-Immune Block (Carl Roth, Germany) was applied for 1 hour at RT. Cells were 

then incubated with the primary antibody mouse anti-a-actinin (1:500, Sigma-Aldrich) for 2 

hours at RT. After washing three times, fluorescent secondary antibodies were applied for 1 

hours. Nuclei were counterstained with Hoechst 33342 (1 µg/ml, Thermo Fisher) for 10 

minutes. Samples were imaged using an Apotome fluorescence microscope. 
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3.3.2. FACS Analysis of iPSCs 
To quantify the viability of undifferentiated iPSCs following compound exposure, FACS 

analysis was performed using PI exclusion. Cells were treated with SrCl2 (0.16 mM and 3.15 

mM) and K2CO3 (0.2 mM and 3.2 mM) for 24 and 72 hours. Compounds and medium were 

refreshed daily. After treatment, cells were washed with PBS and dissociated with 0.05 % 

Trypsin-EDTA at 37°C for 2-3 minutes. Trypsin activity was neutralized by DMEM 

supplemented with 20% FBS. After centrifugation (5 minutes, 1000 rpm), the pellet was 

resuspended in PBS, filtered through a 40 µm strainer, and stained with 10 µg/ml PI for 10-15 

minutes at RT. Data acquisition was performed on a FACSAria II flow cytometer, and results 

were analyzed using FlowJo v7 software.  

 

 
 

Figure 6. Schematic overview of the experimental workflow for real-time 
proliferation monitoring of iPSCs using the xCELLigence RTCA Cardio 
Instrument: A. Different concentrations of the compound were used for this 

study and distributed on the E-Plate Cardio 96. B. Preparation of the E-Plate 

took place on the same day as plating the iPSCs. The medium and the 

compound were renewed every 24 hours, until data analysis occurred.  
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3.3.3. Field Proliferation and Electrical Activity Monitoring via xCELLigence  
Real-time analysis of cell viability and cardiomyocyte function was performed using the 

xCELLigence RTCA system. E-Plate Cardio 96 wells were precoated with 0.1% gelatin and 

incubated for 30 minutes at 37°C to create a supportive surface and enhance cell attachment 

(Figure 6 A-B). After aspirating gelatin, fresh culture medium was added, and background 

impedance measured. iPSCs and iPSC-CMs were seeded and treated with increasing 

concentrations of SrCl2 (0.07 - 3.15 mM) and K2CO3 (0.1 - 3.2 mM). Culture medium and 

compounds were refreshed every 24 hours over a 72-hour period. Cell index (CI) and beating 

profiles (amplitude and frequency) were recorded continuously. Data were analyzed using the 

RTCA Cardio software.  

 

3.3.4. Potential Measurements Using MEA  
The electrophysiological activity of iPSC-CMs was measured using a MEA system. MEA chips 

were coated with 0.1 % gelatin and incubated for 1 hour at 37°C. After removing the coating 

solution, 1x106 purified iPSC-CMs were seeded per well and cultured in differentiation medium 

(500µl/well) for 48 hours. Baseline measurements were acquired prior to compound 

application. Subsequently, cells were exposed to varying concentrations of SrCl2 and K2CO3. 

For each concentration, field potentials were recorded for 3 minutes. Experiments were 

independently replicated (SrCl2 n=3, K2CO3 n=4). Data including corrected field potential 

duration (FPDc), amplitude, and beating frequency were analyzed using McRack software. 

 

3.3.5. Gene Expression Analysis by qRT-PCR 
To evaluate gene expression changes in iPSC-CMs after compound exposure, qRT-PCR was 

performed. Total RNA was isolated from untreated and treated cells using TRIzol reagent 

according to the manufacturer’s protocol (Table 5). RNA quality and concentration were 

assessed via NanoDrop. Samples with A260/A280 ratios between 1.8 and 2.0 were used for 

reverse transcription. Complementary DNA (cDNA) was synthesized from 1µg RNA using 

random hexamers, dNTPs, RNAse inhibitor, DTT, and Reverse Transcriptase. Reactions were 

carried out at 37 °C for 15 minutes, 72 °C for 10 minutes, and 42 °C for 50 minutes. qRT-PCR 

was performed using SXBR Green SuperMix on a 7500 Fast Real-Time PCR System. Target 

genes included cardiac-specific markers (e.g., Myl2, Myh6, Nppa), ion channel genes (e.g., 

Scn5a, Cacna1c, Kcnh2), and transcription factor (e.g., Mesp1), normalized to Gapdh. Primer 

sequences are listed in Table 6. The ΔΔCt method was used for relative quantification, and 

data were expressed as fold changes relative to untreated control.  
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Table 5. Reagents and enzymes used for RNA extraction, cDNA synthesis,                            
and qRT-PCR 
 

Substances Purchased from 
TRIzol Reagent Gibco BRL 

Chloroform AppliChem GmbH  

Isopropanol AppliChem GmbH 

DEPC-treated water Thermo Fisher Scientific GmbH  

Random Primer  Thermo Fisher Scientific GmbH  

dNTP Mix (10 mM) Thermo Fisher Scientific GmbH  

RNAse Inhibitor Thermo Fisher Scientific GmbH  

First Strand Buffer  Thermo Fisher Scientific GmbH  

DTT Thermo Fisher Scientific GmbH  

Reverse Transcriptase Thermo Fisher Scientific GmbH  

JumpStart Taq Mix Sigma-Aldrich  

SYBR Green qPCR SuperMix Thermo Fisher Scientific GmbH  

cDNA Synthesis Kit Life Technologies  

Gene-specific Primers (GAPDH, 
CACNA1C, etc.) 

Sigma-Aldrich  

 
 
Table 6. Mouse Primer List 
 

Gene Forward Primer (5'→3') Reverse Primer (5'→3') 
Gapdh GGTGCTGAGTATGTCGTGGA  CGGAGATGATGACCCTTTTG  

Cacna1c AAGGCTACCTGGATTGGATCAC  GCCACGTTTTCGGTGTTGAC  

Scn5a GAAGAAGCTGGGCTCCAAGA  CATCGAAGGCCTGCTTGGTC  

Kcnh2 CGTGCTGCCTGAGTACAAGCT  TGTGAAGACAGCCGTGTAGATGA  

Myh6 AACAGGTGATGGCAAGATCC  GCTCAAAGTCAGCACCTTC  

Mlc2V AAAGAGGCTCCAGGTCCAAT  TCAGCCTTCAGTGACCCTTT  

Mesp1 GTCTGCAGCGGGGTGTCGTG  CGGCGGCGTCCAGGTTTCTA  

Nppa GGGGGTAGGATTGACAGGAT  ACACACCACAAGGGCTTAGG  

Myl2 AAAGAGGCTCCAGGTCCAAT  TCAGCCTTCAGTGACCCTTT  
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3.4. Data Acquisition and Statistical Analysis 
Raw data were either analyzed using the respective manufacturer-provided software tools 

(xCELLigence RTCA software, McRack, FlowJo v7), or exported as Excel or .txt formats for 

further processing. For each independent experiment, results were normalized to the 

corresponding untreated control group, defined as 100% at each time point. The normalized 

values were calculated by dividing the measured values of each treatment condition by the 

mean control value of the respective experiment and time point. Statistical analyses were 

performed using SigmaPlot. Differences between groups were assessed using unpaired two-

tailed Student’s t-test. A p-value of <0.05 was considered as statistically significant, while p-

values of >0.05 were regarded as non-significant. Data were visually rounded to two decimal 

places for improved readability; however, all statistical calculations were based on the original, 

unrounded values to preserve analytical accuracy.   
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4. Results  

4.1. Culture of iPSCs and differentiation of iPSC-CMs 
The murine iPSC line AT25 was successfully maintained under standard culture conditions on 

a neomycin-resistant feeder layer. Cells exhibited characteristic compact colony morphology 

with clear cell boundaries and homogenous distribution, consistent with the undifferentiated 

pluripotent state (Figure 7A-B). The cells proliferated robustly and retained their typical 

morphology over multiple passages. Cardiac differentiation was initiated via EB formation. 

Within 7-9 days, spontaneously contracting EBs developed, with eGFP-positive regions 

indicating transgene activation under the α-myosin heavy chain promoter (α-MHC), marking 

the onset of cardiomyocyte lineage commitment (Figure 7C). Fluorescence intensity and 

pattern corresponded to functional differentiation zones. To confirm successful differentiation 

at the cellular level, immunofluorescence staining was performed after EB dissociation. 

Surviving adherent cells were stained for α-actinin, a sarcomeric marker of cardiomyocytes 

(Figure 7D), and nuclei were counterstained with DAPI (Figure 7E). Overlay of both channels 

confirmed cytoskeletal organization and nuclear density in differentiated cardiomyocyte-like 

cells (Figure 7F) consistent with successful structural maturation.  

 

 
 
Figure 7. Representative images of murine iPSCs and 3D differentiated cells: 
A-B. Undifferentiated murine iSPCs cultured on neomycin-resistant feeder layers 

forming compact colonies. C. Spontaneously beating EBs, expressing eGFP under 

control of the α-MHC promoter. D. Immunofluorescence staining for α--actinin (red). 

E. Nuclear counterstain with DAPI (blue). F. Merged channels showing sarcomeric 

organization and cellular density.  
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4.2. Impact of SrCl2 and K2CO3 on iPSCs Proliferation 
To evaluate the effects of SrCl2 and K2CO3 on iPSCs proliferation and viability, impedance-

based real-time monitoring was performed using the xCELLigence RTCA system over a 72-

hour period. The CI values were normalized to the respective untreated control at each time 

point, and FACS analysis of dead cells was additionally conducted to validate cytotoxicity. 

Across the three independent experiments, SrCl2 exposure consistently influenced cell 

proliferation in a concentration- and time dependent manner, though the specific response 

profiles varied slightly between replicates. In the first experiment (Table 7A), a consistent 

decline of CI values was observable at higher SrCl2 concentrations, significantly at 3.15 mM 

after 72 h (51.93%, p<0.05), indicating cytotoxicity following prolonged exposure. 

 

Table 7. Percentage change in CI values of iPSCs relative to control after 72-hour SrCl2 
treatment (*p<0.05 vs. control at respective time point).  

A. Experiment 1 

Time 0.07 mM 0.16 mM 0.32 mM 0.63 mM 1.58 mM 3.15 mM 
0h 68,36 120,11 95,19 114,28 124,01 68,46 
6h 67,21 118,95 97,26 135,42 158,16 113,76 
12h 65,25 119,27 119,91 123,2 141,04 97,59 
24h 61,93 101,63 85,95 104,23 109,79 78,9 
48h 58,33 87,2 81,9 97,5 86,24 59,22 
72h 58.17 80,51 78,36 89,9 75,52 51,93* 

 

B. Experiment 2 

Time 0.07 mM 0.16 mM 0.32 mM 0.63 mM 1.58 mM 3.15 mM 
0h 129,21 104,12 135,7 134,51 124,98 143,91 
6h 98,46 91,5 133,82 143,01* 129,54* 186,4* 
12h 90,98 101,1 108,16 113,35 90,12* 152,73* 
24h 67,74 63,37 73,85 57,91 43,81 59,38* 
48h 73,83 83,93 77,26 42,42 34,43 43,75* 
72h 75,34 83,45 76,35 38,53 32,9 46,17* 

 

C. Experiment 3 

Time 0.07 mM 0.16 mM 0.32 mM 0.63 mM 1.58 mM 3.15 mM 
0h 106,14 124,98 110,76 177,49 185,27 67,9 
6h 150,03 257,08* 190,04 299,69 165,28 182,49 
12h 134,14 207,35* 130,73 241,91 120,83 142,72 
24h 132,23 185,08* 181,97* 178,47 185,64 98,19 
48h 157,53 213,57* 266,16* 222,48* 202,65 105,99 
72h 156,48 179,4* 206,61* 171,68* 132,61 121,95 
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Intermediate concentrations (0.32 – 1.58 mM) induced transient increases in CI within the first 

6-12 hours, followed by consistent decreases thereafter. A different biphasic response 

appeared in the second dataset (Table 7B), where moderate doses induced a short-term 

stimulatory effect within the first 6 h (up to 186.4%, p<0.05), followed by a progressive decline 

until 72 h (3.15 mM with 46.17%, p<0.05). Contrastingly, the third experiment (Table 7C) 

showed a robust proliferative response across multiple concentrations, with peak effects at 48 

h and 72 h and without measurable cytotoxicity, highlighting strong interexperimental 

variability. Figure 8A-a summarizes the mean CI changes for all experiments (n=3). While low 

to moderate concentrations initially promoted proliferation, higher concentrations resulted in 

reduced CI values over time. Specifically, 0.16 mM SrCl2 significantly increased proliferation 

at early time points (6-24 h), while prolonged exposure showed no further benefit (Figure 8A-
b). In contrast, 3.15 mM led to a significant suppression of proliferation from 24 h to 72 h 

treatment compared to control (Figure 8A-c). Complementary FACS analysis confirmed 

increased cell death with higher SrCl2 concentrations (Figure 8A-d, e). At 24 h, PI-positive 

cells increased slightly, intensifying at 72 h with 8.36% at 0.16 mM and 11.98% at 3.15 mM 

(p<0.05), validating the CI-based results in Experiment 1 - 2 and confirming a concentration- 

and time-dependent cytotoxic effect of SrCl2 at high doses.  

The effects of K2CO3 on iPSC proliferation followed a similar pattern of concentration 

dependence. In the first dataset (Table 8A), CI initially ranged between 111.16% and 145.04% 

of control at 0h, followed by a progressive decline across all concentrations. At the highest 

concentration (3.2 mM), a significant reduction in CI was already observed at 48 h (45.71%, 

p<0.05) and became more pronounced by 72 h (31.28%, p<0.05), indicating clear cytotoxicity 

upon prolonged exposure. Similar dynamics were observed in the second replicate (Table 8B), 

where decreases at 1.6 mM and 3.2 mM starting from 24 h onward (32.73% and 41.83%, 

respectively; p<0.05) and persisted through 72 h (41.99% and 58.57%, p<0.05), suggesting 

consistent cytotoxicity at higher concentrations. In contrast, the third experiment (Table 8C) 

showed a faster and broader decline across all concentrations. Although some recovery at 

lower doses was observed by 72 h, the CI at 3.2 mM still showed a significant reduction 

(44.03%; p<0.05). A comparison of the three technical replicates reveals a consistent, 

reproducible dose- and time-dependent cytotoxic effect of K2CO3. The shared decrease in CI 

is summarized in Figure 8B-f-h, emphasizing the consistency of the cytotoxic response.  

To further validate the viability data, FACS after 24 h showed a slightly higher proportion of PI-

positive (dead) cells, further increasing until 10.35 % at 0.2 mM and 16.16% at 3.2 mM after 

72 h (p<0.05, Figure 8 B-j), supporting a concentration- and time dependent cytotoxic effect 

in K2CO3 treated iPSCs.  
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Figure 8. Effects of SrCl2 and K2CO3 on iPSCs Proliferation and Viability: A. 
Overview of real-time proliferation and cytotoxicity profiles for murine iPSCs treated 

with increasing concentrations of SrCl2. a. Real-time proliferation curves (mean CI, 

n=3) across all concentrations (0.07 – 3.15 mM) over 72 h. b. Bar graphs showing 

CI changes after treatment with 0.16 mM and c. 3.15 mM SrCl2, demonstrating an 

inhibitory effect over time. d-e. Representative histograms from FACS analysis after 

72 h PI staining at d. 0.16 mM and e. 3.15 mM SrCl2, showing elevated proportions 

of non-viable cells compared to control. B. Analysis of proliferation and cytotoxic 

effects of K2CO3 on iPSCs. f. real-time proliferation curves, g. bar graphs showing 

CI progression with 0.2 mM and h. 3.2 mM K2CO3 across 72h. I-j. FACS results 

after 72h PI staining for i. 0.2 mM and j. 3.2 mM K2CO3, showing dose-dependent 

cytotoxicity. Data are expressed as mean ± SEM (n=3-4).  
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Table 8. Percentage change in CI values of iPSCs relative to control after 72-hour K2CO3 
treatment (*p<0.05 vs. control at respective time point). 
 

A. Experiment 1 
Time 0.1 mM 0.2 mM 0.4 mM 0.8 mM 1.6 mM 3.2 mM 

0h 139,52 111,16 137,01 122,94 112,52 145,04 
6h 126,07 99,2 141,56 128,03 137,16 131,74 
12h 150,2 116,17 146,51 128,49 134,97 123,22 
24h 115,61 92,99 106,13 91,75 95,83 89,2 
48h 92,54 81,39 86,46 83,1 71,87 45,71* 
72h 86,5 80,68 84,44 77,82 70,21 31,28* 

 

B. Experiment 2 
Time 0.1 mM 0.2 mM 0.4 mM 0.8 mM 1.6 mM 3.2 mM 

0h 133,13 140,75 127,7 108,65 84,3 65,98 
6h 126,59 131,66 145,09 124,11 107,62 110,54 
12h 100,63 104,8 121,59 103,78 75,26 78,27 
24h 78,59 74,06 78,04 67,2 32,73* 41,83* 
48h 90,28 68,32 74,14 65,51 29,94* 28,64* 
72h 98,21 106,73 86,78 74,14 41,99* 58,57* 

 
C. Experiment 3 

Time 0.1 mM 0.2 mM 0.4 mM 0.8 mM 1.6 mM 3.2 mM 
0h 100,31 117,36 66,01 42,4 92,42 101,03 
6h 66,09 91,97 50,93 76,88 85,11 112,38 
12h 62,53 76,57 41,99 36,99 66,82 87,73 
24h 54,37 59,11 29,48 43,6 47,4 60,43 
48h 108,35 103,31 47,77 39 84,35 114,05 
72h 116,32 102,08 51,36 50,3 89,37 44,03* 
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A comparison between the effects of SrCl2 and K2CO3 on iPSC proliferation reveals distinct 

toxicity profiles. K2CO3 showed a more uniform and reproducible decline in CI across all three 

replicates, particularly at 3.2 mM, where the CI dropped below 50% after 48 – 72h. SrCl2, in 

contrast, produced more heterogeneous responses, combining proliferative effects at 

intermediate concentrations with cytotoxicity in two out of three experiments at the highest 

dose. In summary, both compounds induced cytotoxic effects at high concentrations (3.15 mM 

SrCl2, 3.2 mM K2CO3), but the reproducibility and pattern of toxicity differ significantly with 

K2CO3 exerting a steadier and more predictable toxicity profile. 

 

4.3. Cardiotoxic Effects of SrCl2 and K2CO3 on iPSC-CMs 
To evaluate the cardiotoxic effects of SrCl2 and K2CO3, murine iPSCs (AT25 line) were 

differentiated into beating cardiomyocytes (iPSC-CMs). As shown in Figure 9A, both SrCl2 and 

K2CO3 resulted in an initial increase in CI values across all tested concentrations, indicating 

successful cell attachment and early maturation. However, prolonged exposure to 3.2 mM of 

either compound led to a gradual decline in CI after 72 h, with K2CO3 causing a more 

pronounced reduction compared to SrCl2. Lower concentrations (0.6 mM and 1.6 mM) 

maintained stable CI values over time, comparable to untreated controls, suggesting no overt 

cytotoxicity at these doses. Contractile behavior was analyzed using the beating profile traces 

recorded by the RTCA system (see Figure 9B). For SrCl2, regular and rhythmic contraction 

patterns were observed at 0.6 and 1.6 mM. At 3.2 mM, contractions remained rhythmically 

organized but exhibited decreased amplitude and frequency. In contrast, 3.2 mM K2CO3 

treatment induced more severe impairments, causing irregular, low-amplitude contraction 

profiles, suggestive of disrupted excitation-contraction coupling and early signs of functional 

failure. Quantitative analysis of beating frequency (Figure 9C) confirmed these observations. 

For SrCl2, a significant decrease in beating rate was only observed at the highest concentration 

(3.2 mM; p<0.05). K2CO3, however, caused a concentration-dependent reduction in beating 

rate starting from 1.6 mM, with a pronounced drop below 100 bpm at 3.2 mM (p<0.05), 

indicating a stronger and earlier functional impairment. Taken together, these findings reveal 

that both SrCl2 and K2CO3 negatively impact iPSC-CM contractility in a dose-and time-

dependent manner. However, K2CO3 exhibits a more substantial and earlier decline in function, 

evident in both CI progression and contraction frequency. This underscores the importance of 

compound-specific toxicity profiling using real-time functional assays in iPSC-derived cardiac 

models.  
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Figure 9. Functional assessment of iPSC-CMs after SrCl2 and K2CO3 exposure 
using the RTCA Cardio System: A. CI traces of iPSC-CMs treated with increasing 

concentrations of SrCl2 (top) and K2CO3 (bottom) over 168 hours. While low and 

intermediate concentrations (0.6 and 1.6 mM) maintained stable CI values 

comparable to controls, 3.2 mM induced a gradual decline in CI, more pronounced 

with K2CO3, indicating compound- and dose-dependent cytotoxicity. B. 
Representative beating profiles recorded from iPSC-CMs under treatment with 

SrCl2 (left) and K2CO3 (right). At 3.2 mM, both compounds reduced beating 

amplitude and regularity, with K2CO3 causing more severe arrhythmic and low-

amplitude contractions. C. Quantification of beating frequency after 168 hours of 

treatment. While SrCl2 (left) caused a significant reduction in beating rate only at 

3.2 mM (p 0.05), K2CO3 (right) induced a concentration-dependent decline 

beginning at 1.6 mM, confirming stronger cardio depressive effects at lower 

thresholds.  
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4.4. Field potential Alterations of iPSC-CMs Induced by SrCl2- and K2CO3  
To investigate the electrophysiological effects of SrCl2 and K2CO3 on iPSC-CMs, MEA 

recordings (Figure 10A) were performed following compound exposure. After successful 

cardiac differentiation and attachment of purified beating clusters to MEA chips, field potential 

recordings were conducted under increasing compound concentrations. Treatment with SrCl2 

resulted in stable field potential traces across intermediate tested concentrations (0.2 – 0.6 

mM), showing no apparent alterations in beating frequency or spike morphology (Figure 10B). 

However, treatment with higher concentrations (1.6 – 3.2 mM) caused noticeable changes in 

both parameters. In contrast, treatment with 3.2 mM K2CO3 led to visually reduced field 

potential amplitude and less defined spike morphology, indicating a possible early cardio 

depressive effect (Figure 10C). 

Quantitative MEA analysis supported these observations, beating frequency showed higher 

variability across concentrations, including both increases and decreases compared to control 

(Figure 10D, F), but a dose-dependent reduction in spike amplitude was observed consistently 

at 1.6 mM to 3.2 mM for both compounds (Figure 10E, G).  

Overall, MEA data suggest that SrCl2 and K2CO3 exhibit minimal impact on iPSC-CM 

electrophysiology at low concentrations, whereas higher concentrations of both compounds 

led to significant disturbances in contractile dynamics, particularly in spike amplitude. 

These findings support the notion, that K2CO3 may exert cardiotoxic effects at the functional 

level even in the absence of gross cytotoxicity, emphasizing the importance of functional 

assays in toxicity screening.  
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Figure 10. Electrophysiological evaluation of iPSC-CMs after exposure to 
SrCl2 and K2CO3 using MEA technology: A. Overview of the experimental setup 

used for MEA-based analysis. a. Brightfield image of an EB aggregate at day 12 of 

differentiation. b-d. Visualization of the MEA chip and amplifier system used for FP 

recordings. B, C. Representative FP traces illustrating the effect of increasing 

concentrations of B. SrCl2 and C. K2CO3 on iPSC-CMs function. Changes in 

spontaneous beating frequency and FP amplitude were observed across the 

concentration range of 0-3.2 mM. D, E. Quantification of spontaneous D. beating 

frequency and E. FP amplitude following SrCl2 treatment. A beating significant 

reduction in frequency was detected at 3.2 mM. FP amplitude showed a significant 

decrease at concentrations ≥ 0.2 mM. F, G. Quantification of electrophysiological 

responses following K2CO3 treatment. F. Low doses (0.2-0.6 mM) led to a significant 

increase in beating frequency, whereas 3.2 mM caused a pronounced reduction. 

G. Similarly, FP amplitude was significantly reduced at 3.2 mM. All values are 

expressed as mean ± SEM (n= 3-4 independent experiments).  
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4.5. Gene Expression Analysis of SrCl2 and K2CO3 Effects via qRT-PCR 
To evaluate the molecular impact of SrCl2 and K2CO3 on cardiomyocyte-specific gene 

expression, qRT-PCR was performed targeting early differentiation markers (Mesp1), 

structural genes (Myl2, Myh6, MLC2V), functional ion channel genes (Scn5a, Cacna1c, 

Kcnh2), and the cardiac stress marker Nppa. Gene expression was analyzed after 24 h and 

72 h of exposure to low and high concentrations of both compounds (0.2 mM and 3.2 mM). 

K2CO3 induced widespread transcriptional changes in a concentration- and time-dependent 

manner (Figure 11A). Early mesoderm marker (Mesp1) expression was markedly suppressed 

at both concentrations after 24 h, and remained low after 72 h, indicating sustained inhibition 

of mesodermal lineage signaling. Structural genes showed persistent downregulation. Myl2 

and Myh6 expression levels were reduced at 24 h and remained consistently suppressed after 

72 h, especially at 3.2 mM, suggesting impaired sarcomeric maturation. Mlc2v was moderately 

downregulated at 24 h but recovered toward control levels at 72 h, indicating possible temporal 

resilience in ventricular lineage identity. Ion channel genes were differentially affected. Scn5a 

showed mild suppression, whereas Kcnh2 was strongly downregulated at 24 h and remained 

reduced at 72 h. Cacna1c showed moderate but persistent suppression across both time 

points. The stress marker Nppa decreased progressively from 24 to 72 h, supporting a stress-

induced phenotype without signs of adaptive compensation.  
In contrast, SrCl2 treatment produced more transient and partially reversible transcriptional 

changes (Figure 11B). Mesp1 expression was reduced after 24 h but recovered to baseline 

at 72 h, regardless of concentration, suggesting transient disruption of mesodermal signaling. 

Myl2 showed slight reductions that remained stable over time, whereas Myh6 was moderately 

suppressed at both concentrations without further decline at 72 h. Mlc2v exhibited significant 

downregulation at both time points, particularly at 3.2 mM, indicating sustained effects on 

ventricular identity. Ion channel gene expression showed only mild reductions. Scn5a and 

Kcnh2 were slightly decreased at 24 h but recovered by 72 h. Cacna1c displayed a similar 

pattern with transient suppression following normalization. Nppa levels decreased at 24 h but 

partially recovered after 72 h, suggesting limited stress adaptation under SrCl2 treatment.  

When comparing both compounds, K2CO3 showed more persistent and pronounced 

suppression of key cardiac genes, particularly in structural (Myl2, Myh6), ion channel (Kcnh2, 

Scn5a), and early developmental markers (Mesp1), while SrCl2 induced mostly transient 

effects with partial or full recovery after 72 h. These data suggest distinct transcriptional 

signatures and time-resolved cellular responses, indicating that K2CO3 exerts more consistent 

transcriptional toxicity in iPSC-CMs than SrCl2.  
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Figure 11. Gene expression analysis of cardiac markers in iPSC-CMs 
following treatment with SrCl2 and K2CO3, as determined by qRT-PCR: A. 
Expression profiles of selected cardiac genes in iPSC-CMs treated with K2CO3 at 

two concentrations (0.2 mM and 3.2 mM) for 24 and 72 hours, relative to untreated 

control. The panel includes genes involved in cardiac development and function: 

the cardiac progenitor marker Mesp1, structural markers Myl2, Myh6, and Mlc2v, 

ion channel genes Scn5a, Cacna1c, and Kcnh2, and the cardiac stress marker 

Nppa. K2CO3 exposure resulted in pronounced and sustained downregulation of 

multiple genes, particularly Mesp1, Myl2, Myh6, and Kcnh2, suggesting a disruption 
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in cardiomyocyte structural integrity and electrophysiological function. B. Gene 

expression patterns following treatment with SrCl2 under identical conditions. 

Compared to K2CO3, SrCl2 induced more transient transcriptional changes. While 

several genes, including Mesp1, Cacna1c, and Kcnh2, showed initial 

downregulation at 24 hours, partial or complete recovery was observed by 72 hours, 

indicating a potentially reversible effect on cardiomyocyte gene expression. All 

values are presented as mean ± SEM from independent biological replicates.  
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5. Discussion  
In this study, the cardiotoxic and cytotoxic effects of SrCl2 and K2CO3 on iPSCs and iPSC-CMs 

were investigated using a multi-assay approach. The results revealed that both compounds 

induce significant toxicity in both cell types, evidenced by impaired cell viability, altered 

electrophysiological function, increased cell death, and changes in cardiac gene expression. 

SrCl2 exposure led to stimulated iPSC proliferation at some concentrations followed by a 

measurable reduction in viable CI at higher concentrations and interference in cardiomyocyte 

beating and electrophysiology. K2CO3 exposure, in turn, caused a more consistent disruption 

of electrical activity, accompanied by a decline in cell viability and proliferation signals, 

suggesting acute cell detachment or death shortly after exposure. Both compounds triggered 

cell death pathways as indicated by FACS analysis and induced deregulation of key cardiac 

mRNA transcripts in qRT-PCR assays; however, partial recovery of gene expression was 

observed with SrCl2 treatment. 

The variable toxicity profile of SrCl2 might likely be due to the chemical similarity of Sr2+ to Ca2+, 

suggesting that mild strontium exposure can mimic calcium dependent signaling and 

temporarily promote cell growth134, depending on the cellular context or external factors. This 

observation aligns with literature reports that strontium salts are not broadly cytotoxic to all cell 

types at moderate concentrations. For instance, fibroblasts exposed to high levels of SrCl2 (up 

to 1.25% w/v, approximately 60mM) showed no loss of viability49. In that study, SrCl2 did not 

negatively affect L929 fibroblast cell survival even at concentrations as high as 20% w/v, 

highlighting that strontium’s toxicity is context dependent. In our cardiomyocyte-specific 

context, however, SrCl2 clearly reduced viable cell numbers over time, implying that excitable, 

calcium dependent cells like cardiomyocytes are more vulnerable to strontium exposure than 

fibroblasts.  

Our MEA traces showed that SrCl2 exposure at concentrations above 1.6 mM altered spike 

amplitude and frequency. These findings are consistent with previously described mechanisms 

in which SrCl2 acts as a calcium analogue, partially substituting for Ca2+ and thereby altering 

intracellular calcium dynamics134. Strontium ions can enter cardiomyocytes through L-type 

calcium channels and substitute for Ca2+ in activating the contractile machinery, but their 

slower kinetics impair repolarization and extend depolarization phases. This incomplete 

substitution for Ca2+ results in prolonged action potential duration, sustained transients of 

intracellular Ca2+ (Sr2+), and arrhythmogenic oscillations. Such electrophysiological 

disturbances, including extended field potentials and aftercontractions, have been reported in 

intact cardiac fibers at high Sr2+ levels134,135, supporting our interpretation that SrCl2 can 

precipitate arrhythmogenic electrical disturbances in vitro.  

The cardiomyocyte, overwhelmed by aberrant Ca2+ signals (or Sr2+ signals), activates cell 

death programs and cannot maintain normal contraction. This mechanism may explain both 
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the electrical abnormalities (prolonged APS, arrhythmias) and the cell death we observed with 

SrCl2. It is worth noting that Sr2+’s calcium-mimetic actions can sometimes produce beneficial 

effects in controlled settings, for example, low concentrations of Sr2+ have been reported to 

promote angiogenesis and reduce cardiomyocyte apoptosis in ischemic cardiac injury 

models136, whereas strontium ranelate, an osteoporosis drug, was found to increase 

cardiovascular risk in some patients, indicating that chronic strontium loading can have 

adverse cardiac effects137. These seemingly paradoxical findings underscore that the dose and 

context are critical. Small, localized Sr2+ releases might pre-condition cells or activate mild 

stress responses that are cardioprotective.  

In addition to its electrical effects, Sr2+ is a known agonist of the calcium-sensing receptor 

(CaSR)138,139. Overactivation of CaSR in cardiomyocytes can mobilize Ca2+ from intracellular 

stores via IP3 signaling, causing excessive Ca2+ release from SR and uptake mitochondria. 

This SR-mitochondrial Ca2+ crosstalk triggers mitochondrial membrane potential collapse and 

the release of apoptogenic factors140,141. In a study of hypoxia/reoxygenation injury, CaSR 

activation was shown to cleave the ER protein BAP31 into a pro-apoptotic fragment, initiating 

the intrinsic apoptosis pathways in cardiomyocytes140,141. By agonizing CaSR, SrCl2 may 

similarly induce Ca2+ release and apoptotic cascades in the cells. Although this mechanism is 

supported by literature, it was not directly tested in our system and remains a plausible 

interpretation based on the observed increase in cell death. Mechanistically, the same Sr2+-

driven Ca2+ stress that provokes chaotic electrical activity in iPSC-CMs is likely to shift Ca2+-

dependent cell cycle control in undifferentiated iPSCs, thereby suppressing proliferation.  

Beyond calcium mimicry, Sr2+ has been shown to modulate signaling pathways such as TGF-

b1/2, which can drive angiogenesis via VEGF secretion and RHOA/Rac1 activation142,143. 

While this may be beneficial in regenerative contexts, elevated TGF-b levels in cardiomyocytes 

are associated with fibrosis and apoptosis, contributing to heart failure progression144. Thus, 

SrCl2’s ability to influence TGF-b signaling may explain both regenerative and pathological 

outcomes depending on concentration and exposure time.  

The exposure to SrCl2 and K2CO3 also led to changes in the expression of key cardiac genes, 

as measured by qRT-PCR. Although detailed gene-by-gene results are beyond scope of this 

discussion, general patterns were observed that correlate with the functional impairment. For 

instance, SrCl2-treated cardiomyocytes showed evidence of dysregulated calcium-handling 

and contractile protein genes. This is plausible given that intracellular Ca2+ signaling is a 

powerful regulator of gene transcription in cardiomyocytes145. Disruption of normal Ca2+ 

homeostasis by Sr2+ likely triggers maladaptive gene programs, potentially a stress 

response141. It is known from cardiac biology that sustained calcium overload can activate 

transcription factor such as NFAT or MEF2 via Ca2+/calmodulin-dependent pathways, inducing 

genes associated with hypertrophy or heart failure146-148. In our study, SrCl2 exposure 
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downregulated adult contractile genes persistently and induced a temporary decrease on 

stress-associated transcripts, consistent with a cardiotoxic response. While this could suggest 

activation of cell death pathways, this remains hypothetical, as no specific apoptotic markers 

were directly assessed. Supporting this, Hendrych et al. note that strontium therapy in humans, 

while beneficial for bones149,150, is associated with negative cardiac side effects that likely stem 

from interference in calcium-dependent cardiac processes137. Our gene expression findings 

provide a molecular window into such processes, showing that SrCl2 can alter cardiomyocyte’s 

transcription.  

In contrast to SrCl2, K2CO3 produced an immediate and mainly inhibitory effect on proliferation, 

electrophysiological activity, and elevated cell death rates, as confirmed by RTCA and MEA 

recordings. The toxicity profile is likely dominated by acute ionic imbalance. Excess 

extracellular K+ dissipates the transmembrane K+ gradient, depolarizes the membrane, 

inactivates voltage-gated Na+ channels, and thereby prevents action potential initiation151,152. 

This aligns with our MEA data showing noticeable changes in spike amplitude and frequency, 

indicating acute cytotoxic stress. In practical terms, elevated K+ rapidly suppresses excitability, 

similar to the cardiac arrest observed during severe hyperkalemia, including slowed impulse 

conduction and risk of lethal arrhythmias151,153-155. At a resting potential near -80 mV, the inward 

rectifier K+ current stabilizes diastole; when external K+ climbs, the Nernst potential for K+ 

becomes less negative, and the resting potential accordingly shifts upward. In our in vitro 

model, the high K+ load from K2CO3 likely brought the murine cardiomyocyte membrane 

potential closer to 0 mV, effectively silencing the cells by preventing repolarization and re-

excitation. Furthermore, depolarization can open some Ca2+ channels briefly156 and, 

importantly, can reverse the driving force of Na+/Ca2+ exchanger (NCX). Normally, NCX 

extrudes one Ca2+ in exchange for 3 Na+, using the Na+ gradient and negative interior as driving 

force. But if the cell is depolarized to ~-20mV or higher, NCX may operate in reverse. 

Therefore, sustained depolarization from high K+ can paradoxically lead to intracellular Ca2+ 

accumulation as well, compounding stress on the cell.  

Beyond the electrophysiological matters, K2CO3 exposure also resulted in significant gene 

expression changes, particularly in genes related to cell survival, electrophysiology, and tissue 

remodeling. Extreme potassium stress is known to activate intracellular signaling cascades 

(e.g. MAPKs and apoptotic pathways) in cardiomyocytes154. Consistent with this, we observed 

downregulation of genes for normal electrical and contractile function in K2CO3-treated cells. 

In essence, high K2CO3 pushes cardiomyocytes into a transcriptional program of cell stress 

and death, rather than the program for normal beating function. These gene-level disturbances 

underscore that the toxic impact of K2CO3 is not limited to acute electrophysiological arrest; it 

also includes longer-term changes that could impair recovery even after K+ normalization.  
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Furthermore, elevated extracellular potassium has been associated with shifts in cytokine 

profiles, particularly increased TNF-a and reduced IL-6 expression157. These changes could 

exacerbate cardiac dysfunction, since TNF-a modulates potassium channel activity and 

promotes apoptotic signaling in cardiomyocytes158,159, while IL-6 has protective roles in tissue 

repair and immune regulation. Suppression of IL-6 may impair cardiomyocyte resilience to 

stress. Notably, studies showed that blocking IL-6 signaling, e.g. via SOCS3, can reduce 

hypertrophy and apoptosis in cardiac tissue160, underscoring its regulatory importance. 

Although we did not assess cytokine levels directly, this literature suggests a possible 

immunomodulatory effect of high K+ that may contribute to the observed functional impairment. 

Taken together, the qRT-PCR data for both compounds highlight that SrCl2 and K2CO3 

exposures disturb the genetic regulators of cardiomyocyte viability and function, corroborating 

the results such as reduced contractility and increased cell death.  

Although both SrCl2 and K2CO3 were toxic to murine cardiomyocytes, their toxicity differed. 

Several contrasting aspects were evident, K2CO3 caused irregular and low amplitude beating 

and a progressive decline in viability. This acute effect corresponds to the well-known 

immediate cardioplegic action of high K+. Clinicians intentionally induce asystole within 

seconds by perfusing the heart with high K+ solutions during surgery154. On the other side, if 

high K+ is removed, electrical activity can resume. So, in our in vitro context, if K2CO3 was 

washed out before cells irreversibly died, one might expect partial recovery of beating and 

viability. In contrast, SrCl2’s effects built up more gradually; it preserved rhythmic contractions 

at intermediate concentrations, while showing reduced amplitude, frequency, and cell viability 

at highest concentration. Once Sr2+ has entered cells and disrupted Ca2+ homeostasis, simply 

washing it out might not rapidly reverse the apoptotic signaling. Sr2+ impact on the action 

potential was found to be “pronounced and progressive” in Purkinje fibers, not easily reversed 

except by reintroducing Ca2+134, suggesting that sustained exposure leads to accumulating 

dysfunction.  

Another aspect of K2CO3 is its carbonate component, which makes the solution strongly 

alkaline. Although our cell culture medium was buffered, a spike of K2CO3 could locally raise 

pH and cause alkaline injury to cells161. High pH can denature proteins and cause lipid 

membrane saponification. The safety data for K2CO3 note it is a caustic substance that can 

cause tissue burns on contact57,162. Consistent with the observed changes in morphology and 

the reduced EB diameter, this caustic effect could have contributed to cell membrane damage.  

In summary, SrCl2 and K2CO3 probably act through different primary mechanisms, one 

mimicking calcium and derailing calcium-dependent processes, the other overwhelming 

potassium homeostasis and extinguishing excitability, yet both mechanisms converge on a 

common theme: disruption of ionic equilibrium in cardiomyocytes leading to calcium overload, 

contractile failure, and cell injury. Calcium is central in both cases, directly for Sr2+, indirectly 
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for K+, which is not surprising given Ca2+’s role in cardiomyocyte life and death. Such 

mechanistic distinctions are crucial in toxicological risk assessment and for defining exposure 

thresholds, particularly when utilizing high-resolution in vitro models such as MEA or 

impedance-based screening platforms, which allow for time- and concentration-resolved 

profiling of cardiotoxic responses. Although mechanistic pathways such as CaSR activation or 

membrane depolarization remain speculative within the scope of this study, the combined 

functional, molecular, and morphological data clearly demonstrate that both SrCl2 and K2CO3 

exhibit dose-dependent cardiotoxic and cytotoxic effects in iPSCs and iPSC-CMs.  

 

5.1. Limitations of the Present In Vitro Model 
While our findings provide valuable insights, it is important to recognize the limitations of this 

in vitro model. First, we utilized murine iPSCs and iPSC-CMs, which may differ from adult 

human CMs in several respects. Murine CMs have much faster beating rates and significantly 

shorter action potential durations than human CMs163,164. The ion channel expression profile in 

mice means that their response to ionic perturbations can differ quantitatively from human 

heart cells163,165. Moreover, our in vitro exposures were acute and in an isolated setting. This 

lacks the contributions of systemic factors present in an intact organism. In a living animal, 

homeostatic mechanism, and multi-cellular interactions could modulate the effects of SrCl2 and 

K2CO3. Another limitation is that we focused on single-compound exposures. In realistic 

scenarios, SrCl2 or K2CO3 toxicity might occur in the context of other stressors or compounds. 

For example, SrCl2 or K2CO3 might interact with other electrolytes or medications, our 

controlled experiments do not account for such interactions. Ideally, complementary in vivo 

studies (e.g. in animal models) or human cardiomyocyte experiments would be performed to 

validate that similar toxicity occurs at relevant doses.  

Finally, our readouts (impedance, MEA, FACS, qRT-PCR) provide a broad view of 

cardiomyocyte health, but each has limitations in sensitivity and specificity although iPSCs and 

iPSC-CMs provide a valuable model for investigating cellular reactions. There could be subtler 

effects of SrCl2 or K2CO3, such as changes in metabolic activity, oxidative stress level, or 

electrophysiological heterogeneity that we did not directly measure. These could be explored 

in future studies using assays for ATP content, reactive oxygen species, or high-resolution 

mapping of conduction, respectively. In summary, caution is warranted in translating these in 

vitro results to in vivo cardiac risk. The model is extremely useful for mechanistic understanding 

and relative comparison of toxicity, but factors like species differences, cell maturity, systemic 

responses, and dose extrapolation must be considered. 

In addition, while our study assessed acute effects, the chronic toxicity of SrCl2 and K2CO3 

remains underexplored. Long-term exposure may involve additional mechanism of damage, 

including inflammatory signaling and epigenetic modulation. Future research should therefore 
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explore the sustained, low-dose impact of these compounds on cardiac tissue, ideally 

integrating molecular profiling and in vivo validation studies.  

 

5.2. Potential Implications for Clinical Practice 
Despite the above limitations, our findings carry important implications for toxicological 

screening and compound safety assessments in both medical and industrial contexts. iPSC-

CMs have emerged as a powerful tool for preclinical cardiotoxicity testing. The distinct profile 

observed for SrCl2 or K2CO3 in our study illustrate why a multi-parametric screening approach 

is crucial. Comprehensive screening can detect both functional cardiotoxicity (e.g. arrhythmias, 

contractile failure) and structural cardiotoxicity (cell death, molecular damage). From a 

regulatory perspective, the results underscore that even seemingly simple inorganic 

compounds can have complex cardiotoxic effects. This is particularly relevant in vulnerable 

populations, such as children, pregnant women, or individuals with impaired cognitive or renal 

function, who may unintentionally ingest or accumulate higher doses of these substances. 

Such cases illustrate the need for heightened awareness and education regarding potential 

risks associated with over the counter and oral care products. SrCl2 or K2CO3 are not typical 

“drug-like” molecules, yet their impact on heart cells is profound. This suggests that industries 

handling such compounds, should be mindful of potential cardiac risk in cases of accidental 

exposure. Safety protocols must consider cardiotoxic endpoints. Our study also has 

implications for environmental health. Sr2+ is a trace element sometimes found in groundwater 

or released in certain industrial effluents39-43, and K2CO3 can be a component of industrial 

waste53-56. Environmental toxicology assessments could utilize cardiomyocyte assays to gauge 

if such contaminants pose a risk to cardiac function in wildlife or humans, for example, if 

drinking water contamination occurred.  

Finally, our results highlight the importance of using human-relevant cell systems in safety 

testing. While we used murine iPSCs and iPSC-CMs, the approach can be readily applied to 

human iPSC-CMs, which are increasingly used in safety pharmacology and could strengthens 

the evidence that these substances would be hazardous to human cardiac health. The 

toxicological behavior of SrCl2 or K2CO3 resembles recent examples from regulatory 

toxicology, where common cosmetic ingredient such as triclosan, titanium dioxide, or sodium 

lauryl sulfate were shown to impair proliferation, induce inflammation, or delay tissue 

regeneration in human cell models166-170. These precedents highlight how even long-

established substances can have unexpected cytotoxic or cardiotoxic effects when reassessed 

using modern cell-based assays171-180.  

Given their wide applicability and biological potency, both SrCl2 and K2CO3 should be re-

evaluated in the context of modern toxicological setting. A balance must be struck between 
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their functional utility and the potential cellular risks they pose, especially to excitable tissues 

such as the heart.  
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