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ABSTRACT 

 
RE-ENGINEERING CARDIO-ONCOLOGY TESTING USING BIOMIMETIC 

HEART SLICE CULTURES 

Jessica M. Miller 

November 14, 2022 

Recently, the rapid pace of cancer therapeutic development has led to numerous 

unforeseen consequences on heart function. Additionally, recent articles suggest that 

cardiovascular disease (CVD) diagnosis following primary cancer treatment has been 

associated with cancer progression. To address these adverse cardiac effects, two 

emerging research fields have started to be established termed cardio-oncology and 

reverse cardio-oncology. While in vivo animal models and in vitro cell culture models 

(i.e., human induced pluripotent stem cell derived cardiomyocytes (hiPSC-CM)) have 

been of paramount importance for the discovery and detection of many cardiotoxic 

effects, they lack the ability to accurately model the intact human myocardium. Recently, 

our group developed a 300 μm thin cardiac tissue slice culture system which has several 

advantages such as emulating the organotypic structure of the heart and allows for the 

reliable replication of normal cardiac functionality. 

Therefore, we hypothesize that cardiac tissue slices can emulate the complexity of 

the human heart and can be a potential platform for reliable drug testing and various ex-

vivo cardio-oncology studies.  
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In this dissertation, three studies were performed to evaluate cardiac tissue slices 

as a potential platform to study cardio-oncology and reverse cardio-oncology related 

research questions.  

Firstly, to test whether cardiac tissue slices can be used in cardiotoxicity 

screening, tissue slices and hiPSC-CMs were treated with doxorubicin, trastuzumab, and 

sunitinib for 48 hours. hiPSC-CMs did not detect the cardiotoxic effects of sunitinib at 

nanomolar concentrations, while heart slices did. Secondly, to validate that cardiac tissue 

slices can more accurately detect cardiotoxicities compared to hiPSC-CMs, 12 clinically 

established cardiotoxic therapeutics were tested. Only 2 out of the 12 compounds showed 

cardiotoxic effects at the clinically relevant dosage in hiPSC-CMs. However, on cardiac 

tissue slices, all 12 compounds demonstrated cardiotoxic phenotype(s) at the clinically 

relevant dosage. Lastly, to investigate the potential crosstalk between CVD and 

tumorigenesis a co-culture bioreactor system was designed. By positioning a hexagon 

shaped baffle within the center of the tissue slice culture chamber, a uniform exchange of 

solution across all 6 tissue slices was established.  

This dissertation outlines how cardiac tissue slices are an effective platform for 

cardiotoxicity screening and can more accurately detect clinically known cardiotoxic 

effects compared to hiPSC-CMs. Additionally, a novel CVD-tumor bioreactor was 

designed providing a platform to investigate the crosstalk between tumor cells and 

cardiac tissue.
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CHAPTER 1: INTRODUCTION 

 

 

1.1. Cardio-oncology 

Unforeseen disruption of cardiomyocyte electrical conduction and contractility 

has been a major cause of drug withdrawal from the market, accounting for 28% of drug 

withdrawals. [67, 95, 122, 128] Many of these drugs are used for cancer therapies and 

have often led to severe damage to the heart. [115] Some examples are anthracyclines, 

radiation (traditional treatment), and trastuzumab (targeted), which have resulted in 

cardiovascular complications in a small subset of patients. [105, Moslehi, 2016 #40] 

While the mechanisms of these therapies are well known, newer classes of drugs, such as 

PI3K or CDK4/6 inhibitors, remain elusive. [193, Knudsen, 2017 #36] Due to both the 

known and the predicted cardiotoxic side effects of anti-cancer therapeutics, an emerging 

field between cardiologists and oncologists (cardio-oncology) has started to form. This 

new field aims to reduce cardiotoxic side effects in accordance with the International 

Council for Harmonization of Technical Requirements for Pharmaceuticals for Human 

Use (ICH) guidelines. [144]  

In more recent years, cancer drug development has occurred at a rapid pace, 

leading to numerous unforeseen consequences. Many patients are exposed to a complex 

regimen of medications that may have some unknown side effects. Additionally, due to 
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many confounding factors such as age, genetics, food consumption or nutritional 

supplements, adverse drug effects can sometimes be difficult to predict with new 

therapies. Therefore, it is essential to obtain insight into the mechanism of potential 

adverse drug effects to reduce the risk of detrimental effects in patients.  

Alterations in cardiac rhythm can occur due to both direct and indirect effects of 

anticancer drugs on the intracellular regulation of myocyte action potentials. [10, 

Alexandre, 2018 #46] While various types of arrhythmias can occur as an adverse 

consequence of cancer treatment, the prolongation of the QT interval is the most 

common. [10] A prolongation of the QT interval increases the risk factor of patients for 

developing Torsades de Pointes (TdP), a condition in which the ventricles become 

tachycardic and can lead to sudden death. [6, Peter Westervelt, 2001 #44]  

Table 1 shows cancer therapeutics that have been associated with prolonged QT 

intervals and the development of TdPs. Arsenic trioxide has the highest risk of these 

events occurring, with doxorubicin and several TKIs (nilotinib, sunitinib, and lapatinib) 

following close behind. Additionally, the combination of multiple medications induces an  

additive effect on QT interval prolongation and a further increased risk to the patients. 

[10]  
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Patients that are treated with cancer therapies can develop cancer therapy-related 

cardiac dysfunction (CTRCD). [10] Classification of a patient as having CTRCD occurs 

when LVEF is between 10 to 53%. [111, 142] Individuals who receive anthracyclines, 

such as doxorubicin (Dox), have a higher risk of developing CTRCD with systolic 

dysfunction and HF. [169] Patients administered with a combination of an anthracycline 

and another chemotherapeutic, such as trastuzumab (Tras), cyclophosphamide, or 

taxanes, have a further increased risk of cardiotoxicity. [72] For example, treatment of 

Tras alone has a 2-3% risk of patients developing HF, while a combination treatment of 

Tras and Dox can lead to a >7-fold increased risk of HF. [21] 

Anticancer agenets increased QTc TdP

Arsenic trioxide +++ ++
Doxorubicin +++ Possible

Pabinostat ++ Possible
Vorinostat ++ Possible

Toremifene ++ -

Ceritinib + -
Crizotinib ++ -
Lapatinib +++ -
Nilotinib ++ +
Pazopanib ++ +
Ribociclib ++ -
Sorafenib - -
Sunitinib ++ +
Vandetanib +++ +
Vemurafenib ++ -

Selective estrogen receptor modulators

Histone deacetylase inhibitors

Nontrageted agents

TKIs

Table 1: Cancer therapeutics associated with altered QT and risk of Torsades de 

Pointes. [10] List of anticancer agents that cause increased QT intervals and Torsades 

de Pointes (TdP). +++ indicates a high risk, ++ indicates a moderate risk, + indicates a 

risk, and – indicated no risk of development. 



4 
 

Hypertension is the most common cardiovascular comorbidity in cancer patients. 

It is also considered the most modifiable risk factor for cardiovascular complications in 

cancer survivors and patients still being treated for cancer. [33] VEGF inhibitors are the 

common cancer therapeutic that is linked to hypertension. [186] The reported cases of 

first-time VEGF inhibitor treated patients have a 21 to 40% risk of developing 

hypertension. [186] Typically, VEGF inhibitors cause vascular regression, renal 

parenchyma, and vasoconstriction by a decrease in endothelial nitric oxide production. 

[90] 

1.2. Chemotherapeutic cardiotoxins 

Many chemotherapeutic treatments have adverse side effects, such as 

hypertension, thromboembolism, cardiotoxicity, and cardiac contractile dysfunction 

(prolonged QT interval). [21, 42, 90, 92, 134][105, 145, 195] The most detrimental of 

these adverse side effects is cardiotoxicity. There are many mechanisms in which to 

induce cardiotoxicity but the most common forms that appear with chemotherapeutics are 

cardiotoxicities induced through mitochondrial or energetic damage, a disruption in 

contractile function, a disruption in the electro-physiology, and a direct distribution to the 

myofilaments (contractile machinery of the cell discussed in more detail below). 

Table 2 summarizes common chemotherapeutic drug classifications, the type of 

cardiotoxicity induced, and the clinical dosage. Lenneman et al [105] summarizes drug 

cardiotoxicity modes of action (Figure 1). 
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Compound 
name Classification CAS # 

Energetics/ 
mitochondrial 

toxicant 

Electro-
Physiological 
disturbance 

Contractility Structural/ 
myofilament 

Clinical 
dosage range 

Doxorubicin anthracyclines 25316-
40-9 X    60-75 mg/m2 

[24] 

Vinorelbine vinca alkaloids 125317-
39-7 

   X 25-30 mg/m2 
[39] 

Erlotinib kinase inhibitors 183321-
74-6 X    100-150 mg 

[94] 

Sunitinib tyrosine kinase 
inhibitors 

557795-
19-4 X    12.5-50 mg 

[34] 

Endothelin-1 vasoconstrictor 117399-
94-7 

   X 62.5-125 mg 
[10] 

Pentamidine cytotoxic 100-33-4  X   3-4 mg/kg [1] 

Arsenic 
Trioxide cytotoxic 1327-53-

3 
 X   10 mg [88] 

BMS-986094 anti-viral 1234490-
83-5 

  X  100-200 mg 
[5] 

Vincristine vinca alkaloids 2068-78-
2 

   X 1.4-2 mg/m2 
[60] 

Milrinone antimetabolite 78415-
72-2 

  X  9-18 μg/m2 
[22] 

Nilotinib kinase inhibitors 641571-
10-0 

  X  400-800 mg 
[47] 

Vinblastine vinca alkaloids 143-67-9    X 3.7-18 mg/m2 
[95] 

Trastuzumab HER2-targeted 
monoclonal antibody 

180288-
69-1 

  X  100-250 mg 
[12] 

Acetaminophen analgesics and 
antipyretics 103-90-2     325-500 mg 

[7] 

Table 2: Classification of cancer therapeutics and associated cardiotoxicity. Known 

cardiotoxic cancer therapeutics with corresponding drug classification, CAS # 

(compound ID number), clinically associated cardiotoxicity, and clinical dosage range. 

Figure 1: Cardiotoxicity mechanism of cancer therapeutics. [58] Mechanisms of 

cardiotoxicity caused by common cancer therapeutics. 
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1.3.1. Anthracyclines – Doxorubicin 

Anthracyclines such as doxorubicin (Dox), idarubicin, daunorubicin, and 

epirubicin, induce energetic/mitochondria damage. [105] Anthracyclines are a class of 

antibiotics that are used to treat various types of cancer (breast, leukemia, lymphoma) and 

are the most effective cancer therapy. [52, 184] This classification of drug inhibits 

topoisomerase II (inhibiting ligase repair of DNA breaks), intercalates DNA base pairs, 

creates iron-mediated free radicals (inducing more DNA damage), and reduces histones  

(further reducing DNA repair). [52, 135, 201] While anthracyclines are highly effective 

in treating cancer, they cause cardiotoxicity. [27, 51, 103, 105, 158] 5-23% of patients 

develop HF and LV dysfunction in both short- and long-term exposure to these 

compounds. [27, 103] The exact cardiotoxic mechanism of this class of therapeutics 

remains elusive but it is believed to be caused by the accumulation of free radicals 

(inducing a stress response and DNA damage) and inhibition of DNA repair. [77, 201] 

1.3.2. Alkylating agents – Vinorelbine, vincristine, and vinblastine 

Another cardiotoxic classification is alkylating agents, such as vinorelbine, 

vincristine, and vinblastine. [49, 62, 107] Vinca-alkaloids are considered spindle toxins 

that interfere with beta-tubulin subunit of the alpha/beta-tubulin heterodimer thus 

inhibiting tubulin polymerization, which is a key protein in microtubule assembly. [62] In 

cardiomyocytes, there are three distinct populations of microtubules: cortical, 

interfibrillar, and perinuclear. [25] The cortical microtubules span across the 

cardiomyocyte perpendicular to myofibrils. [164, 165] They are responsible for 

mechanotransduction of external cues and regulate ion channels as well as 

transmembrane proteins. [164, 165]  Interfibrillar microtubules are responsible for 
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positioning organelles within the cell, maintaining intercalated disc, and T-tubule and SR 

membrane regulation. [26, 116, 147, 151, 176, 199, 202] Lastly, perinuclear microtubules 

surround the nucleus. This type of microtubule is responsible for organizing perinuclear 

organelles and interacting with the LINC complex that mechanically couples the 

nucleoskeleton to the microtubule cytoskeleton. [35, 133, 168] A disruption in these 

microtubules can cause major cellular dysregulation. [49, 62, 107] This category of 

therapeutics has been linked to cardiac dysfunction and pulmonary hypertension caused 

by a disruption in myofilaments. [49, 62, 107] 

1.3.3. Tyrosine kinase and VEGF inhibitors – Erlotinib, sunitinib, and nilotinib 

Tyrosine kinase (TKI) and vascular endothelial growth factor (VEGF) inhibitors 

also induce cardiotoxicity. [105] Some common tyrosine kinase and VEGF inhibitors are 

erlotinib, sunitinib, and nilotinib. [105] Sunitinib binds to the phosphorylation site of the 

VEGFR receptors, inhibiting the VEGF signaling pathway. [134] In normal VEGF 

signaling activation one of two pathways can be activated. The first is the PI3K/AKT 

pathway which increases intracellular calcium, resulting in the activation endothelial 

nitric oxide (eNOS) synthase which, in turn, increases nitric oxide (NO) production. [20, 

137] The other pathway is the mitogen-activated protein kinase (MAPK) pathway which 

increases intracellular prostacyclin (PGI2) concentrations. [190] High concentrations of 

NO or PGI2 will induce vasorelaxation, increase vascular permeability, and improve 

endothelial survival and angiogenesis. [134] With the treatment of sunitinib these 

pathways are inhibited, resulting in low intracellular concentrations of NO and PGI2 thus 

inducing vasoconstriction, decreasing vascular permeability, and reducing angiogenesis. 

[134] Interestingly, in patients treated with sunitinib, there is an increase in endothlian-1 
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(ET-1) within the circulation, which further increases vasoconstriction. [89, 90] With 

VEGF having so many influences there are many adverse cardiovascular events of VEGF 

inhibits. Patients who receive this form of treatment are reported to have hypertension, 

thromboembolism, and cardiac contractile dysfunction (prolonged QT interval). [105, 

145, 195] Nilotinib inhibits the tyrosine kinases BCR-ABL, cKit, and PDG-FR. [130] 

The only reported cardiovascular effect of this compound is the prolongation of the QT 

interval. [88] It should be noted that while sunitinib and nilotinib both induce 

cardiovascular complications, erlotinib is very well handled in patients and cases of 

cardiotoxicity are very rare (4 cases reported to date). [42, 102, 125, 140] 

1.3.4. Antimetabolites – Milrinone  

Antimetabolites, such as cytarabine and milrinone, inhibit DNA and RNA growth 

by substituting normal building blocks of the RNA/DNA, thus inhibiting the cells during 

the S phase of mitosis. [132][66] Milrinone is a phosphodiesterase inhibitor that slows the 

degradation of cyclic AMP. [120] This induces an accumulation of cytosolic cAMP 

which will activate PKA, L-type calcium channels, and the ryanodine receptor, thus 

increasing intracellular calcium. [198] Activation of PKA causes the phosphorylation of 

troponin I, which in turn allows for faster force relaxation and contraction. [12, 198] The 

commonly reported cardiac effects are ECG changes (ST-segment and T-wave 

irregularities), chest pain, and myocardial ischemia. [105, 132] [51, 66]  

1.3.5. HER2/neu receptor inhibitors - Trastuzumab 

Her2-targeted therapies consist of trastuzumab (Tras) and pertuzumab. [105] Tras 

is a humanized monoclonal antibody used to treat HER2-positive breast cancer patients. 

[105]  The inhibition of HER/neu receptor disrupts the intracellular transduction pathway 
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that is a critical regulator of normal myocyte growth, homeostasis, and survival. [105, 

139, 167] This HER/neu signaling also controls the sympathetic output and vasomotor 

tone of the heart. [105] Clinically, HER2-targeted therapies result in asymptomatic 

cardiac dysfunction, but in a subset of patients it can cause heart failure. [129] Recent 

studies utilizing hiPSC-CMs, revealed that Tras directly causes cardiomyocyte damage, 

resulting in a decline in cardiac expression and contractile function. [92, 100] 

1.3.6. Antiprotozoal – Pentamidine 

Pentamidine is an antiprotozoal agent that is used to treat pneumocystis jiroveci 

pneumonia in patients with immunodeficiency virus infection. [16, 56, 60, 80, 82, 183] 

While this treatment is an effective alternative to the primary treatment, it does have a 

large number of adverse consequences. [60] Immediately after treatment patients are 

reported to experience hallucinations, nausea, vomiting, and hypotension. [60] With just 

1 week of treatment, pentamidine induces nephrotoxicity, pancreatitis, and cardiotoxicity. 

[60, 183] The cardiotoxic events that occur include the prolongation of the QT-interval, 

torsade de points, sinus bradycardia, and ventricular tachycardia. [16, 56, 60, 80, 82, 183] 

This is due to the cardiotoxic mechanism of action of pentamidine. Pentamidine inhibits 

the transcription of the human ether-a-go-go-related gene (hERG), thus reducing the 

number of potassium channels on the cell surface. [34, 101, 183] This subsequently 

blocks the IK1 current, inducing QT prolongation and TdP. [34, 101, 183] 

1.3.7. Cytotoxin – Arsenic trioxide 

Arsenic trioxide, a natural toxin, has been used for centuries to treat various 

diseases, such as myelodysplastic syndrome, leukemia, and many types of cancers. [43, 

157, 205] Due to the non-specificity of arsenic trioxide, there is a dosage limit to reduce 
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the damage to other cells. [29, 76] In the heart, this toxin causes a prolongation of the 

QT-interval inducing ventricular arrhythmias. [45] This is hypothesized to be due to 

arsenic reducing cardiac phosphorylation, thus decreasing intracellular ATP 

concentrations inhibiting the activation of potassium-ATP ion channel. [45] 

1.3.8. Other – Endothelin-1 

Endothelin-1 (ET-1) is a peptide that has been linked to tumor survival, 

proliferation, immune modulation, metastasis, and angiogenesis [154] Over the past 3 

decades, ET-1 therapies have been developed to interfere with ET-1 receptor activation. 

[7, 153] This has proven to be an effective method in treating various types of cancers but 

there are adverse events associated with ET-1 therapies. [7] In the cell, a balance between 

NO concentrations and ET-1 binding to its receptor controls contraction and relaxation. 

[19] NO contractions directly regulate cGAMP synthesis resulting in the relaxation of the 

cell. When there is a higher amount of ET-1 binding to the receptors there will be 

increased contraction. [19]  Endothelin-1 receptors are expressed throughout the body 

leading to both direct and indirect cardiovascular complications. [7] Clinically, these 

complications can range from hypertension to ischemic heart failure. [36, 66, 68, 112, 

172, 174, 175] 

1.3.9. Other – BMS-986094 

BMS-986094 (BMS) is an anti-hepatitis C virus therapy that was stopped during 

phase II clinical trials due to unforeseen cardiotoxic events. [3, 178, 185] With long-term 

treatment, BMS was found to induce a decrease in left ventricular ejection fraction.[3, 

185] Through in vivo and in vitro studies, it was discovered that BMS directly altered CM 

contractility through the disruption of calcium transients. [161] Additionally, BMS has 
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been reported to induce mitochondrial toxicity with long term exposure in cell cultures, 

however, this effect has not been reproduced in animals. [9, 46, 53, 117, 161] 

1.3. Reverse Cardio-oncology 

Cardiovascular disease (CVD) and cancer are the two leading causes of death, 

sharing many common risk factors. [18] Whether the relationship between CVD and 

cancer is due to causality or to the shared risk factors is still under debate. [37] Recent 

articles, however, suggest that CVD diagnosis subsequent to primary cancer diagnosis 

has been associated with cancer progression. [97] Due to these studies, an interest has 

been invoked to understand the bi-directional relationship between these two diseases. 

[39] 

The field of cardio-oncology has advanced in the recent years from simply 

observing increased risk of CVD following cancer treatment to linking a decline in 

lifestyle activity (indirect) or direct cardiotoxic influences of immunotherapies on heart 

function. [83] With the continued growth of cardio-oncology classifications, an additional 

field of study addressing the possibility of CVD progressing cancer pathogenesis has 

emerged. This new subfield has been termed as ‘reverse cardio-oncology.’ [2] 

Clinical evidence has demonstrated that higher cancer prognosis has been 

associated with CVD. [96] Cancer prognosis is either due to tumorigenesis or the 

acceleration and growth of preexisting occult tumors. [96] It has been observed in a 

cohort study that myocardial infarction patients who developed heart failure (HF) one 

month after treatment were more likely to develop cancer when compared to participants 

without HF. [74, 110] NT-ProBNP, a standard HF detection biomarker, has also been 

associated with increased new cancer incidence. [113] This study also reported that pro-
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inflammatory cytokines (C-reactive protein, pro-endothelin, and pro-adrenomedullin) 

have been linked to incident cancer.  

Acute coronary syndrome (ACS) patients have been reported to be at a higher risk 

of malignancy development post ACS diagnosis. [13] Additionally, venous 

thromboembolism, atrial fibrillation, and aortic stenosis have been linked to the 

development of cancer. It should be noted, however, that these patients are possibly 

exposed to detection bias, due to the more frequent lab testing, chest X-rays, CT, MRI, 

and PET scans that could reveal previously undetected malignancies. [38] Nevertheless, 

the risk of CVD patients of developing tumors needs to be investigated.  

Current in vitro research has revealed that CVD-induced cancer pathogenesis has 

been linked with specific CVDs inducing tissue specific tumor development. Koelwyn et 

al [96] demonstrated that an MI after primary cancer leads to an upregulation of LY6Chi 

monocytes, promoting breast cancer tumor growth. Meijers et al [113] demonstrated that 

MI-induced heart failure leads to an increase of circulating SerpinA3, which directly 

promotes colon cancer pathogenesis. Avraham et al [5] demonstrated that TAC induced 

mice models displayed larger primary tumors with increased proliferation rates and more 

metastasis in both lung and breast cancer due to increased periostin release.  

1.4. Functionality and cellular composition of the heart 1 

1.4.1. Cardiac anatomy 

Oxygenated, nutrient-rich blood is pumped by the heart to support various tissues 

throughout the body. Figure 2A depicts the structure of the heart. The heart is composed  

1 Part of the work in this chapter has been published in [114] M. H. Meki, J. M. Miller, and T. M. A. 
Mohamed, "Heart Slices to Model Cardiac Physiology," (in English), Frontiers in Pharmacology, Mini 
Review vol. 12, no. 23, 2021-February-04 2021, doi: 10.3389/fphar.2021.617922. 
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of four chambers: the left and right atrium and the left and right ventricles. Deoxygenated 

blood returns to the right atrium of the heart from the venous circulation via the inferior 

and superior vena cava. The blood flows through the tricuspid valve into the right 

ventricle where it is pumped into the pulmonary artery to be transported to the lungs to be 

oxygenated. The oxygenated blood flows back to the heart into the left atrium. The mitral 

valve will open and allow the blood to flow into the left ventricle where it is pumped out 

of the aorta to the rest of the body. Due to the vascular resistance, pulmonary circulation 

pressures are significantly lower than the systemic circulation. This difference results in 

smaller cardiomyocyte size (the contractile cells that compose the myocardium) with the 

right ventricular myocardium compared to left. [70] 

Figure 2: Anatomy of the heart. [70] (A) Cross-section view of chambers of the heart, 

valves, and veins and arteries. (B) Diagram of the composition of the myocardium with 

intercalated disks (dark red lines) connecting the cardiomyocytes. (C) Composition of the 

ventricular wall: endocardium, myocardium, and pericardium. 
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1.4.2. Cellular composition of the heart 

The cardiomyocytes within the myocardium are similar to skeletal muscles in that 

they are straited and their contractile machinery consists of actin and myosin filaments. 

[61] These two filaments actively slide over one another when electrically stimulated. 

Cardiomyocytes differ from skeletal muscle in that they are connected to other 

cardiomyocytes via intercalated disks (Figure 2B). [61, 70] These intercalated disks 

enable an exchange of ions from one cell to the next allowing for the action potential to 

propagate along the cardiac tissue for a synchronized contraction.  

The ventricular wall contains three layers: the endocardium, myocardium, and 

pericardium (Figure 2C). The endocardium is composed of epithelium and connective 

tissue while the epicardium contains fatty and connective tissue. [70] The myocardium is 

composed of many cell types, such as endothelial, fibroblasts, and cardiomyocytes 

(CMs), with CMs being the most abundant and responsible for the heart’s contractile 

function. [70] 

1.5. Models of the heart 

Currently there is a lack of a reliable cardiac testing platform that can accurately 

replicate the human myocardial environment. Such a system would incorporate 

physiological inotropic, chronotropic, and dromotropic effects. The most common 

cardiac screening platform used are animal models. Animal models can be relatively 

expensive at the early stage of drug development due to the large volume of compounds 

needed to generate pharmacokinetic profiles. Additionally, animal models are limited in 

their reliability of reproducing the same effects of the drugs as seen in human hearts. [65, 

108, 156] The ideal cardiac testing platform is one that has high specificity and 



15 
 

sensitivity to a wide range of pharmacological interventions and therapeutics while at the 

same time accurately replicating physiological and pathophysiology conditions of the 

human heart. [187] 

The controlled culture environment of in vitro systems has the unique advantage 

of characterizing drug-related changes on the cellular level at a lower cost compared to 

animal models. 28% of drugs are withdrawn from the market due to unanticipated 

cardiotoxic effects of therapeutic compounds demonstrating the unsuitability of the 

current cardiac models in detecting toxic effects. [67] To address this issue, there are 

many groups working to develop a reliable preclinical model of the human myocardium. 

The success of in vitro systems increases with its ability to accurately detect calcium 

homeostasis, electrophysiology, contractile measurements, protein expression (e.g., 

contractile and gap junction proteins), and transcriptional profile. Guth et al. [65] outlines 

the essential features for in vivo drug testing platforms. While many of the models shown 

in Figure 3 have their own advantages, most lack the ability to model the physiology and 

pathophysiology of an adult human heart. This limitation is due to the complexity of the 

myocardium, which is composed of a multi-cellular environment maintained by chronic 

neurohormonal stimulation. 
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1.5.1. in vitro models – Isolated adult cardiomyocytes 

The first successful isolation and culture of adult cardiomyocytes was performed 

in 1976 by Powell and Twist. [146] Since this study, this technique has been used to 

study the response to sepsis [28], calcium dynamics [15], cardiac electrophysiology [14, 

91], gene transfer [84], and contractile function [123, 138]. These studies demonstrate 

that a simplified unicellular culture can provide insightful data while avoiding 

confounding factors seen in more complex models such as tissue preparations. [54] 

Figure 3: Models of the heart in culture. [114] (top row) Isolated heart. (middle row) 

Models of the cardiac physiology in culture ranging from adult cardiomyocytes, hiPSC-

CMs, ventricular wedges, and heart slices. (bottom row) Recent advancements of the use 

of cardiac tissue slices in culture. 
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Another unique characteristic of adult cardiomyocyte culture is that by culturing the cells 

on a coated plastic surface, the cardiac phenotype of rod-shaped morphology, t-tubule 

organization, and cell-cell coupling can be maintained. [121] 

 While this platform has been a key element in cellular level research, it is limited 

in its ability to accurately predict macrolevel responses and cardiotoxicities of drugs and 

therapies. Additionally, isolated cardiomyocytes are restricted by their culture life. These 

cells will rapidly dedifferentiate and lose normal cardiac functionality within 48 hours. 

[17] Another limitation is the low number of cells and high amount of cellular damage 

during isolation using the current enzymatic isolation protocols. [44, 177] In order to 

improve the cell yield and reduce cellular damage, some groups are focusing on 

optimizing these isolation protocols. [64] Callaghan et al. [24] demonstrates that by using 

Geltrex and blebbistatin, adult mouse cardiomyocytes have improved viability and 

maintained cellular function. The major limitation of this method is the use of 

blebbistatin, which inhibits cardiomyocyte contraction, which may limit contractile 

assessment. 

1.5.2. in vitro models – Human-induced pluripotent stem cell-derived 

cardiomyocytes (hiPSC-CMs) 

Due to the simplicity of hiPSC-CM generation and culture process [40, 170], this 

cell type has been extensively used for drug cardiotoxicity testing, arrhythmogenicity 

[143, 159, 162], and cardiac disease modeling [85, 194]. However, due to hiPSC-CM’s 

fetal-like properties of under-developed sarcoplasmic reticulum, lack of T-tubules, and 

lack of cell-cell coupling, they are structurally and functionally incompetent. [40]  
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Many groups, discussed in detail by Ahmed et al. [4], are working towards 

methods that promote the maturation of these cells. These studies incorporate certain 

factors found in the native myocardial environment such as the extracellular matrix [150], 

electrical stimulation [126, 173], 3-D structure [200, 203], and electro-mechanical 

stimulation [81, 152, 155]. Kroll et al [99] demonstrates that by applying a force stretch 

system with synchronized electro-mechanical stimulation to hiPSC-CMs cultured on a 

flexible PDMS membrane, the cells will express enhanced stress fiber formation, N-

cadherin signaling, sarcomere shortening, and contractile protein expression. These 

improvements to hiPSC-CM cultures allow for these cells to be the most widely used 

drug screening platform due to their extended culture life and physiological resemblance 

to the human heart. 

1.5.3. in vitro models – Left ventricular wedge preparations 

Ventricular wedge preparations prepared from canine and other animal hearts 

(including human) have been extensively used for investigating arrhythmias, conduction 

velocity, and the heart’s electrophysiology. [30, 58, 109, 127, 191, 192] These models 

allow for a 3-dimensional macrolevel snapshot of the cardiac physiology and 

pathophysiology. Ventricular wedges, however, have a low throughput due to the 

complexity of the preparation and a low sample yield per heart. [148] Additionally, these 

preparations only have a few hours of culture life before rapid dedifferentiation, thus 

restricting their use in chronic drug studies. 

1.5.4. in vitro models – Heart slices 

Thin (<400 μm) heart slices were first proposed as a potential cardiac model in 

1992 with relatively precise and reproducible slice thickness. [1] In Parrish et al.’s [1] 
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study, ventricular heart slices were prepared from rat hearts and cultured for 24 hours 

with maintained viability and metabolic function. The key element of this study was the 

use of continuous oxygenation of the culture media, which was achieved by rotating the 

preparations within a cylinder. A decade later, Brandenburger et al. [22] simplified tissue 

slice cultures by using a transwell membrane that allowed for a liquid-air interface. 

 Since Brandenburger’s simplified culture system, 300 μm thin heart slices have 

demonstrated maintained conduction velocity and calcium handling, viability, and 

organotypic structure for 24 hours in culture. [86, 189] Additionally, since heart slices 

retain a 3-dimensional structure composed of multiple cell types and the presence of an 

extracellular matrix, a mature myocardial phenotype can be maintained. [171, 197] These 

slices can be prepared at a medium to high throughput enabling them for use in acute 

drug discovery. 

 Detailed protocols for the preparation of heart slices from different animals as 

well as human hearts have been described by many groups. [22, 131, 188, 189] 

Brandenburger et al’s study demonstrated that cardiac slices could maintain β-adrenergic 

response, viability, and electrophysiological properties for 28 days. This prolonged 

culture, however, resulted in a loss in the tissue’s functional (90% decline in contractility) 

and structural integrity after only 24 hours in culture. The decline in structural integrity 

and a downregulation of MLC2 and α-actin on the transcriptional level indicate that the 

slices were undergoing dedifferentiation. [22] Other groups that used this culture system 

demonstrated the same effects. [86, 189]  

 Neurohormonal factors and hemodynamics are the two main elements of the 

native myocardium that regulate the functional integrity of the heart and changes in either 
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will result in adaptive remodeling. [8] This illustrates the importance of biomimetic 

factors for maintaining the cardiac phenotype. Due to complexity of the cardiovascular 

system, it is difficult to identify all the myocardial environmental factors that are essential 

for properly maintaining this balance. In more recent years, groups have been 

investigating relevant factors such as electrical pacing, mechanical, and continuous 

oxygenation and nutrient support. [47, 131, 148, 188] 

 The synchronization of action potential propagation and cardiac contraction are 

regulated through gap junctions. [196] Arrhythmias can occur if there is a disruption in 

connexin 43, a gap junction protein, expression or localization. hiPSC-CM cultures have 

demonstrated that with continuous electrical stimulation, connexin 43 expression and 

organization can be improved. [75] 

 Mechanical cues on the other hand are essential in regulating physiological and 

pathological remodeling such as in dilated or hypertrophic cardiomyopathy. [8] The 

absence of electrical and mechanical stimulation in traditional transwell tissue slice 

culture may be the cause for the loss of contractile and contractile protein expression after 

24 hours in culture. [22] 

 Additionally, while both electrical and mechanical stimulation are essential, there 

may be other elements to consider such as nutrients, oxygenation, or humoral stimulation. 

The myocardium has a high metabolic demand that basic culture medium cannot sustain. 

Qiao et al. [148], developed a heart-on-a-chip culture system that incorporates heart slices 

into a culture system with continuous oxygen and carbon dioxide injection, an orbital 

shaker, and continuous circulation of the culture media. This system, however, does not 

include the other two essential factors of mechanical or electrical stimulation. This 



21 
 

system allowed for the tissue slices to be maintained in culture for 4 days with 

anisotropic conduction, average transverse conduction velocity, and uniform 

repolarization. 

 Watson et al. [188], developed a culture system that applied electrical stimulation 

and preload to rabbit and failing human heart tissue. This system utilized a continuous 

stretch apparatus to apply a constant sarcomeric length to the tissue slices. They found 

that slices cultured for 24 hours with a sarcomeric length of 2.2 μm, maintained 

conduction velocity, contractile function, calcium handling, electrophysiology, and action 

potential similar to fresh samples. The tissue slices showed no deterioration in contractile 

function for at least 5 days in culture. Interestingly, this model had an upregulation of 

hypertrophic genes and an increase in calcium transient amplitude within 24 hours of 

culture while maintaining normal cardiomyocyte cell size.  

 Fischer et al. [47], developed a similar culture system. Heart slices from failing 

human hearts were stretched between two posts with electrical stimulation. One end was 

connected to a spring cantilever, which applied a linear mechanical afterload. A magnet 

was placed on the free end post of the tissue slice and using a magnetic field sensor the 

contractile force of the slice was recorded in real-time. With the application of a low 

stimulation pace (0.2 Hz), tissue slices could be maintained for 4 months with conserved 

contractility, connexin 43 localization, α-actinin expression, and preserved tissue 

elasticity. There was, however, a significant downregulation of cardiac gene expression at 

8 days in culture. This system, unlike Watson et al.’s [188], allowed for active tissue 

shortening and contraction. Regardless, as mentioned by Pitoulis et al. [141] this method 



22 
 

of contraction is far from physiological where normal relaxation and contraction are 

separated by a time of isomeric relaxation and contraction. 

 Ou et al. [131] demonstrated that using optimized culture media, frequent 

oxygenation, and electrical stimulation of tissue slices cultured in a 6-well transwell 

culture plate, samples can be maintained with preserved viability, structural integrity, and 

functionally for 6 days in culture (Figure 4). By 10 days in culture, however, the samples 

show evident dedifferentiation through a differential expression of more than 500 genes, 

Figure 4: Optimization of pig heart slice biomimetic culture conditions. Once a 

full pig heart is obtained, the left ventricle is dissected into 1–2 cm3 cubes and placed 

on a holder. Setup for slicing 300 µm thick heart slices in ice-cold bath using a 

vibrating microtome. Heart slice trimmed and glued to light polyurethane supports 

and submerged in the medium in a 6-well plate, which is covered by the C-Dish 

cover containing graphite electrodes and connected to the C-Pace electron 

microscopy (EM) stimulator. 
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a disruption in connexin 43 localization, and loss of contractile function. While this 

culture system did not incorporate mechanical cues, it does demonstrate that with proper 

nutrients, oxygenation, and electrical stimulation, cardiac expression can be maintained 

in a simplified culture system. 

 Lastly, Miller et al. [118] developed a cardiac tissue culture model (CTCM) that 

incorporated electro-mechanical stimulation to heart slice cultures allowing for the 

application of physiological stretches emulating systole and diastole (Figure 5). The 

tissue culture system used a programmable pneumatic driver to cyclically distend a 

flexible silicone membrane inducing a stretch of the heart slices in the chambers above. 

Using this method, they were able to partially improve the viability of the hears slices but 

not the structural integrity after 12 days in culture. To address this, Miller et al 

incorporated the small molecules tri-iodothyronine and dexamethasone into their 

optimized culture media enabling the preservation of the microscopic structure of the 

slices. The combination of humoral stimulation and electromechanical stimulation 

allowed for maintained transcriptional profile, metabolic activity, structural integrity, and 

tissue viability for 12 days. Additionally, this group demonstrated the versatility of their 

system by emulating stretch-induced hypertrophy. This study illustrates a unique culture 

system that has the ability to model cardiac physiology and pathophysiology for extended 

culture, thus providing a potentially reliable drug screening platform. 
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Figure 5: Illustration of the cardiac tissue culture model (CTCM). (A) 

Exploded CAD schematic of CTCM. (B) Schematic illustration of tissue 

oversizing apparatus, ring guide, and support ring. (C)  A diagram depicting the 

timing of the electrical stimulation in relation to the pressure within the air 

chamber controlled by the programmable pneumatic driver (PPD). A data 

acquisition device was used to synchronize electrical stimulation using a pressure 

probe sensor. (D) Image of four CTCM devices set up on a shelf of an incubator.  
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1.5.5. Heart slices in cardiotoxicity screening 

 Currently, the ideal human cardiac testing platform does not exist. While 

bioengineered 3-dimensional hiPSC-CMs tissue cultures present as a promising platform 

with a relatively mature, heterogenous cardiac construct that can be applied to a wide 

range of applications (e.g., basic science studies, personalized assays, and regenerative 

medicine), they still fall short of accurately detecting cardiotoxic events seen in the adult 

human myocardium. [4, 59, 104] The recent improvements to biomimetic heart slice 

cultures discussed above demonstrate that the technology could be a promising platform 

for medium to high throughout drug testing.  

 In 1994, tissue slices were proposed as a platform for ‘detecting unfriendly 

cardiac compounds.’ [5, 70] In this study, tissue slices were cultured using a rotating 

cylinder method Parrish et al [2] proposed in 1992. Tissue slices were exposed to 

doxorubicin and allylamine and demonstrated a concentration and time dependent 

toxicity. A major disadvantage of Parrish et al.’s culture system is the rapid loss of 

contractile function in tissue slices.
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CHAPTER 2: EVALUATION OF CARDIAC TISSUE SLICES 
AS A PLATFORM FOR CARDIOTOXICITY TESTING 2 

 

 

2.1. Introduction 

Unforeseen cardiotoxic side effects are a major cause of drug withdrawal from the 

market. [70, 72] This is especially true for new cancer therapies, which have been 

introduced at a rapid pace. [10] [11, 88] Both targeted (e.g., trastuzumab) and traditional 

(e.g., anthracyclines and radiation) breast cancer treatments result in adverse 

cardiovascular complications. [105, 124] The effects of newer therapeutics such as PI3K 

inhibitors and CDK4/6 inhibitors remain unclear. [94, 193] While cancer patient survival 

rates have been increasing recently, there is also an increase in morbidity and mortality in 

these individuals due to cardiotoxic side effects of anti-cancer therapeutics. [71] A close 

collaboration between oncologists and cardiologists aims to reduce these complications to 

ensure that patients are treated as effectively and safely as possible. [144] Thus, there is 

an urgent need for a more reliable preclinical screening platform for evaluating the 

potential cardiotoxicity of emerging therapies. [160] 

 

 
2 The work in this chapter has been published in [119] Miller, J. M., Meki, M. H., Ou, Q., George, S. A., 
Gams, A., Abouleisa, R. R. E., Tang, X. L., Ahern, B. M., Giridharan, G. A., El-Baz, A., Hill, B. G., Satin, 
J., Conklin, D. J., Moslehi, J., Bolli, R., Ribeiro, A. J. S., Efimov, I. R., Mohamed, T. M., "Heart slice 
culture system reliably demonstrates clinical drug-related cardiotoxicity," Toxicology Appl Pharmacology, 
vol. 406, Nov-01-2020, doi: 10.1016/j.taap.2020.115213. 
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The use of in vivo and in vitro platforms is needed to detect the cardiotoxic effects 

of drug candidates before clinical trials. [79] Animal models, such as mice and pigs, can 

be expensive, do not replicate many biochemical properties, do not accurately mimic the 

hemodynamics of the human heart and circulation, [32, 78] and can fail to detect 

cardiotoxic effects of drugs. [181, 182] 

While in vitro models, such as hiPSC-CMs, are a partial solution for this need, 

they cannot capture the diverse multi-cellular influence of the native myocardium. [84] 

Additionally, these cells express fetal-like properties of under-developed sarcoplasmic 

reticulum, lack of T-tubules and cell-cell coupling. [27] More recent work to induce a 

more mature phenotype in these cells has started to be developed by incorporating 

hiPSC-CMs into microtissues. [55, 136] While these microtissues exhibit some cell-to-

cell coupling and gap junction protein expression, they do not function in a synchronized 

manner as seen in an intact heart. [152] A less commonly used single cell culture method 

is isolated primary human cardiomyocytes. These cells can be used as a high throughput 

testing platform and are functionally mature, however, they readily dedifferentiate in 

culture limiting their ability to be used in subacute and chronic cardiotoxicity studies. 

[17] 

The adult myocardium is composed of a complex heterogenous mixture of 

multiple cell types (e.g., cardiomyocytes, smooth muscle cells, various types of stromal 

fibroblasts, and endothelial cell) all linked together by extracellular matrix proteins. [17] 

This mixture of non-cardiomyocyte cell population is the major roadblock in developing 

a model for the adult myocardium using single cell types. [48, 87, 98] An alternative 

method to using single cell cultures are ventricular wedges and thin cardiac tissue slices. 
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Ventricular wedge preparations are typically used in electrophysiology studies, are large 

in size, have a low throughput, and are only viable for a few hours, thus limiting their 

ability to be used in drug screening. [57, 109] 

Thin (< 300 μm) tissue slices can be prepared from both animal and human 

hearts. They have several advantages such as emulating an organotypic structure and can 

reliably replicate cardiomyocyte structural, functional, and transcriptional expression. 

[65, 68, 74, 83] In our 2019 culture system [131], we introduced periodically oxygenated 

culture media containing additional nutrients (FBS, FGF, and VEGF) to keep up with the 

energetic demand of the tissue slices. Additionally, this culture system introduced 

electrical stimulation of 10 V paced at 1.2 Hz to tissue slices attached to PLA supports 

cultured in a standard 6-well culture plate. The combination of optimized culture media 

and electrical stimulation allowed the culture life of a basic transwell culture of tissue 

slices to be extended from 24 hours to 6 days with maintained viability, functionally, 

structural integrity, and transcriptional expression. 

Utilizing this tissue slice culture system, we tested three known cardiotoxins 

(doxorubicin, sunitinib, and trastuzumab) that induce cardiotoxic effects through different 

signaling pathways to assess the capability of heart slices to detect clinically relevant 

cardiotoxicities. Doxorubicin induces cardiotoxicity through the accumulation of ROS 

within the mitochondria of cells. This is highly detrimental to CMs due through their high 

energy demand. Sunitinib causes cardiotoxicity through inhibiting the tyrosine kinase, 

VEGF, causing a disruption in the intracellular signaling pathways responsible for nitric 

oxidate and PGI2 production thus reducing contractility. Lastly, trastuzumab inhibits the 
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HER2/neu pathway which is responsible for normal myocyte growth, homeostasis, and 

survival.  

2.2. Study hypothesis 

In order to improve cardiotoxicity detection screening, we hypothesize that 

cardiac tissue slices can capture the complexity of the human myocardium and reliably 

detect cardiotoxic effects. Here we use our previously optimized heart tissue slice 

culturing method [65, 74] and exposed slices to three cancer therapeutics (sunitinib, 

trastuzumab, and doxorubicin) that induce cardiotoxicity through 3 different mechanisms. 

Each drug was tested at 3 concentrations for 48 hours and the structural, functional, 

transcriptional expression, and viability were evaluated. The drug concentrations were 

determined by the compounds Cmax and 10X increase in concentrations were used. To 

determine the effectiveness of cardiac tissue slices in detecting cardiotoxicity, the results 

obtained from the slices were compared to hiPSC-CM data. 

2.3. Experimental design 

For this project, all animal procedures were performed in accordance with the 

institutional guidelines and approved by the University of Louisville Institutional Animal 

Care and Use Committee. The protocol for harvesting pig hearts were performed as 

described in [131, 149]. 

Tissue slices were treated with doxorubicin (Dox; 100 nM, 1 μM, and 10 μM), 

trastuzumab (Tras; 1 μg/mL, 10 μg/mL, and 100 μg/mL) and sunitinib (Sun; 100 nM, 1 

μM, and 10 μM) for 48 hours. Control tissue slices were treated with DMSO at the same 

dilution factor as the drug-treated slices. The culture media was changed 3 times per day 

with fresh compound added each time. The viability, structural integrity, transcriptional 



30 
 

expression, and functionality were assessed after 48 hours of exposure. All comparisons 

were to same day control tissue slices. 

To test viability, MTT assay was performed. The optical density (OD) 

measurements were normalized to the tissue slice weight and assessed as a percentage of 

the control tissue. The structural integrity was determined by connexin 43, a gap junction 

protein, and cardiac specific troponin T expression. A decline in structural integrity was 

determined by visual assessment of immunolabeled sections. The defining characteristics 

of cardiac structure are z-disc alignment (organization of connexin 43 along the edges of 

the cardiomyocytes and at junctions between CMs) and uniform troponin T expression. 

RNA sequencing was performed to determine the differentially expressed genes. 

Volcano plots of the up- and down-regulated genes compared to control tissue were 

generated. Additionally, the gene ontology (GO) terms were investigated for each 

condition and heatmaps for the top up- and down-regulated GO terms were generated.  

Lastly, to determine the functionality of the tissue slices, calcium-transient 

assessment was used. For the calcium-transient assessment, tissue slices were loaded with 

Fluoro-4am labeled calcium from a calcium direct kit following the manufacturer's 

protocol. The calcium amplitude was quantified and scored as a percentage of the control 

tissue slices.  

Two-tailed, one-way ANOVA was performed to assess the statistical difference 

of each dosage compared to control tissue slices. A significance level of p<0.05 was 

considered statistically significant. 
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2.4. Results  

2.4.1. At clinically relevant nanomolar concentrations, hiPSC-CMs detect 

cardiotoxic effects of doxorubicin but not sunitinib 

In cancer therapies, direct cardiomyocyte death and detrimental effects to non-

cardiomyocyte cells within the heart can lead to the development of cardiomyopathy. [31, 

106, 179, 204] In the literature it has been previously reported that hiPSC-CMs detect the 

cardiotoxic phenotype of doxorubicin in nanomolar concentrations, however, they cannot 

detect the cardiotoxic effects of sunitinib at these low concentrations. [204] To reproduce 

these findings, we tested the effects of various concentrations of sunitinib and 

doxorubicin on hiPSC-CMs on cell viability using caspase3/7 apoptosis assay over a 

course of 48 hours. As negative controls for this study, aspirin and erlotinib (non-

cardiotoxic TKI) were included (Figure 6). Figure 6D demonstrates that sunitinib had no 

toxic effect on hiPSC-CMs at 500 nM or 1 μM concentrations, which is consistent with 

the literature. [204] At high concentrations (60 μM) of sunitinib treatment, an acute 

apoptotic response is observed within 1 hour of exposure (Figure 6E and F). This resulted 

in a stable fluorescence detected over the experiment for this concentration (Figure 6D). 

At the lowest concentration (500 nM) of doxorubicin treatment the known toxic effect of 

this compound is observed (Figure 6B). Lastly, the negative controls showed no 

apoptosis over the course of the experiment even at the 60 μM concentration (Figure 6A 

and C). 
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2.4.2. Heart slices detect known cardiotoxic effects of doxorubicin 

Dox, an anthracycline, disrupts RNA and DNA synthesis, impairs DNA repair, 

and induces an accumulation of ROS. [52, 135] The exact mechanisms of Dox are poorly 

Figure 6: [92] Kinetics of caspase-3/7 activation, an indicator for apoptosis, in 

hiPSC-CMs treated with a range of concentrations of (a) aspirin, (b) doxorubicin, (c) 

erlotinib, and (d) sunitinib. A concentration of 0.1% of DMSO was added to the 

medium for control cells. Phase contrast images of cells before (e) and after (f) 1 

hour exposure to 60 μM sunitinib (Scale bar, 200 μm). 
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understood but it has been reported that there are multiple forms of direct cardiomyocyte 

damage due to the accumulation of free radicals. [77] The direct damage to the cardiac 

tissue slices with all concentrations of Dox are shown by a decline in MTT viability 

(Figure 7A), a disruption in connexin 43 and troponin T expression (Figure 7B), and a 

lack of calcium transients (Figure 8A). For the transcriptional gene expression of Dox 

treated tissue slices, a global downregulation of cardiac developmental, mitochondria 

viability, and oxidative phosphorylation was observed (Figure 9B). This is due to the 

direct cardiac damage caused by the production and accumulation of ROS within the 

mitochondria of the CMs. Additionally, Dox treatment resulted in an upregulation in 

oxidative and reductive responses due to the predicted oxidative stress caused by the 

accumulation of ROS (Figure 9C). 

2.4.3. Heart slices detect downregulation in homeostasis and CM growth related 

genes with trastuzumab treatment 

Tras, a humanized monoclonal antibody targeting HER2/neu receptors, inhibits the 

activation of the HER2/neu transduction pathway. [41] This leads to an inactivation of 

tyrosine kinases, a key regulator of the cell cycle. [41] In patients, Tras very rarely induces 

symptomatic HF. [129] For the cases of Tras-induced cardiotoxicity, it is believed to occur 

by disrupting normal CM growth, homeostasis, and survival. [167] Consistent with this 

knowledge, Figures 7 and 8 demonstrated that Tras induced a disruption in connexin 43 

and troponin T expression as well as a decline in calcium transients. Transcriptionally, 

heart slices exposed to Tras resulted in a downregulation in homeostasis and CM growth 

related genes (Figure 10B). 
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2.4.4. Heart slices exposed to sunitinib detected a disruption in calcium transients 

and downregulation of angiogenesis related genes  

Sun, a TKI, inhibits vascular endothelial growth factor receptor (VEGFR) 

resulting in declined angiogenesis. In patients, Sun can induce vascular disease, 

hypertension, and cardiomyopathy. [145] In 10-15% of patients treated with sorafenib, 

another TKI, and Sun experienced a disruption in coronary microvascular pericytes, 

causing CM hypoxia and cardiomyopathies. [31, 124] While the Dox and Tras 

therapeutic effects on CM could be reproduced in hiPSC-CMs, Sun’s effect on CMs 

could not. This is possibly due to the indirect CM influence of Sun. [201, 204] Figure 7 

demonstrates that none of the concentrations of Sun resulted in a significant change in 

cardiomyocyte structure but there was a functional disruption in calcium transients 

(Figure 8). Figure 11B indicates that transcriptionally Sun induced a significant 

downregulation in genes related to angiogenesis.   
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Figure 7: [100] The viability and structural effects of cardiotoxins on cardiac tissue 

slices. (a) Graphic representation of heart slice viability after 48-hour exposure to 

corresponding cardiotoxin (n = 2 in 4 replicates). (b) Representative troponin T (green), 

connexin 43 (red), and DAPI (blue) immunolabeled tissue slices treated for 48 hours with 

respective cardiotoxin concentrations (Scale bar, 100 μm). 
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Figure 8: [100] Calcium transient assessment of cardiac tissue slices treated with 

corresponding concentrations of cardiotoxins. (a) Representative calcium traces of 

heart slices exposed for 48-hours with respective concentrations of each cardiotoxin. (b) 

Calcium transient amplitude scoring indicating cardiomyocyte functionality as a 

percentage of control tissue slices (n = 36 cells). 
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Figure 9: [100] Differential gene expression of cardiac tissue slice treated with 100 

nM Dox compared to control slices. (a) Volcano plot demonstrating significantly 

changed gene expression. Representative bar graphs of significantly downregulated (b) or 

upregulated (c) gene ontology (GO) terms (n = 2). 
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Figure 10: [100] Differential gene expression of cardiac tissue slice with 1 μg/mL 

Tras compared to control slices. (a) Volcano plot demonstrating significantly changed 

gene expression. Representative bar graphs of significantly downregulated (b) or 

upregulated (c) GO terms (n = 2). 
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Figure 11: [100] Differential gene expression of cardiac tissue slice with 100 nM Sun 

compared to control slices. (a) Volcano plot demonstrating significantly changed gene 

expression. Representative bar graphs of significantly downregulated (b) or upregulated 

(c) GO terms (n = 2). 



40 
 

2.5. Discussion  

The major cause of drug removal from market is due to unforeseen drug-induced 

cardiotoxicity. [128] This is a major concern with the rapidly growing number of new 

cancer therapeutics, thus a new field between cardiologist and oncologist has emerged 

called cardio-oncology. [124] There is an urgent need for a reliable preclinical drug 

screening platform to accurately detect cardiovascular toxicities associated with these 

emerging therapeutics before clinical trials. [11, 160] 

 The use of hiPSC-CMs for drug toxicity testing has been a partial solution to this 

problem in some studies, however, they do not address the need for a model that can 

predict functional cardiotoxicity. [55, 136] Additionally, hiPSC-CMs have fetal-like 

properties and are a single cell model thus they cannot capture the complexity of the 3-

dimensional environment of the adult human myocardium. Here we demonstrate that 

using cardiac tissue slices as an alternative platform for cardiotoxicity detection, we can 

detect a diverse range of clinically relevant cardiotoxic mechanisms. 

2.5.1. Anthracycline – Doxorubicin 

Anthracyclines, such as doxorubicin, are a class of antibiotics used to treat breast 

cancer, lymphoma, leukemia, and sarcoma. [52, 63] Doxorubicin disrupts DNA and RNA 

synthesis and generates free radicals which induces DNA damage. [52, 135, 201] While 

doxorubicin is a commonly used and effective anticancer treatment, it has a limited 

dosage range due to its cardiotoxicity. 5 to 23% of patients who are treated with 

doxorubicin develop progressive heart failure symptoms and diminished exercise 

capacity. [27, 166] The toxic mechanism of doxorubicin is still poorly understood, 

however, literature shows that doxorubicin induces multiple forms of direct 



41 
 

cardiomyocyte damage as a result of free radical accumulation produced by the quinone 

group. [77] Some studies have reproduced this using hiPSC-CMs. [23, 205] 

Consistent with these findings, heart slices can reproduce this known cardiotoxic 

effect of doxorubicin. The phenotypic damage induced by doxorubicin was shown by a 

decline in MTT viability, decreased connexin 43 and troponin T expression, reduced 

contractility, and abolished calcium transient. Transactionally, RNAseq analysis revealed 

a downregulation in cardiac development, oxidative phosphorylation and cellular 

division, and mitochondria viability. It also showed an upregulation of genes associated 

with oxidation/reduction and inflammatory responses. 

2.5.2. HER2/neu inhibitor – Trastuzumab  

Trastuzumab, a humanized monoclonal antibody targeting HER2/neu receptors, blocks 

the activation of the HER2/neu receptor, inhibiting epidermal growth factors/HER2 

ligand receptor activity thus disrupting the phosphorylation of tyrosine kinases, which are 

critical regulators of the cell cycle. [163] Trastuzumab treatment typically does no result 

in cardiac dysfunction, however, in a subset of patients, heart failure can occur. [129] 

Trastuzumab cardiotoxicity is believed to occur through the disruption of the 

ERBB2/neuregulin signaling, which is essential for normal myocyte growth, survival, 

and homeostasis. [167] Recently, hiPSC-CMs have been used to model this detrimental 

phenotypic and mechanistic effects of trastuzumab treatment. [92, 100] 

 Heart slices were able to reproduce these findings evidenced by a decline in 

connexin 43 and troponin T expression and a disruption in calcium homeostasis. 

Mechanistically, RNA sequencing revealed direct cardiomyocyte damage and a 

significant downregulation in cardiac contractile gene expression. 
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2.5.3. VEGF inhibitor – Sunitinib 

Sunitinib, a tyrosine kinase inhibitor (TKI), specifically inhibits vascular 

endothelial growth factor (VEGF) which in turn inhibits angiogenesis. Patients treated 

with sunitinib develop hypertension, cardiomyopathy, and vascular disease. [145] 

Additionally, 10 to 15% of patients develop cardiac systolic dysfunction which is 

believed to be due to a disruption of the coronary microvascular pericytes. [31, 124, 180] 

Since this is not a direct effect on cardiomyocytes, hiPSC-CMs cannot detect any obvious 

cardiotoxic effects of nanomolar concentrations with sunitinib treatment. [204] 

While heart slices showed no major phenotypic damage in response to sunitinib 

exposure, they did demonstrate a disruption in calcium handling. Transcriptionally, heart 

slices treated with 100 nM sunitinib had a disruption in the angiogenic gene expression, 

which is consistent with the literature and clinically known cardiotoxic effects. [31, 180] 

2.6. Conclusion  

Overall hiPSC-CMs detected the cardiotoxicity of doxorubicin at nanomolar 

concentrations but did not detect the cardiotoxicity of sunitinib at this concentration. 

Heart slices on the other hand were able to replicate the clinically known cardiotoxic 

effects of each compound: Dox for mitochondrial damage and ROS accumulation, Tras 

for homeostasis disruption, and Sun for targeting the microvascular. These results suggest 

that cardiac tissue slices can be a promising platform for investigating cardiotoxic 

phenotypes and mechanisms of cancer therapeutic testing. 

 
2.7. Limitations  

Tissue slices were only exposed to three cardiotoxins and assessed at one time 

point (48 hours). While this time point demonstrated a significant functional 
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cardiotoxicity, it may not be an appropriate time point when testing other cancer 

therapeutics. Additionally, this study only used one functional assessment, calcium 

transients. Future experiments should be expanded to include either a contractility 

measurement or electrophysiology assessment.
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CHAPTER 3: HEAD-TO-HEAD COMPARISON OF CARDIAC 
TISSUE SLICES AND HIPSC-CMS TO ASSESS THEIR 

RELIABILITY IN IDENTIFYING THE CLINICAL 
CARDIOTOXICITY OF 12 KNOWN CARDIOTOXINS 

 

 

3.1. Introduction – Chemotherapeutic cardiotoxicities 

With the rapidly increasing number of cancer therapeutics, the understanding of 

potential cardiotoxic drug effects needs to be investigated. Current platforms used in 

cardio-oncology basic science research are in vivo animal models and in vitro cell cultures 

(i.e. hiPSC-CMs). While both platforms are excellent tools for the discovery of 

mechanisms of action, they are limited in their ability to accurately model the human heart. 

Here, we proposal that cardiac tissue slices can outperform hiPSC-CMs in detecting 

cardiotoxic effects of known clinical cardiotoxins.  

3.1.1. Anthracyclines – Doxorubicin 

Anthracyclines such as doxorubicin (Dox), idarubicin, daunorubicin, and 

epirubicin, induce energetic/mitochondria damage. [105] Anthracyclines are a class of 

antibiotics that are used to treat various types of cancer (breast, leukemia, lymphoma) and 

are the most effective cancer therapy. [52, 184] This classification of drug inhibits 

topoisomerase II (inhibiting ligase repair of DNA breaks), intercalates DNA base pairs, 

creates iron-mediated free radicals (inducing more DNA damage), and reduces histones  
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(further reducing DNA repair). [52, 135, 201] While anthracyclines are highly effective 

in treating cancer, they cause cardiotoxicity. [27, 51, 103, 105, 158] 5-23% of patients 

develop HF and LV dysfunction in both short- and long-term exposure to these 

compounds. [27, 103] The exact cardiotoxic mechanism of this class of therapeutics 

remains elusive but it is believed to be caused by the accumulation of free radicals 

(inducing a stress response and DNA damage) and inhibition of DNA repair. [77, 201] 

3.1.2. Alkylating agents – Vinorelbine, vincristine, and vinblastine 

Another cardiotoxic classification is alkylating agents, such as vinorelbine, 

vincristine, and vinblastine. [49, 62, 107] Vinca-alkaloids are considered spindle toxins 

that interfere with beta-tubulin subunit of the alpha/beta-tubulin heterodimer thus 

inhibiting tubulin polymerization, which is a key protein in microtubule assembly. [62] In 

cardiomyocytes, there are three distinct populations of microtubules: cortical, 

interfibrillar, and perinuclear. [25] The cortical microtubules span across the 

cardiomyocyte perpendicular to myofibrils. [164, 165] They are responsible for 

mechanotransduction of external cues and regulate ion channels as well as 

transmembrane proteins. [164, 165]  Interfibrillar microtubules are responsible for 

positioning organelles within the cell, maintaining intercalated disc, and T-tubule and SR 

membrane regulation. [26, 116, 147, 151, 176, 199, 202] Lastly, perinuclear microtubules 

surround the nucleus. This type of microtubule is responsible for organizing perinuclear 

organelles and interacting with the LINC complex that mechanically couples the 

nucleoskeleton to the microtubule cytoskeleton. [35, 133, 168] A disruption in these 

microtubules can cause major cellular dysregulation. [49, 62, 107] This category of 
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therapeutics has been linked to cardiac dysfunction and pulmonary hypertension caused 

by a disruption in myofilaments. [49, 62, 107] 

3.1.3. Tyrosine kinase and VEGF inhibitors – Erlotinib, sunitinib, and nilotinib 

Tyrosine kinase (TKI) and vascular endothelial growth factor (VEGF) inhibitors 

also induce cardiotoxicity. [105] Some common tyrosine kinase and VEGF inhibitors are 

erlotinib, sunitinib, and nilotinib. [105] Sunitinib binds to the phosphorylation site of the 

VEGFR receptors, inhibiting the VEGF signaling pathway. [134] In normal VEGF 

signaling activation one of two pathways can be activated. The first is the PI3K/AKT 

pathway which increases intracellular calcium, resulting in the activation endothelial 

nitric oxide (eNOS) synthase which, in turn, increases nitric oxide (NO) production. [20, 

137] The other pathway is the mitogen-activated protein kinase (MAPK) pathway which 

increases intracellular prostacyclin (PGI2) concentrations. [190] High concentrations of 

NO or PGI2 will induce vasorelaxation, increase vascular permeability, and improve 

endothelial survival and angiogenesis. [134] With the treatment of sunitinib these 

pathways are inhibited, resulting in low intracellular concentrations of NO and PGI2 thus 

inducing vasoconstriction, decreasing vascular permeability, and reducing angiogenesis. 

[134] Interestingly, in patients treated with sunitinib, there is an increase in endothlian-1 

(ET-1) within the circulation, which further increases vasoconstriction. [89, 90] With 

VEGF having so many influences there are many adverse cardiovascular events of VEGF 

inhibits. Patients who receive this form of treatment are reported to have hypertension, 

thromboembolism, and cardiac contractile dysfunction (prolonged QT interval). [105, 

145, 195] Nilotinib inhibits the tyrosine kinases BCR-ABL, cKit, and PDG-FR. [130] 

The only reported cardiovascular effect of this compound is the prolongation of the QT 
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interval. [88] It should be noted that while sunitinib and nilotinib both induce 

cardiovascular complications, erlotinib is very well handled in patients and cases of 

cardiotoxicity are very rare (4 cases reported to date). [42, 102, 125, 140] 

3.1.4. Antimetabolites – Milrinone  

Antimetabolites, such as cytarabine and milrinone, inhibit DNA and RNA growth 

by substituting normal building blocks of the RNA/DNA, thus inhibiting the cells during 

the S phase of mitosis. [132][66] Milrinone is a phosphodiesterase inhibitor that slows the 

degradation of cyclic AMP. [120] This induces an accumulation of cytosolic cAMP 

which will activate PKA, L-type calcium channels, and the ryanodine receptor, thus 

increasing intracellular calcium. [198] Activation of PKA causes the phosphorylation of 

troponin I, which in turn allows for faster force relaxation and contraction. [12, 198] The 

commonly reported cardiac effects are ECG changes (ST-segment and T-wave 

irregularities), chest pain, and myocardial ischemia. [105, 132] [51, 66]  

3.1.5. Antiprotozoal – Pentamidine 

Pentamidine is an antiprotozoal agent that is used to treat pneumocystis jiroveci 

pneumonia in patients with immunodeficiency virus infection. [16, 56, 60, 80, 82, 183] 

While this treatment is an effective alternative to the primary treatment, it does have a 

large number of adverse consequences. [60] Immediately after treatment patients are 

reported to experience hallucinations, nausea, vomiting, and hypotension. [60] With just 

1 week of treatment, pentamidine induces nephrotoxicity, pancreatitis, and cardiotoxicity. 

[60, 183] The cardiotoxic events that occur include the prolongation of the QT-interval, 

torsade de points, sinus bradycardia, and ventricular tachycardia. [16, 56, 60, 80, 82, 183] 

This is due to the cardiotoxic mechanism of action pentamidine. Pentamidine inhibits the 
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transcription of the human ether-a-go-go-related gene (hERG), thus reducing the number 

of potassium channels on the cell surface. [34, 101, 183] This subsequently blocks the IK1 

current, inducing QT prolongation and TdP. [34, 101, 183] 

3.1.6. Cytotoxin – Arsenic trioxide 

Arsenic trioxide, a natural toxin, has been used for centuries to treat various 

diseases, such as myelodysplastic syndrome, leukemia, and many types of cancers. [43, 

157, 205] Due to the non-specificity of arsenic trioxide, there is a dosage limit to reduce 

the damage to other cells. [29, 76] In the heart, this toxin causes a prolongation of the 

QT-interval inducing ventricular arrhythmias. [45] This is hypothesized to be due to 

arsenic reducing cardiac phosphorylation, thus decreasing intracellular ATP 

concentrations inhibiting the activation of potassium-ATP ion channel. [45] 

3.1.7. Other – Endothelin-1 

Endothelin-1 (ET-1) is a peptide that has been linked to tumor survival, 

proliferation, immune modulation, metastasis, and angiogenesis [154] Over the past 3 

decades, ET-1 therapies have been developed to interfere with ET-1 receptor activation. 

[7, 153] This has proven to be an effective method in treating various types of cancers but 

there are adverse events associated with ET-1 therapies. [7] In the cell, a balance between 

NO concentrations and ET-1 binding to its receptor controls contraction and relaxation. 

[19] NO contractions directly regulate cGAMP synthesis resulting in the relaxation of the 

cell. When there is a higher amount of ET-1 binding to the receptors there will be 

increased contraction. [19]  Endothelin-1 receptors are expressed throughout the body 

leading to both direct and indirect cardiovascular complications. [7] Clinically, these 
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complications can range from hypertension to ischemic heart failure. [36, 66, 68, 112, 

172, 174, 175] 

3.1.8. Other – BMS-986094 

BMS-986094 (BMS) is an anti-hepatitis C virus therapy that was stopped during 

phase II clinical trials due to unforeseen cardiotoxic events. [3, 178, 185] With long-term 

treatment, BMS was found to induce a decrease in left ventricular ejection fraction.[3, 

185] Through in vivo and in vitro studies, it was discovered that BMS directly altered CM 

contractility through the disruption of calcium transients. [161] Additionally, BMS has 

been reported to induce mitochondrial toxicity with long term exposure in cell cultures, 

however, this effect has not been reproduced in animals. [9, 46, 53, 117, 161] 

3.2. Study Hypothesis 

In order to fully evaluate tissue slices as a reliable cardiotoxicity detection 

screening platform, we hypothesize that cardiac tissue slices can more reliably detect 

cardiotoxic effects compared to hiPSC-CMs. Here, 12 known cardiotoxic compounds, 1 

negative, and 2 positive controls were blinded and tested on cardiac tissue slices. The 

acute, <1 hour, and subacute, 72 hours, exposure to each compound at four 

concentrations was evaluated for cardiotoxic effects. Cardiotoxicity for acute exposure 

was determined by a decline in functionality, evaluated by calcium-transient expression 

and twitch force measurement. For chronic exposure, the viability, cardiac structure, and 

transcriptional expression was assessed. Lastly, results obtained from tissue slices were 

compared to hiPSC-CMs data obtained from CardioExcyte recordings of impedance 

contractile function over a course of acute, 1 hour, and subacute, 72 hours, of exposure to 

each compound. 
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It was found that 2 out of 12 compounds demonstrated cardiotoxicity after 48 to 

72 hours of exposure to the clinically relevant dosage in hiPSC-CMs. On tissue slices, 12 

out of 12 compounds were detected as cardiotoxic at the clinically relevant dosage, 8 of 

which were acutely cardiotoxic. Overall, this study demonstrates that heart slices can 

more accurately detect a diverse range of cardiotoxic effects induced by 

chemotherapeutics compared to hiPSC-CMs. 

3.3. Experimental design 

Twelve cardiotoxic compounds, detailed in Table 3, were blindly coded for the 

study. 

3.3.1. Experimental design: Heart Slice 

The acute effects of each compound were assessed by evaluating the functionality 

of the cardiac tissue slices at four different concentrations shown in Table 3. The 

minimum dosage is based on the Cmax of the compound. Concentrations are increased by 

3X the previous dosage. One tissue slice was initially measured for baseline functionality 

and the drug was added at increasing concentrations. The functionality assessments used 

were calcium transient assay and twitch force measurement. The calcium transient assay 

was performed as described by the manufacturer’s protocol. Calcium transient trace data 

was extracted using ImageJ software and the amplitude was quantified using a custom 

MATLAB script.  
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Twitch force measurement was recorded by attaching the tissue slices to 3.0 

suture and suspending the slice from a force transducer in no BDM Tyrode’s solution. 

 
Compound Classification Dose 1 Dose 2 Dose 3 Dose 4 

Mitochondrial toxin 

Doxorubicin Anthracyclines 0.1 μM 0.3 μM 1 μM 3 μM 
Erlotinib Kinase inhibitor 0.3 μM 1 μM 3 μM 10 μM 

Sunitinib Tyrosine kinase 
inhibitor 

0.01 
μM 0.1 μM 0.3 μM 1 μM 

Structural/myofilament 

Vinorelbine Vinca alkaloid 0.1 μM 0.3 μM 1 μM 3 μM 
Endothelin-1 Vasoconstrictor 100 μM 1 nM 30 nM 100 nM 

Vincristine Vinca alkaloid 0.001 
μM 

0.003 
μM 0.1 μM 0.3 μM 

Vinblastine Vinca alkaloid 0.001 
μM 

0.003 
μM 

0.01 
μM 0.3 μM 

Contractility 

BMS-986094 Anti-viral 0.1 μM 0.3 μM 1 μM 3 μM 
Milrinone Antimetabolite 0.1 μM 0.3 μM 3 μM 10 μM 
Nilotinib Kinase inhibitor 0.1 μM 1 μM 3 μM 10 μM 

Electro-physiological disturbance 

Pentamidine Cytotoxin 0.1 μM 0.3 μM 1 μM 3 μM 
Arsenic 
Trioxide Cytotoxin 0.1 μM 0.3 μM 1 μM 3 μM 

None 

Acetaminophen Analgesics and 
antipyretics 1 μM 1 μM 1 μM 1 μM 

Table 3: Cancer therapeutic dosages. 12 known cardiotoxins and 1 negative control for 

head-to-head comparison of heart slice and hiPSC-CMs. Listed are the compound 

classification, known cardiotoxic effect, and dosages that were tested. The minimum 

dosage was determined by the compound’s Cmax and the subsequent doses are 3X 

increases.  
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Twitch force measurements were analyzed using a custom MATLAB script to quantify 

the amplitude. 

Subacute exposure to the compounds was performed for 72 hours. The media was 

changed twice per day, with fresh compound added at each media change. At the end 

point of the experiment, the tissue slices were collected for structural and transcriptional 

assessment. Structural assessment consisted of performing immunolabeling for cardiac 

specific troponin T and gap junction protein connexin 43. Lastly, transcriptional 

assessment of the exposed tissue slices was quantified by qRT-PCR for Col-1a, Col-3a, 

TNNT2, a-SMA, and Myh7. The obtained values were normalized to the housekeeping 

gene GAPDH.  

Two-tailed, one-way ANOVA was performed to assess the statistical difference 

of each dosage compared to control (acute – no dose; subacute – fresh heart slices or day 

2 Ace) tissue slices. A significance level of p<0.05 was considered statistically 

significant. 

3.3.2. Experimental design: hiPSC-CM 

Nan]i[on 96 well stim plate was coated with PBS containing fibronectin and 1% 

gelatin overnight. hiPSC-CM cells were seeded at 1 million cells per well with plating 

media. Media was changed to maintenance media (with serum) after 6 hours. Cells were 

cultured for 6 days with media change every other day. On day 6, baseline measurements 

were recorded in triplicate with and without electrical stimulation using a CardioExcyte 

device. 100 μL of the media from the well was discarded and 100 μL of serum free 

maintenance media containing the compound was be added. Cells were incubated for 1 

hour at 37°C and the acute effects were recorded in triplicate with and without electrical 
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stimulation. The plate was returned to the incubator and cultured for 3 days with the 

media changed every day containing fresh compound. After the media was changed on 

the subsequent days, the plate was incubated for 2 hours prior to recording the 

measurements. 

Each plate contained at most 4 compounds at 4 concentrations, 1 μM of Ace 

(negative control), and 0.01% DMSO. Data was extracted by Nan]i[on and statistical 

analysis was performed by our lab. 2-way ANOVA with Dunnett correction was used to 

evaluate the significance between no dose of each respective concentration (dose 1 at 

time 0 hour vs dose 1 at time 1 hour, etc.). 

3.4. Results  

3.4.1. Results: Anthracyclines – Doxorubicin 

Anthracyclines induce an accumulation of ROS within the mitochondria of the 

cells, inducing detrimental DNA damage. [32, 67, 98] Table 4 shows a simplified 

summary of the results from both the control (Dox) and coded doxorubicin treatment in 

both tissue slices and hiPSC-CMS. An ‘X’ indicates a significant decline in the 

parameter. The contractile function of the tissue slices was significantly lower with doses 

1, 3, and 4 with the Dox treatment (Figure 12A; Table 4), however, doxorubicin exposure 

did not result in a decline (Figure 12C; Table 4). This could possibly be due to a variation 

in the compound preparation or differences between tissue slice samples. The hiPSC-

CMs did not detect acute differences in contractile function with either Dox or 

doxorubicin treatment (Figures 12B and 12D; Table 4). With subacute exposure, hiPSC-

CMs detected a decline in contractility in the high concentrations of both Dox and 

doxorubicin exposure at 48 hours of exposure and a decline in the low concentrations 
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after 72 hours of exposure (Figures 12B and 12D; Table 4). These contractile data 

indicate that heart slices can better detect the cardiotoxicity of the acute exposure to 

doxorubicin treatment compared to hiPSC-CMs, however, there is a batch-to-batch 

variation between compounds or tissue samples. 

Similar to the data shown in Chapter 2, the calcium transients with both Dox and 

doxorubicin exposure were completely abolished (Figures 13A and 14A; Table 4), tissue 

viability significantly declined in all but dose 2 of Dox exposure (Figure 13B; Table 4). 

There was a significant decline in the structural integrity (Figures 13C and 14C; Table 4) 

and a disruption in transcriptional expression (Figures 13D and 14D; Table 4). 

Interestingly, both treatments of doxorubicin demonstrated a colocalization of connexin 

43 with the nuclei with the high concentrations. This could be due to the damage to the 

mitochondria, inhibiting the translocation of the gap junction proteins from the nuclei to 

the cell surface. Overall, tissue slices were able to reproduce the clinically known 

cardiotoxic mechanism of doxorubicin treatment of inducing an accumulation of ROS 

within the cell indicated by the decline in calcium handling, contractile function, tissue 

viability, structural integrity, and transcriptional expression with subacute exposure.  
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Dox Doxorubicin
Dose 1 X
Dose 2
Dose 3 X
Dose 4 X

Dox Doxorubicin
Dose 1 Dose 1 X X
Dose 2 Dose 2 X X
Dose 3 Dose 3 X X
Dose 4 Dose 4 X X
Dose 1 Dose 1 X X
Dose 2 Dose 2 X
Dose 3 Dose 3 X X
Dose 4 Dose 4 X X
Dose 1 Dose 1 X X
Dose 2 Dose 2 X X
Dose 3 Dose 3 X X
Dose 4 Dose 4 X X
Dose 1 Dose 1 X X
Dose 2 Dose 2 X X
Dose 3 X Dose 3 X X
Dose 4 X Dose 4 X X
Dose 1 X
Dose 2 X
Dose 3 X X
Dose 4 X X
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Table 4: Simplified summary of hiPSC-CM and heart slice acute and subacute exposure 

to an anthracycline. ‘X’ indicates a significant decline in the parameter. 
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Figure 12: Contractility assessment of cardiac tissue slices and hiPSC-CMs after 

Dox and doxorubicin exposure. (A) Contractility amplitude for tissue slices at no dose 

and doses 1 to 4 of acute Dox exposure. (n = 11-24) (B) hiPSC-CM impedance amplitude 

for no exposure, 1 hour, 24 hours, 48 hours, and 72 hours of Dox exposure. (n = 4-5) (C) 

Contractility amplitude for tissue slices at no dose and doses 1 to 4 of acute doxorubicin 

exposure. (n = 2-10) (D) hiPSC-CM impedance amplitude for no exposure, 1 hour, 24 

hours, 48 hours, and 72 hours of doxorubicin exposure. (n = 5) 
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Figure 13: Heart slice calcium transient amplitude (acute exposure), viability, 

structural integrity, and transcriptional expression after subacute exposure of Dox. 

(A) Calcium transient amplitude for tissue slices at no dose and doses 1 to 4 of acute Dox 

exposure. (n = 1-12) (B) Graph depicting MTT viability of no dose to dose 4 Dox treated 

tissue slices. (n = 3-18) (C) Representative images of troponin-T and connexin 43 of 

tissue slices treated with low to high concentrations of Dox. (D) qRT-PCR for cardiac 

remodeling gene expression for Dox treated tissue slices as a fold increase of Ace 

(Control). (n = 2-3) 
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Figure 14: Heart slice calcium transient amplitude (acute exposure), viability, 

structural integrity, and transcriptional expression after subacute exposure of 

doxorubicin. (A) Calcium transient amplitude for tissue slices at no dose and doses 1 to 

4 of acute doxorubicin exposure. (n = 1-9) (B) Graph depicting MTT viability of no dose 

to dose 4 doxorubicin treated tissue slices. (n = 3-18) (C) Representative images of 

troponin-T and connexin 43 of tissue slices treated with low to high concentrations of 

doxorubicin. (D) qRT-PCR for cardiac remodeling gene expression for doxorubicin 

treated tissue slices as a fold increase of Ace (Control). (n = 1-3) 
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3.4.2. Results: TKIs/VEGF inhibitors – Erlotinib, sunitinib, and nilotinib 

Table 5 show a simplified summary of the TKI data for heart slices and hiPSC-

CMs at acute and subacute exposure to each compound. Of the three TKIs tested, 

nilotinib was the only compound at all concentrations that induced an acute disruption in 

contractility in the heart slices (Figure 15; Table 5). This could be due to the mechanism 

by which nilotinib acts. Nilotinib inhibit the BCR-ABL, cKIT, and PDG-FR pathways 

which are directly responsible for contractile function. Whereas sunitinib and erlotinib 

target VEGFR and EGFR having an indirect effect on contractile function which takes 

time to observe a change in contractility. This is reflected in the hiPSC-CM data for 

sunitinib which demonstrated a change in contractility after 1 hour, 48 hours, and 72 

hours of exposure to the high concentration (Figure 15D; Table 5). The hiPSC-CMs were 

not able to detect a change in contractility at any time point or compound concentration 

with nilotinib treatment (Figure 15F; Table 5). This may be due to the immature nature of 

this cell type. 

 All three TKIs induced a significant decline in calcium handling (Figures 16A, 

17A, and 18A; Table 5). Similar to what was reported in Chapter 2, sunitinib treatment 

resulted in an almost abolished calcium transients with the clinically relevant dosage and 

a complete abolishment of the signal with the subsequent concentrations. Also, consistent 

with the previously reported effect of sunitinib on tissue slices, tissue viability was 

significantly reduced at all concentrations of sunitinib treatment (Figure 17B; Table 5). 

Since erlotinib is a milder TKI, there was no significant decline in tissue viability (Figure 

16B; Table 5). There was variation in the viability of tissue slices treated with nilotinib 

with dose 1 and dose 4 inducing a decrease but the other two concentrations not resulting 
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in a decrease (Figure 18B; Table 5). This may be due to sample variation. Both erlotinib 

and nilotinib at all concentrations induced a disruption in tissue slice structural integrity 

(Figures 16C and 18C; Table 5). Sunitinib reproduced the same results seen in Chapter 2 

of dose 1 not inducing a significant change in the structural integrity but with increasing 

concentrations there is a dose dependent decline in troponin T expression (Figure 17C; 

Table 5). Lastly, the transcriptional expression was disrupted in all three TKIs at all 

concentrations indicating that all three compounds have a negative effect on cardiac 

expression.  

Overall, tissue slices were able to detect the acute contractility effect of nilotinib 

while hiPSC-CMs did not detect a difference in contractility with either acute or subacute 

exposure. Tissue slices demonstrated their ability to reproduce data across separate 

studies by accurately replicating the effects of sunitinib treatment on tissue slice calcium 

handling, viability, and structural integrity. Lastly, while erlotinib is a milder TKI when it 

comes to cardiotoxicity, heart slices were able to detect the acute and subacute 

cardiotoxic effects of this compound at the clinically relevant concentrations while the 

hiPSC-CMs did not detect any change (either in the Chapter 2 study with no activation of 

apoptosis or in the contractility measurement shown in this study). 
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Erlotinib Sunitinib Nilotinib
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Dose 1 Dose 1 X X X
Dose 2 Dose 2 X X X
Dose 3 Dose 3 X X X
Dose 4 Dose 4 X X X
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Dose 1 Dose 1 X X
Dose 2 Dose 2 X X X
Dose 3 Dose 3 X X X
Dose 4 Dose 4 X X X
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Table 5: Simplified summary of hiPSC-CM and heart slice acute and subacute exposure 

to TKI/VEGF inhibitors. ‘X’ indicates a significant decline in the parameter. 
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Figure 15: Contractility assessment of cardiac tissue slices and hiPSC-CMs after 

erlotinib, sunitinib, and nilotinib exposure. Contractility amplitude for tissue slices at 

no dose and doses 1 to 4 of acute erlotinib (A; n = 4-15), sunitinib (C; n = 19-54), and 

nilotinib (E; n = 22-42) exposure. hiPSC-CM impedance amplitude for no exposure, 1 

hour, 24 hours, 48 hours, and 72 hours of erlotinib (B; n = 5), sunitinib (D; n = 5), and 

nilotinib (F; n = 5) exposure.   
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Figure 16: Heart slice calcium transient amplitude (acute exposure), viability, 

structural integrity, and transcriptional expression after subacute exposure of 

erlotinib. (A) Calcium transient amplitude for tissue slices at no dose and doses 1 to 4 of 

acute erlotinib exposure. (n = 4-15) (B) Graph depicting MTT viability of no dose to dose 

4 erlotinib treated tissue slices. (n = 3-18) (C) Representative images of troponin-T and 

connexin 43 of tissue slices treated with low to high concentrations of erlotinib. (D) qRT-

PCR for cardiac remodeling gene expression for erlotinib treated tissue slices as a fold 

increase of Ace (Control). (n = 2-3) 
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Figure 17: Heart slice calcium transient amplitude (acute exposure), viability, 

structural integrity, and transcriptional expression after subacute exposure of 

sunitinib. (A) Calcium transient amplitude for tissue slices at no dose and doses 1 to 4 of 

acute sunitinib exposure. (n = 1-8). (B) Graph depicting MTT viability of no dose to dose 

4 sunitinib treated tissue slices. (n = 3-17) (C) Representative images of troponin-T and 

connexin 43 of tissue slices treated with low to high concentrations of sunitinib. (D) qRT-

PCR for cardiac remodeling gene expression for sunitinib treated tissue slices as a fold 

increase of Act (Control). (n = 2-3) 
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Figure 18: Heart slice calcium transient amplitude (acute exposure), viability, 

structural integrity, and transcriptional expression after subacute exposure of 

nilotinib. (A) Calcium transient amplitude for tissue slices at no dose and doses 1 to 4 of 

acute nilotinib exposure. (n = 1-9). (B) Graph depicting MTT viability of no dose to dose 

4 doxorubicin treated tissue slices. (n = 3-18). Representative images of troponin-T and 

connexin 43 of tissue slices treated with low to high concentrations of nilotinib. (D) qRT-

PCR for cardiac remodeling gene expression for nilotinib treated tissue slices as a fold 

increase of Act (Control). (n = 2-3) 
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3.4.3. Results: Vinca alkaloids – Vinorelbine, vincristine, and vinblastine 

Vinca alkaloids interfere with microtubule assembly and take time to induce a 

phenotype. Consistent with this knowledge, none of the myofilament toxins induced a 

decline in contractility within the tissue slices with acute exposure (Figures 19A, 19C, 

and 19E; Table 6). In the hiPSC-CMs, all three myofilament toxins resulted in a 

continuous decline in contractile function after 48 hours of exposure (Figures 19B, 19D, 

and 19F; Table 6).  

While a change in contractile function may take time to be observed with vinca 

alkaloids, changes in ion channel regulation can be reflected acutely. This was seen with 

all three myofilament toxins (Figures 20A, 21A, and 22A; Table 6). All concentrations of 

vincristine and only the high concentration of vinorelbine resulted in a decline in tissue 

viability (Figures 21B and 20B; Table 6). Vinblastine did not result in a decline in tissue 

viability at any concentration (Figure 22B; Table 6). All three vinca alkaloids resulted in 

a decline in structural integrity due their interference with the disruption of myofilaments 

within the cells (Figures 20C, 21C, and 22C; Table 6). Lastly, vinorelbine at all 

concentrations resulted in altered transcriptional expression while the other two vinca 

alkaloids at the low concentration showed no change in expression (Figures 20D, 21D, 

and 22D; Table 6).  
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Table 6: Simplified summary of hiPSC-CM and heart slice acute and subacute exposure 

to vinca alkaloids. ‘X’ indicates a significant decline in the parameter. 

Vinorelbine Vincristine Vinblastine
Dose 1
Dose 2
Dose 3
Dose 4

Vinorelbine Vincristine Vinblastine
Dose 1 Dose 1 X
Dose 2 Dose 2 X X
Dose 3 Dose 3 X X
Dose 4 Dose 4 X X X
Dose 1 Dose 1 X
Dose 2 Dose 2 X
Dose 3 Dose 3 X
Dose 4 X Dose 4 X X
Dose 1 Dose 1 X X X
Dose 2 Dose 2 X X X
Dose 3 Dose 3 X X X
Dose 4 Dose 4 X X X
Dose 1 Dose 1 X
Dose 2 Dose 2 X X X
Dose 3 Dose 3 X X X
Dose 4 X Dose 4 X X X
Dose 1
Dose 2 X
Dose 3 X X
Dose 4 X X X
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Figure 19: Contractility assessment of cardiac tissue slices and hiPSC-CMs after 

vinorelbine, vincristine, and vinblastine exposure. Contractility amplitude for tissue 

slices at no dose and doses 1 to 4 of acute vinorelbine (A; n = 1-7), vincristine (C; n = 12-

18), and vinblastine (E; n = 22-115) exposure. hiPSC-CM impedance amplitude for no 

exposure, 1 hour, 24 hours, 48 hours, and 72 hours of vinorelbine (B; n = 4-5), vincristine 

(D; n = 5), and vinblastine (F; n = 4-5) exposure. 
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Figure 20: Heart slice calcium transient amplitude (acute exposure), viability, 

structural integrity, and transcriptional expression after subacute exposure of 

vinorelbine. (A) Calcium transient amplitude for tissue slices at no dose and doses 1 to 4 

of acute vinorelbine exposure. (n = 3-6) (B) Graph depicting MTT viability of no dose to 

dose 4 of vinorelbine treated tissue slices. (n = 3-18). (C) Representative images of 

troponin-T and connexin 43 of tissue slices treated with low to high concentrations of 

vinorelbine. (D) qRT-PCR for cardiac remodeling gene expression for vinorelbine treated 

tissue slices as a fold increase of Ace (Control). (n = 1-3) 
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Figure 21: Heart slice calcium transient amplitude (acute exposure), viability, 

structural integrity, and transcriptional expression after subacute exposure of 

vincristine. (A) Calcium transient amplitude for tissue slices at no dose and doses 1 to 4 

of acute vincristine exposure. (n = 8-16) (B) Graph depicting MTT viability of no dose to 

dose 4 vincristine treated tissue slices. (n = 3-18) (C) Representative images of troponin-

T and connexin 43 of tissue slices treated with low to high concentrations of vincristine. 

(D) qRT-PCR for cardiac remodeling gene expression for vincristine treated tissue slices 

as a fold increase of Ace (Control). (n = 1-3) 
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Figure 22: Heart slice calcium transient amplitude (acute exposure), viability, 

structural integrity, and transcriptional expression after subacute exposure of 

vinblastine. (A) Calcium transient amplitude for tissue slices at no dose and doses 1 to 4 

of acute vinblastine exposure. (n = 3-21) (B) Graph depicting MTT viability of no dose to 

dose 4 vinblastine treated tissue slices. (n = 3-18) (C) Representative images of troponin-

T and connexin 43 of tissue slices treated with low to high concentrations of vinblastine. 

(D) qRT-PCR for cardiac remodeling gene expression for vinblastine treated tissue slices 

as a fold increase of Ace (Control). (n = 2-3) 
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3.4.4. Results: Contractility disruptors – BMS-986094, milrinone, and endothelin-1 

Table 7 show a simplified summary for the contractility disruptor compounds. 

None of the three compounds showed a decline in contractility with acute exposure in 

tissue slices (Figure 23A, 23C, and 23E; Table 7). In the hiPSC-CM data, however, a 

decline in contractility was observed at the high concentrations after 48 and 72 hours of 

exposure to BMS-986094 and endothelin-1 (Figure 23B, 23D, and 23F; Table 7). 

Consistent with the known effect of milrinone to induce an increase in contractility, the 

heart slices showed a significant increase in the contractility amplitude at dose 1, 

however, the other 3 concentrations showed no significant change (Figure 23C). This 

could be due to the first dose causing damage to the tissue slice. The hiPSC-CMs also 

showed an increase in contractility with milrinone treatment but only in the second dose 

after 48 and 72 hours of exposure (Figure 23D). Interestingly, the low dosage of ET-1 

was the only compound in the hiPSC-CM that resulted in a significant decline in 

contractility after 48 hours of exposure (Figure 23F; Table 7). This result may be due to 

variation between wells within the same group. 

 All three compounds resulted in a decline in calcium amplitude except for dose 1 

of ET-1 (Figure 24A, 25A, 26A; Table 7). BMS and milrinone both have a direct effect 

on calcium handling within the cells and this is reflected here (Figure 24A and 25A). ET-

1 has an indirect influence and effects functionality through the balance of NO and ET-1 

within the cell therefore it takes time and increased concentrations of ET-1 to see the 

effect reflected acutely. BMS did not cause a decline in tissue viability at any 

concentration, but ET-1 caused a significant decline (Figures 24B and 26B; Table 7). 

Milrinone caused a decrease in viability at dose 1 and 2 but not in the high dosages 
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(Figure 25B; Table 7). This could be due to sample variation. Lastly, all three compounds 

caused a disruption in the structural integrity (Figures 24C, 25C, and 26C; Table 7) and 

transcriptional expression (Figure 24D, 25D, and 26D; Table 7).  

 Tissue slices were able to detect the clinically reported cardiotoxic effect of BMS 

and milrinone of directly altering the calcium handling. Additionally, heart slices were 

able to detect an acute disruption in calcium transients with increased concentrations of 

ET-1 while hiPSC-CMs were only able to detect a subacute decline in contractility in 

only the first dose. 
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BMS-986094 Milrinone Endothelin-1
Dose 1
Dose 2
Dose 3
Dose 4

BMS-986094 Milrinone Endothelin-1
Dose 1 Dose 1 X X
Dose 2 Dose 2 X X X
Dose 3 Dose 3 X X X
Dose 4 Dose 4 X X X
Dose 1 Dose 1 X X
Dose 2 Dose 2 X X
Dose 3 Dose 3 X
Dose 4 Dose 4 X
Dose 1 Dose 1 X X X
Dose 2 Dose 2 X X X
Dose 3 Dose 3 X X X
Dose 4 Dose 4 X X X
Dose 1 X Dose 1 X X X
Dose 2 Dose 2 X X X
Dose 3 X Dose 3 X X X
Dose 4 X Dose 4 X X X
Dose 1 X
Dose 2
Dose 3 X
Dose 4 X
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Table 7: Simplified summary of hiPSC-CM and heart slice acute and subacute exposure to 

contractility disruptors. ‘X’ indicates a significant decline in the parameter. 
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Figure 23: Contractility assessment of cardiac tissue slices and hiPSC-CMs after 

BMS-986094, milrinone, and endothelin-1 exposure. Contractility amplitude for tissue 

slices at no dose and doses 1 to 4 of acute BMS-986094 (A; n = 18-45), milrinone (C; n = 

3-23), and endothelin-1 (E; n = 5-9) exposure. hiPSC-CM impedance amplitude for no 

exposure, 1 hour, 24 hours, 48 hours, and 72 hours of BMS-986094 (B; n = 4-5), 

milrinone (D; n = 5), and endothelin-1 (F; n = 5) exposure. 
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Figure 24: Heart slice calcium transient amplitude (acute exposure), viability, 

structural integrity, and transcriptional expression after subacute exposure of BMS-

986094. (A) Calcium transient amplitude for tissue slices at no dose and doses 1 to 4 of 

acute BMS-986094 exposure. (n = 5-11) (B) Graph depicting MTT viability of no dose to 

dose 4 of BMS-986094 treated tissue slices. (n = 3-18) (C) Representative images of 

troponin-T and connexin 43 of tissue slices treated with low to high concentrations of 

BMS-986094. (D) qRT-PCR for cardiac remodeling gene expression for BMS-986094 

treated tissue slices as a fold increase of Ace (Control). (n = 2-3) 
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Figure 25: Heart slice calcium transient amplitude (acute exposure), viability, 

structural integrity, and transcriptional expression after subacute exposure of 

milrinone. (A) Calcium transient amplitude for tissue slices at no dose and doses 1 to 4 

of acute milrinone exposure. (n = 1-17) (B) Graph depicting MTT viability of no dose to 

dose 4 of milrinone treated tissue slices. (n = 3-18) (C) Representative images of 

troponin-T and connexin 43 of tissue slices treated with low to high concentrations of 

milrinone. (D) qRT-PCR for cardiac remodeling gene expression for milrinone treated 

tissue slices as a fold increase of Ace (Control). (n = 2-3) 
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Figure 26: Heart slice calcium transient amplitude (acute exposure), viability, 

structural integrity, and transcriptional expression after subacute exposure of 

endothelin-1. (A) Calcium transient amplitude for tissue slices at no dose and doses 1 to 

4 of acute endothelin-1 exposure. (n = 1-7) (B) Graph depicting MTT viability of no dose 

to dose 4 of endothelin-1 treated tissue slices. (n = 3-18) (C) Representative images of 

troponin-T and connexin 43 of tissue slices treated with low to high concentrations of 

endothelin-1. (D) qRT-PCR for cardiac remodeling gene expression for endothelin-1 

treated tissue slices as a fold increase of Ace (Control). (n = 2-3) 
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3.4.5. Results: Electrophysiology disruption – Pentamidine and arsenic trioxide 

 Table 8 show a simplified summary of the electrophysiology disruptor 

compounds. None of the three compounds resulted in a disruption in contractility in 

either heart slices or hiPSC-CMs (Figure 27; Table 8). Pentamidine inhibits the 

transcription of the hERG gene which is responsible for the transcription of potassium 

ion channels. Since the transcription, translocation, and degradation of proteins all take 

time to occur, acute exposure to pentamidine would not be detected.  

 Subacute exposure to Pent at all concentrations showed a decline in calcium 

transient amplitude, while pentamidine exposure only decreased the calcium amplitude at 

the high concentrations (Figures 28A and 29A; Table 8). This could be due to a variation 

in the compound preparation or sample-to-sample variation. The arsenic decreased 

calcium handling at only the high dose (Figure 30A; Table 8). Only dose 2 of Pent 

treatment resulted in decreased tissue viability, while doses 1, 2, and 4 of pentamidine 

decreased the viability (Figures 28B and 29B; Table 8). Arsenic at all concentrations did 

not induce a decline in tissue viability (Figure 30B; Table 8). This could be due to arsenic 

toxicity taking months to years of accumulation before any toxic event will occur. All 

three physiological disruptor compounds at all concentrations resulted in a decline in 

structural integrity and transcriptional expression, with the exception of dose 4 of arsenic 

treatment (Figures 28-30C and D; Table 8). The exception for arsenic in the qRT-PCR 

results can be due to technical error.   
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Pent Pentamidine Arsenic trioxide
Dose 1
Dose 2
Dose 3
Dose 4

Pent Pentamidine Arsenic trioxide
Dose 1 Dose 1 X
Dose 2 Dose 2 X
Dose 3 Dose 3 X X
Dose 4 Dose 4 X X X
Dose 1 Dose 1 X
Dose 2 Dose 2 X X
Dose 3 Dose 3
Dose 4 Dose 4 X
Dose 1 Dose 1 X X X
Dose 2 Dose 2 X X X
Dose 3 Dose 3 X X X
Dose 4 Dose 4 X X X
Dose 1 Dose 1 X X X
Dose 2 Dose 2 X X X
Dose 3 Dose 3 X X X
Dose 4 Dose 4 X X
Dose 1
Dose 2
Dose 3
Dose 4
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Table 8: Simplified summary of hiPSC-CM and heart slice acute and subacute exposure 

to electrophysiology disruptors. ‘X’ indicates a significant decline in the parameter. 
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Figure 27: Contractility assessment of cardiac tissue slices and hiPSC-CMs after 

Pent, pentamidine, and arsenic trioxide exposure. Contractility amplitude for tissue 

slices at no dose and doses 1 to 4 of acute Pent (A; n = 8-24), pentamidine (C; n = 10-18), 

and arsenic trioxide (E; n = 16-20) exposure. hiPSC-CM impedance amplitude for no 

exposure, 1 hour, 24 hours, 48 hours, and 72 hours of Pent (B; n = 5), pentamidine (D; n 

= 5), and arsenic trioxide (F; n = 5) exposure. 
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Figure 28: Heart slice calcium transient amplitude (acute exposure), viability, 

structural integrity, and transcriptional expression after subacute exposure of Pent. 

(A) Calcium transient amplitude for tissue slices at no dose and doses 1 to 4 of acute Pent 

exposure. (n = 5-12) (B) Graph depicting MTT viability of no dose to dose 4 of Pent 

treated tissue slices. (n = 3-18) (C) Representative images of troponin-T and connexin 43 

of tissue slices treated with low to high concentrations of Pent. (D) qRT-PCR for cardiac 

remodeling gene expression for Pent treated tissue slices as a fold increase of Ace 

(Control). (n = 2-3) 
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Figure 29: Heart slice calcium transient amplitude (acute exposure), viability, 

structural integrity, and transcriptional expression after subacute exposure of 

pentamidine. (A) Calcium transient amplitude for tissue slices at no dose and doses 1 to 

4 of acute pentamidine exposure. (n = 8-16) (B) Graph depicting MTT viability of no 

dose to dose 4 of pentamidine treated tissue slices. (n = 3-18) (C) Representative images 

of troponin-T and connexin 43 of tissue slices treated with low to high concentrations of 

pentamidine. (D) qRT-PCR for cardiac remodeling gene expression for pentamidine 

treated tissue slices as a fold increase of Ace (Control). (n = 2-3) 
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Figure 30: Heart slice calcium transient amplitude (acute exposure), viability, 

structural integrity, and transcriptional expression after subacute exposure of 

arsenic trioxide. (A) Calcium transient amplitude for tissue slices at no dose and doses 1 

to 4 of acute arsenic trioxide exposure. (n = 2-14) (B) Graph depicting MTT viability of 

no dose to dose 4 of arsenic trioxide treated tissue slices. (n = 3-18) (C) Representative 

images of troponin-T and connexin 43 of tissue slices treated with low to high 

concentrations of arsenic trioxide. (D) qRT-PCR for cardiac remodeling gene expression 

for arsenic trioxide treated tissue slices as a fold increase of Ace (Control). (n = 2-3) 
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3.5. Discussion  

In more recent years, cancer drug development has occurred at a rapid pace, 

leading to numerous unforeseen consequences. Many patients are exposed to a complex 

regimen of medications that can have unknown side effects. Additionally, due to many 

confounding factors such as age, genetics, food consumption or nutritional supplements, 

adverse drug effects can sometimes be difficult to predict with new therapies. Therefore, 

it is essential to obtain insight into the mechanism of potential adverse drug events to 

reduce the risk of detrimental effects in patients.  

Many chemotherapeutic treatments have adverse side effects, such as 

hypertension, thromboembolism, cardiotoxicity, and cardiac contractile dysfunction 

(prolonged QT interval). [21, 42, 90, 92, 134][105, 145, 195] The most detrimental of 

these adverse side effects is cardiotoxicity. There are many mechanisms in which to 

induce cardiotoxicity but the most common forms that appear with chemotherapeutics are 

toxicities induced through mitochondrial or energetic damage, a disruption in contractile 

function, a disruption in the electro-physiology, and a direct disruption to the 

myofilaments.  

The hiPSC-CM impedance measurement was the least sensitive assay for 

detecting the cardiotoxicity of the 12 compounds. The hiPSC-CMs only demonstrated a 

decline in contractility at the clinically relevant dosage, dose 1, for 2 compounds (Dox 

and ET-1). This decline in contractility was not observed until 48 hours of exposure to 

ET-1 and 72 hours of exposure to Dox. Additionally, the hiPSC-CMs were not able to 

replicate the decline in contractility seen in the Dox treatment within the coded 

doxorubicin treatment, indicating that this cell type cannot consistently replicate results. 
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For the heart slice parameters, the immunolabeling and qRT-PCR used to assess 

the tissue slices after subacute exposure to the compounds were the most sensitive for 

detecting cardiotoxicities. The qRT-PCR provided a snapshot of the transcriptional 

cardiac gene expression, while the immunolabeling for connexin 43 and cardiac specific 

troponin T provided insight into the cardiac protein expression. Transcriptionally, heart 

slices detected a significant dysregulation in cardiac gene expression in 10 out of the 12 

compounds after acute exposure indicating significant damage to the slices. The two 

compounds that did not show a significant change were vincristine and vinblastine. These 

two compounds are vinca alkaloids which interfere with the myofilaments within the 

cells. While the gene expression was not different with these compounds, the structural 

integrity was significantly disrupted. This indicates that the tissue slices were 

significantly affected by the compounds at an early timepoint of exposure, causing a 

change in transcriptional expression prior to the subacute collection timepoint, which is 

reflected in structural integrity. Either the tissue was damaged beyond compensation 

(significant cell death), or the compensation was enough, and it returned to normal 

transcriptional levels.  

 The MTT viability assay was the least sensitive subacute assay due to the tissue 

viability being the last indicator for detrimental cardiotoxicity. At the clinically relevant 

dosage, heart slices detected a significant decline in tissue viability in 7 compounds. The 

compounds not detected were erlotinib (which is known to be a mild TKI that is not 

highly cardiotoxic), two spindle toxins (vinorelbine and vinblastine), BMS-986094 

(direct influence on calcium handling), and arsenic trioxide (a toxin that requires an 

accumulation before detrimental effects can be observed). 
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For the acute functional assays on the tissue slices, the calcium transients were 

more sensitive to the clinically relevant dosage of the compounds than the contractility 

measurements. Of the 12 compounds, the tissue slices detected a decline in 8. The four 

compounds that were not detected were ones that require longer exposure for a change in 

calcium handling to occur. For example, ET-1 was one of the drugs not acutely detected 

for calcium handling cardiotoxicity. ET-1 is a compound that effects contractility of the 

cell through a balance between nitric oxide (NO)/PGI2 and ET-1. With high levels of 

intracellular ET-1 there will be increased contractility. Arsenic trioxide was another 

compound not actually detected by the calcium transients due to the nature of the toxin of 

needing to accumulate within the cell for months to years before a significant toxicity can 

occur. The last two compounds not detected were vinca alkaloids which target the 

myofilaments. These spindle toxins require time to alter protein expression thus they are 

not detected acutely. Vinblastine, one of the three vinca alkaloids tested, did result in a 

decline in calcium handling with acute exposure. This can be due to vinblastine being 

more cardiotoxic than the other two compounds and it may be directly inhibiting the 

treadmilling of the cortical myofilaments which are involved in ion channel regulation.  

For the acute contractility measurement, only two of the chemotherapeutics were 

detected: Dox and nilotinib. It would be expected that doxorubicin causes a decline in 

cardiac function at the low dose since the compound is well established as a highly 

cardiotoxic compound. While the tissue slices were able to detect the decline in the 

control doxorubicin, they did not detect a decline in the coded doxorubicin. This could be 

due to differences between the preparation of the two compounds. Nilotinib is a TKI that 

has a direct influence on contractile function unlike the other two TKIs tested. For this 
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assay, maybe a slightly longer exposure time (1+ hour(s)) to each compound may result 

in more compounds being detected, such as ET-1, milrinone, or sunitinib. 

3.6. Conclusion 

To summarize, heart slices were able to reproduce the clinically known effects of 

12 out of the 12 compounds, 8 out of these were determined to be cardiotoxic acutely. 

The hiPSC-CMs were only able to detect the cardiotoxicity of 2 out of the 12 compounds. 

The calcium transient assessment was the most sensitive assay for acute cardiotoxicity 

detection, while for subacute cardiotoxic effects, the structural integrity and qRT-PCR 

assays were most sensitive. These data demonstrate that an intact myocardial slice can 

consistently detect various cardiotoxic mechanisms of action at both acute and subacute 

levels as well as out-perform hiPSC-CMs.  

3.7. Limitations  

A limitation of this study is the time of exposure to each of the compounds. 

Clinically, the tissue specific toxicity may take months of exposure at the clinical 

concentrations to become detrimental. The time points for exposure could be extended to 

6 days, collecting samples every day to analyze when toxicity starts to occur (specifically 

with arsenic trioxide and vinorelbine). Additionally, the contractility measurement for the 

heart slices appears to be less sensitive to short term exposure of the compounds 

compared to the calcium assay. To improve this parameter, a longer exposure to each 

concentration of the compounds may be needed.
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CHAPTER 4 BIOENGINEERED REVERSE CARDIO-
ONCOLOGIC CULTURE SYSTEM TO INVESTIGATE THE 
CROSSTALK BETWEEN TUMOR CELLS AND CARDIAC 

TISSUE 3 
 

 

4.1. Introduction – Cardio-oncology and reverse cardio-oncology 

Recent studies have shown a possible link between cardiovascular disease (CVD) 

and the development/progression of cancer. [12, 42, 61][6, 64] CVD and cancer are the 

two leading causes of death, sharing many common risk factors. [14] Whether the 

relationship between CVD and cancer is due to causality or to the shared risk factors is 

still under debate. [24] Recent articles, however, suggest that CVD diagnosis subsequent 

to primary cancer treatment has been associated with cancer progression. [54] Due to 

these studies, an interest has been invoked to understand the bi-directional relationship 

between these two diseases. [25]  

Current in vivo and in vitro research has revealed that CVD-induced cancer 

pathogenesis has been linked with specific CVDs inducing tissue specific tumor 

development. Koelwyn et al [53] demonstrated that a MI after primary cancer treatment  

 
3 The work in this chapter has been published in Miller, J. M., Meki, M. H., Elnakib, A., Ou, Q., Abouleisa, 
R. R. E., Tang, X. L., Salama, A. B. M., Gebreil, A., Lin, C., Abdeltawab, H., Khalifa, F., Hill, B. G., Abi-
Gerges, N., Bolli, R., El-Baz, A. S., Giridharan, G. A., Mohamed, T. M. A.., "Biomimetic cardiac tissue 
culture model (CTCM) to emulate cardiac physiology and pathophysiology ex vivo," Communications 
Biology, vol. 5, Sept-09-2022, doi: 10.1038/s42003-022-03919-3. 
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leads to an upregulation of LY6Chi monocytes, promoting breast cancer tumor growth. 

Meijers et al [64] demonstrated that MI-induced heart failure leads to an increase of 

circulating SerpinA3, which directly promotes colon cancer pathogenesis. Avraham et al 

[6] demonstrated that TAC induced mice models displayed larger primary tumors with 

increased proliferation rates and more metastasis in both lung and breast cancer due to 

increased periostin release. To further support this emerging field of research, we propose 

to develop a culture method using cardiac tissue slices and cancer cells to investigate the 

possible direct effects of CVD on tumor progression. 

Our lab recently developed a cardiac tissue culture model (CTCM), shown in 

Figure 31A, that can emulate the cardiac cycle by subjecting heart slices to dynamic 

pressure loading with synchronized electrical stimulation set to a physiological frequency 

(1.2 Hz, 72 beats per minutes). Tissue slices were oversized by 25% by using a 3-D 

printed apparatus to avoid over-stretching the sample during the diastolic phase (Figure 

31B). The electrical stimulation was applied by a C-PACE device controlled by a data 

acquisition system which was set to send an impulse 100 ms prior to the systolic phase. 

The CTCM was connected to a programmable pneumatic driver (PPD; LB engineering, 

Germany) that allows for a cyclic control over the air chamber pressure of the device. As 

the pressure within the air chamber increases, the flexible silicone membrane will 

distend, displacing the media under the tissue slice thus inducing a stretch within the 

tissue. The CTCM was connected to the PPD by an external air line with a pressure probe 

that allows for the fine pressure tuning (± 1 mmHg) and timing (± 1 ms) (Figure 31C). 

Four CTCM devices can be controlled by a single pneumatic drive with each device 

accommodating 6 tissue slices (Figure 31D).  
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Figure 31: Illustration of the cardiac tissue culture model (CTCM). (A) Exploded 

CAD drawing of CTCM device. (B) Schematic illustration of tissue oversizing apparatus, 

ring guide, and support ring. (C) A diagram depicting the timing of the electrical 

stimulation in relation to the pressure within the air chamber controlled by the 

programmable pneumatic driver (PPD). (D) Image of four CTCM devices set up on a 

shelf of an incubator. 
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By setting the PPD to apply pressures of 0 to 80 mmHg, a 25% stretch can be 

induced within the tissue slice (Figure 32B). This percent stretch corresponds to a 

physiological sarcomere length of 2.2-2.3 μm, for normal contractile function. [24, 70, 

92]  

 

When the PPD pressures are increased to apply 0 to 140 mmHg, a 30% stretch of 

the tissue slice can be achieved, which corresponds to the approach sarcomeric length 

seen in cardiac hypertrophy. [24, 70, 92] Figure 33 demonstrates that by increasing the 

pressure by 60 mmHg, tissue slices have an increase in NT-ProBNP (HF biomarker) 

release at 4 days of culture compared to the control, an increase in cell size, and an 

increase in NFATC4 activation by 6 days of culture. These results indicate that the 

Figure 32: Characterization of the CTCM and evaluation of the heart slice stretches 

over time in culture. (A) Representative traces of the air chamber pressure, fluid 

chamber pressure, and tissue movement measurements verified that the air chamber 

pressure changes the fluid chamber pressure, which induces a corresponding tissue slice 

movement. (B) Representative traces of the percent stretch (blue) of the tissue slices 

correspond with the percent stretch rate (orange). 
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CTCM can emulate the disease condition of over-stretch induced cardiac hypertrophy 

(OS) in cardiac tissue slices. 

  

Figure 33: Induction of over-stretch induced cardiac hypertrophy in cardiac tissue 

slices. [103] (A) Bar graph of NT-ProBNP release from normal pressure (0 to 80 mmHg) 

compared to OS pressure (0 to 140) at 2 and 4 days in culture (n = 3-4). (B) WGA 

representative images (left) and graphic plot of quantified cell size (n = 330-369 cells). 

(C) NFATC4 immunolabeling and quantification of the activation. (n = 3). 
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4.2. Study Hypothesis 

In order to investigate the bidirectional relationship between the heart and tumor 

cells, we hypothesize that a bioengineered bioreactor can be designed to emulate the 

crosstalk between OS subjected cardiac tissue slices and breast cancer cells.  

To address this hypothesis, we developed a novel bioreactor system that allows 

for continuous media exchange between cardiac tissue slices subjected to over-stretch 

induced hypertrophy conditions (emulated TAC model) and tumor cells. This system 

consists of two culture chambers (one for the cardiac tissue slices and one for housing 

tumor cell insert membranes), a peristaltic pump, and tubing. The culture chamber for the 

heart slices was designed based on our lab’s recently developed cardiac tissue culture 

model (CTCM). Over-stretch induced hypertrophy (OS) was achieved by utilizing a 

programmable pneumatic driver (PPD) that can control the pressure within the culture 

chamber of the tissue slices. Based on prior studies, an increase in the preload from 25% 

to 32% allows for a similar sarcomere length seen in hypertrophy. [24, 70, 92] To achieve 

this percent stretch from the tissue slices, the PPD was set to 0 to 140 mmHg. Over-

stretch induced hypertrophy was achieved under these conditions verified through an 

increase in cell size, NT-ProBNP release, and NFATC4 activation shown in Figure 33.  

To obtain a continuous media exchange between the heart slices subjected to OS 

conditions and the tumor cells, flexible tubing will be connected between the culture 

chambers. The fluid flow rate will be controlled by a peristaltic pump which will allow 

for an ample amount of fluid exchange experienced by the tumor cells and tissue slices. 

To assess if the bioreactor system achieved a crosstalk between the two cell types, Ki67, 

a proliferation marker, immunolabeling of the tumor cells will be performed. 
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Additionally, media collections once a day for a course of 3 days will be analyzed for 

periostin release, a biomarker identified as an excreted protein from the heart that may 

induce tumor cell proliferation. 

4.3. Experimental design 

A bioengineered flow loop system was designed to emulate the bi-directional 

communication between CVD and cancer. This device models the effects of over-stretch 

induced hypertrophy conditions (emulated TAC model) on heart slices accelerating breast 

cancer tumor growth. This was performed by modifying our recently developed CTCM 

that emulates the cardiac cycle by utilizing a PPD. The advantage to using the CTCM is 

that the PPD can be set to any desired pressure and cycle time to induce specific disease 

conditions. Figure 34 depicts the overall bioreactor setup showing the fluid flow being 

controlled by a peristaltic pump. Media will be syphoned from a media reserve by the 

pump into the CTCM culture chamber. From the CTCM culture chamber, the fluid will 

flow into the cancer cell culture chamber then back into the media reservoir where it will 

be recirculated through the system. A one-way valve will be placed prior to the CTCM 

culture chamber to ensure one-directional flow. To account for the height of the CTCM 

culture chamber, the pump, media reservoir, and cancer cell culture chamber will be 

placed on platforms to reduce any height differences. 
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Figure 34: Overall CVD-Tumor Bioreactor system. (Top) Schematic representation of 

overall bioreactor system setup. (Bottom) CVD-Tumor bioreactor setup. 
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The schematic shown in Figure 35 and Figure 36 demonstrates that by adding an 

inlet and outlet channel into the culture chamber of the CTCM fluid flow through the 

device can be achieved.  

  

Figure 35: Modified CTCM device. (Left) Original CTCM design. [118] (Right) 

Proposed modification to the CTCM culture chamber. Barb connectors are inserted into 

the culture chamber of the CTCM device allowing for fluid circulation through the 

system. 
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Figure 36: Modified CTCM tissue slice culture chamber schematic with dimensions. 
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Figure 37 depicts the cancer cell culture chamber. In this chamber, 3 μm pore cell 

culture inserts (Celltreat, Cat# 230609) shown in Figure 37 (right, bottom), will be placed 

into the culture device wells and tubing will be attached to barb connectors to allow fluid 

circulation. The pore size of the culture insert is small enough to prevent the migration of 

the tumor cells through it, while allowing for paracrine factors, such as periostin, to freely 

enter the wells. The culture chambers will be 3D printed using PLA filament. 

 
Before validating the new device with tissue/cells, a fluid flow simulation and 

mock loop will be performed to characterize the fluid dynamics of the system. 

SolidWorks’ FloXpress CFD package will be used to establish the flow distribution 

within the bioreactor. The flow distribution will also be observed in a mock loop run. To 

characterize the flow distribution in the system, food dye will be added to the circulating 

fluid and a top-down camera recording of the CTCM culture chamber will be assessed.  

Figure 37: Cancer cell culture chamber (left – exploded view; right, top – assembled 

view) and cell culture insert (right, bottom). Fluid flow will be allowed through the 

culture chamber by attaching tubing to the barb connectors on either side of the device. 

The cell culture inserts will be placed into the culture wells of the cancer cell culture 

chamber. 
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Lastly, to verify that this system can be used to study over-stretch induced 

hypertrophy (OS) induced tumorigenesis, experiments using human heart slices and 

breast cancer cells will be performed. The culture conditions that will be used are 

depicted in Figure 38. The control for the induction of pressure overload in heart slice 

will be tissue cultured under normal cyclic pressures (0 to 80 mmHg). Next, to induce OS 

in tissue slices, the PPD will be set to a pressure of 0 to 140 mmHg. Periostin protein 

release will be assessed by ELISA protein assay from collected media. Periostin is the 

protein identified in Avraham et al [5] study as the potential excreted factor in TAC 

models that induces breast and lung tumorigenesis. The control for the breast cancer cells 

will be a 6-well culture plate with cell inserts containing tumor cells. This will allow for a 

baseline for the normal proliferation rate of these cells. An intermediate culture will be 

prepared to test whether continuous exposure to factors released from the OS-heart slices 

are necessary for an increase in proliferation of the cancer cells. An additional 

intermediate culture of cancer cells supplemented with 1 mL of Norm-CTCM media will 

serve as a control. To these cultures, 1 mL of media from the respective tissue slice 

culture will be added to the cancer cell wells twice per day. The last culture condition is a 

coculture within the proposed bioreactor. To assess cancer cell proliferation, 

immunolabeling for Ki67 will be performed. The Ki67 protein is expressed only during 

active cell cycle phases and has been associated with the growth of malignant tumor cell 

populations. [50, 93, 106] The experiment will be run for 3 days with tumor cell 

proliferation analyzed every day. 
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Figure 38: Culture conditions. 6 culture conditions will be used to investigate CVD-

tumorigenesis. 
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4.4. Results 

To characterize the flow disruption, a mock flow loop was set up for the system. 

The culture chamber of the CTCM device was 3D printed using PLA filament. Barb 

connectors were inserted into the device at the inlet and outlet and tubing was attached. 

To be able to record the top-down video of the flow distribution, the graphite electrodes 

were secured to the bottom of the culture chamber with double-sided tape. The electrodes 

were positioned perpendicular to the culture wall at a distance of 5.85 mm. Utilizing a 

peristaltic pump, water was flowed at 27 mL/min into the tissue culture chamber. A 

DSLR camera (Cannon Rebel T7i, Cannon, Tokyo, Japan) was used with a Navitar Zoom 

7000 18-108mm Macro Lens, (Navitar, San Francisco, CA) to record the videos. A 

polarizing filter lens was added to reduce light reflection off the surface of the water. The 

camera was set to record at 30 fps. 

Video 1 shows a top-down recording of the CTCM culture chamber without 

mechanical stimulation. Red colored dye was added to the water reservoir followed by 

blue dye to again visualize the flow into the chamber. It was observed that there was a 

slow disruption and a vortex formation in the center of the chamber which delayed the 

fluid clearing from the chamber. 

Video 2 demonstrates the same culture setup as in Video 1 with mechanical 

stimulation being applied. The mechanical stimulation was set to a pulsatile pressure of 0 

to 140 mmHg to emulate over-stretch induced cardiac hypertrophy. It was observed that 

the fluid exchange occurred at a faster rate due to the mixing effect induced by the 

mechanical stimulation of the 6 silicone tissue slices. After 10 to 15 seconds there is a 

full exchange of the media indicated by the even distribution of the dye throughout the 
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chamber. However, similar to without mechanical stimulation, there is a vortex formation 

within the center of the chamber. 

To prevent the vortex formation and to obtain a uniform flow distribution, a 

hexagon shaped baffle (Figure 39) was placed into the center of the CTCM culture 

chamber with the flat face parallel to the inlet as shown in Video 3. The hexagon baffle 

was 3-D printed using PLA filament. It was observed that the dye distributed across all 

six tissue slices without any evident stagnation. 

  

Figure 39: Hexagon baffle drawing with dimensions. 
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Lastly, to verify that factors released by each individual tissue slice can be 

transferred from the area of the tissue to the outlet, each silicone membrane was marked 

with black Sharpie. The culture chamber was then filled with water and the water was 

exchanged with 100% ethanol to dissolve the Sharpie. Videos 4 and 5 demonstrate that 

both without and with the hexagon baffle there was displacement of factors at each 

silicone tissue slice. The system without the hexagon baffle again presented with the 

vortex formation within the center of the culture chamber, however, with time, the area 

cleared.  

As an additional verification of the mock loop run, a CFD was performed using 

SolidWorks FloXpress. The flow rate was set to the same rate used in the mock run (27 

mL/min), a laminar flow was assumed, and the system was evaluated at a fully developed 

steady state. Figure 40 shows that the hexagon shaped baffle directed the fluid flow away 

from the center of the culture chamber, allowing for an even exchange across each tissue 

slice. 
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4.5. Conclusion  

A novel bioreactor system was designed to allow for the continuous media 

exchange between cardiac tissue slices subjected to over-stretch induced hypertrophy 

conditions (OS; emulated TAC model) and tumor cells. OS within the tissue slices was 

achieved by modifying our lab’s recently developed CTCM system. The characterization 

of the fluid flow through the culture chamber was performed using SolidWork’s 

FloXpress CFD software and mock loop runs with the addition of dye. By adding a baffle 

within the center of the tissue slice culture chamber, a uniform exchange of solution 

across all 6 tissue slices was established. Overall, this study designed a novel bioreactor 

system that can be used as a platform to investigate the potential crosstalk between 

cardiac tissue and tumor cells. 

Figure 40: CFDs of tissue culture chamber with hexagon baffle. CFD result 

displaying pipelines of fluid flow through tissue culture chamber at 27 mL/min with 

hexagon baffle. 
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4.6. Limitations 

The major limitation of this study going forward will be the media composition. 

The metabolic demand of heart slices requires additional nutrients of FBS, FGF, and 

VEGF to maintain tissue viability in culture. For other cell types, certain FBS 

concentrations are required to induce specific phenotypes. For example, in MCF7 breast 

cancer cell line, a 10% FBS concentration is needed to maintain a differentiated 

phenotype. For the case of this cell line, the culture media that is used for the heart slices 

contains this concentration of FBS. However, if this system is to adapt to coculture other 

cell lines, media optimization will be necessary.
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CHAPTER 5: CONCLUSIONS 
 

 

5.1. Summary 

Recently, the rapid pace of cancer therapeutic development has led to numerous 

unforeseen consequences on heart function, such as the development of arrythmias or 

myocardial infarctions. To address these adverse cardiac events, an emerging research 

field termed cardio-oncology has been established. Additionally, a new subfield of 

cardio-oncology dubbed reverse cardio-oncology has started to evolve. This new subfield 

aims to address the research question of whether cardiovascular disease can induce 

tumorigenesis or accelerated tumor growth. To support the field of cardio-oncology, a 

more accurate testing platform is needed to identify the toxic mechanisms of 

chemotherapeutics, characterize possible adverse drug effects, and address the possibility 

of CVD influencing tumorigenesis or accelerated tumor growth. While both in vivo and 

in vitro models have been of paramount importance in the discovery and detection of 

many cardiotoxic effects and mechanisms of action, they fall short of accurately 

replicating the response of the adult human myocardium. To address this, we hypothesize 

that cardiac tissue slices can emulate the complexity of the human heart. 300 μm thin 

tissue slices have several advantages such as expressing an organotypic structure and can 

reliably replicate cardiomyocyte functional and transcriptional expression. Our group 

developed a culture system for heart slices that enables functional and structural viability 
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of the tissue slices for 6 days using continuous electrical stimulation and enriched media. 

To fully emulate the cardiac cycle, our group incorporated mechanical and humoral 

stimulation to the system further extending the culture life to 12 days. 

 In this dissertation, three studies were performed to evaluate cardiac tissue slices 

as a potential platform to study cardio-oncology and reverse cardio-oncology related 

research questions.  

 Firstly, to test whether cardiac tissue slices could be used in cardiotoxicity 

screening, slices were evaluated for their ability to detect three known cardiotoxic cancer 

therapeutics that induce cardiotoxicity through different mechanisms. Tissue slices and 

hiPSC-CMs were treated with doxorubicin (an anthracycline), trastuzumab (HER2/neu 

inhibitor) and sunitinib (TKI) for 48 hours. hiPSC-CMs detected the cardiotoxicity of 

doxorubicin at nanomolar concentrations but did not detect the cardiotoxic effects of 

sunitinib at this concentration. Heart slices on the other hand were able to replicate the 

clinically known toxic effects of each compound: Dox for mitochondrial damage and 

ROS accumulation, Tras for homeostasis disruption, and Sun for targeting the 

microvascular. Overall, these results suggest that cardiac tissue slices can be a promising 

platform for investigating the cardiotoxic phenotypes and mechanisms of cancer 

therapeutics. 

Secondly, to validate that cardiac tissue slices can more accurately detect 

cardiotoxicities compared to hiPSC-CMs, a larger range of clinically established 

cardiotoxic anti-cancer drugs were tested. 12 compounds, 2 positive, and 1 negative 

control were blindly tested at acute, < 1-hour, and subacute, 72-hour, exposure on both 

hiPSC-CMs and heart slices. 2 out of 12 compounds were detected as cardiotoxic after 48 
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to 72 hours of exposure to the clinically relevant dosage in hiPSC-CMs. On tissue slices, 

12 out of 12 compounds were determined to be cardiotoxic at the clinically relevant 

dosage, 8 of which were detected acutely. Overall, this study demonstrates that heart 

slices can more accurately detect a diverse range of cardiotoxic effects induced by 

chemotherapeutics compared to hiPSC-CMs. 

Lastly, to investigate the crosstalk between CVD and tumorigenesis a co-culture 

bioreactor was designed. This novel bioreactor system would allow for continuous media 

exchange between cardiac tissue slices subjected to over-stretch induced hypertrophy 

conditions (OS; emulated TAC model) and tumor cells. OS within the tissue slices was 

achieved by modifying our lab’s recently developed CTCM system. The characterization 

of the fluid flow through the culture chamber was performed using SolidWork’s 

FloXpress CFD software and mock loop runs with the addition of dye. By adding a 

hexagon shaped baffle within the center of the tissue slice culture chamber, a uniform 

exchange of solution across all 6 tissue slices was established. Overall, this study 

designed a novel bioreactor system that can be used as a platform to investigate the 

potential crosstalk between cardiac tissue and tumor cells. 

This dissertation outlined how cardiac tissue slices are an effective platform for 

cardiotoxicity screening and can more accurately detect clinically known cardiotoxic 

effects compared to hiPSC-CMs (specifically a disruption in functionality). Additionally, 

a novel CVD-tumor bioreactor was designed providing a platform to investigate the 

crosstalk between tumor cells and cardiac tissue. 
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5.2. Future work 

5.2.1. Transwell culture of cardiac tissue slices as a potential platform for 

cardiotoxicity detection prior to clinical trials  

As the two studies detailed here have demonstrated, cardiac tissue slices can 

outperform the most commonly used platform in drug screening, hiPSC-CMs. Due to the 

current drug screening process (lack of test on human samples prior to clinical trials), 

28% of drug withdrawals are due to undetected cardiotoxicities. To further reduce the 

risk to patients and improve the efficacy of the drug screening process, human heart 

slices can be an easy, medium throughput addition for FDA drug approval to obtain 

results from human samples prior to clinical trials.  

A simplified culture method of cardiac tissue slices that consists of just optimized 

nutrient rich culture media and electrical stimulation is the ideal platform for 

incorporating into other laboratories. There are only 3 uncommon instruments used in 

this process that can be purchased at a relatively low price: the vibratome for tissue slice 

acquisition, the C-pace stimulation and 6-well electrode lids for electrical stimulation, 

and the force transducer for contractility measurements. 

Recently, both the transwell and CTCM tissue slice culture systems developed by 

our lab were licensed by Anabios. This company will use these two platforms as a drug 

screening platform available for companies to test for cardiotoxicities of new 

therapeutics. 

5.2.2. Bioengineered reverse cardio-oncologic culture system  

Future work will consist of running the CVD-tumor bioreactor system with breast 

cancer cells and human heart slices. These experiments will be performed as detailed in 
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Chapter 4’s methods section. If periostin is not released from the OS-CTCM culture set at 

0 to 140 mmHg, the pressures will be increased until periostin release is observed without 

significantly damaging the tissue slices. Alternatively, 3 days may not be a sufficient 

amount of time to either induce hypertrophy in the heart slices or observe an increase in 

tumor cell proliferation rate. To address this possibility the culture time will be extended 

to 6 days. 

If a hypertrophic model cannot induce tumor cell proliferation or stimulate the 

release of periostin, an MI model will be used instead. One of two methods can be used 

to obtain MI tissue slices. The first will be to induce MI in a pig model, isolate the heart 

and culture slices cut from the border zone of the infarction. The second method could be 

to emulate an MI environment. This can be achieved by treating the tissue slices with 

acidic Tyrode’s solution and incubating the slices with 1% oxygen for 1 hour. Once it is 

verified that the tissue slices can emulate a MI-damaged area of the heart, the culture 

chamber design for a flow loop system can be fabricated. In this design, fluid will flow 

into the culture chamber under the tissue slices. The tissue slices will be held in the center 

of the chamber and to prevent the tissue slices from falling from their slots, a thin 3D 

printed bridge support will be inserted. Electrical stimulation will be applied to the tissue 

slices by graphite electrodes on either side of the tissue. The cancer cell culture chamber 

will be the same as described above. For cancer cell proliferation, Ki67 expression will 

be quantified.
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CHAPTER 6: METHODS 
 

 

6.1. Heart tissue collection from pigs 

Thirteen pigs were used in the current study. All animal procedures were in 

accordance with the institutional guidelines and approved by the University of Louisville 

Institutional Animal Care and Use Committee. The aortic arch was clamped, and hearts 

were perfused with 1L of sterile cardioplegia solution (110 mM NaCl, 1.2 mM CaCl2, 16 

mM KCl, 16 mM MgCl2, 10 mM NaHCO3, 5 units/ml heparin, pH to 7.4); the hearts 

were preserved in ice-cold cardioplegic solution until transported to the lab on ice (less 

than 10 minutes).   

6.2. Fabrication of CTCM device  

The CTCM devices were designed in SolidWorks Computer-Aided Design 

(CAD) software. The culture chamber, separating plate, and air chamber were 

manufactured using CNC (computer numerical control) machining out of clear acrylic 

plastic. The 7 mm support rings were center-lathed from high-density poly-ethylene 

plastic (HDPE) and fitted with an O-ring groove to accommodate silicone O-rings for 

sealing the media below. A thin silicone membrane was used to separate the culture 

chamber from the separating plate. The silicone membrane was laser-cut out of a 0.02’’ 

silicone sheet, durometer 35A. The bottom and top silicone gaskets were laser-cut from a 
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1/16’’ silicone sheet, durometer 50A. 316L stainless steel screws and wing nuts were 

used to hold the device together and to create an air-tight seal. 

A custom printed circuit board (PCB) was designed to integrate with the C-

PACE-EM system. Swiss machine header outlets on the PCB are connected to a graphite 

electrode via silver-plated copper wires and 0-60 bronze screws threaded into the 

electrodes. The PCB fits into a 3-D printed device cover.  

The CTCM device is controlled by a programmable pneumatic driver (PPD) that 

can induce a controlled cyclic pressure similar to the cardiac cycle. As the pressure 

within the air chamber increases, the flexible silicone membrane will distend upward, 

displacing the culture medium under the tissue slices. The tissue slices will then be 

stretched by this fluid displacement, mimicking physiological cardiac stretch during 

diastole. At the peak of diastole, electrical stimulation is applied through the graphite 

electrodes, and the air chamber pressure is decreased, allowing the tissue slices to 

contract. Within the air line, there is a hemostatic valve with a pressure probe sensor that 

detects the pressure of the air system. The pressure detected by the pressure sensor is fed 

into a data acquisition device connected to a laptop. This allows for the continuous 

monitoring of the pressures within the air chamber. When the maximum air chamber 

pressure (80 mmHg for norm and 140 mmHg for OS) is reached, the data acquisition 

device sends a signal to the C-PACE-EM system inducing a 2 ms biphasic electrical 

voltage signal set at 4 V. 

6.3. Heart slice culture 

Heart slices were obtained, and 6-well culture conditions were performed as 

described below: the collected heart is transferred from the transfer container to a tray 
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containing cold (4°C) Cardioplegia solution. The left ventricle is isolated using sterile 

blades and cut into 1-2 cm3 blocks. These tissue blocks are attached to tissue supports 

using tissue glue and placed into the tissue bath of a vibrating microtome containing 

Tyrode’s solution with continuous oxygenation (3 g/L 2,3-butanedione monoxime 

(BDM), 140 mM NaCl (8.18 g), 6 mM KCl (0.447 g), 10 mM D-glucose (1.86 g), 10 mM 

HEPES (2.38 g), 1 mM MgCl2 (1 mL of 1 M solution), 1.8 mM CaCl2 (1.8 mL of 1 M 

solution), up to 1 L of ddH2O). The vibrating microtome is set to cut 300 μm slices at a 

frequency of 80 Hz, horizontal vibration amplitude of 2 mm, and advance speed of 0.03 

mm/s. The tissue bath is surrounded by ice to maintain a chilled solution and keep the 

temperature at 4°C. Tissue slices are transferred from a microtome bath to a holding bath 

containing continuously oxygenated Tyrode’s solution on ice until enough slices are 

obtained for one culture plate. For transwell culture conditions, tissue slices are adhered 

to sterilized polyurethane 6 mm wide supports and placed into 6-well culture plates 

containing 6 mL of optimized culture media (Medium 199, 1x ITS supplement, 10% 

FBS, 5 ng/mL VEGF, 10 ng/mL FGF-basic, and 2X Antibiotic-Antimycotic). Electrical 

stimulation (10 V, paced at 1.2 Hz) was applied to the tissue slices through C-Pace lids. 

The culture media is oxygenated before every media change three times a day. Tissue 

slices were cultured in an incubator set to 37°C with 5% CO2. 

For the CTCM culture, the tissue slices were positioned on a custom 3-D printed 

apparatus within a petri dish containing modified Tyrode’s solution. The device is 

designed to oversize the heart slice by 25% of the support ring area. This is done to 

ensure that the heart slice is not over-stretched once it has been transferred from the 

Tyrode’s solution to culture media and during the diastolic phase. Using histoacryl glue, 
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the 300 μm thick slices were fixed to 7-mm diameter support rings. Once the tissue slice 

was attached to the support ring, the excess tissue was trimmed off, and the attached 

tissue slice was placed back into the Tyrode’s solution bath on ice (4°C) until enough 

slices were prepared for one device. The processing time should not exceed 2 hours in 

total for all devices. Once 6 tissue slices were attached to their support rings, the CTCM 

device was assembled. The CTCM culture chamber was prefilled with 21 mL of pre-

oxygenated culture media. The tissue slices were transferred into the culture chamber, 

and all air bubbles were carefully removed with a pipette. Then the tissue slice was 

guided to a well and gently pressed into place. Lastly, the electrode cover was placed 

onto the device, and the device was transferred to an incubator. The CTCM was then 

connected to the air tubes and the C-PACE-EM system. The pneumatic driver was 

switched on and the airflow valve opened to the CTCM device. The C-PACE-EM system 

was set to provide 4 V at 1.2 Hz at 2 ms biphasic stimulation. The culture medium was 

changed twice daily, and the electrodes were replaced once a day to avoid graphite 

buildup from the electrodes. If necessary, the tissue slices can be removed from their 

culture wells to displace any air bubbles that may be trapped below. The CTCM devices 

were cultured in an incubator set to 37°C with 5% CO2. 

6.4. Heart slice fixation and mounting 

Heart slices were fixed in 4% paraformaldehyde for 48 hours. Fixed tissue 

underwent dehydration in 10% then 20% sucrose for 1 hour, followed by 30% sucrose 

overnight. The slices were then embedded in an optimal cutting temperature compound 

(OCT compound) and gradually frozen in an isopentane/dry ice bath. OCT embedded 

blocks were stored at -80°C until sectioning. Slides were prepared in 8 μm thick sections. 
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6.5. Immunostaining 

To remove the OCT from the heart slices, the slides were heated on a heat block 

for 5 minutes at 95°C. 1 mL of PBS was added to each slide and incubated at room 

temperature for 30 minutes. Sections were then permeabilized by setting for 15 minutes 

with 0.1% Triton-X in PBS at room temperature. To prevent non-specific antibody 

binding to the samples, 1 mL of 3% BSA solution was added to the slides and incubated 

for 1 hour at room temperature. The BSA was then discarded, and the slides were washed 

with PBS. Using a wax pen, each sample was marked off. The primary antibodies (1:200 

dilution in 1% BSA) (Connexin 43 (Abcam; #AB11370), NFATC4 (Abcam; #AB99431) 

and Troponin-T (Thermo Scientific; #MA5-12960), were added to the section for 90 

minutes, followed by the secondary antibodies (1:200 dilution in 1% BSA) Anti-mouse 

Alexa Fluor 488 (Thermo Scientific; #A16079), Anti-rabbit Alexa Fluor 594 (Thermo 

Scientific; #T6391) for another 90 minutes separated by three washes with PBS. To 

distinguish the target staining from the background, we only used a secondary antibody 

as a control. Finally, the DAPI nuclear stain was added, and the slides were mounted in 

vectashield (Vector Laboratories) and sealed with nail polish. Immunofluorescence 

imaging was performed using a Cytation 1 high content imager (20X lens magnification) 

and a Keyence microscope using 40X lens magnification. 

For WGA staining, WGA-Alexa Fluor 555 (Thermo Scientific; #W32464) was 

used at 5 µg/mL in PBS and was applied to fixed sections for 30 minutes at room 

temperature. The slides were then washed with PBS, and Sudan Black was added to each 

slide and incubated for 30 minutes. The slides were then washed with PBS and 
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vectashield mounting media was added. Slides were imaged on a Keyence microscope 

using 40X lens magnification. 

6.6. MTT assay 

CyQUANT™ MTT Cell Viability Assay (Invitrogen, Carlsbad, CA; catalog # 

V13154) was used according to the manufacturer’s protocol with some modifications. In 

details, a 6 mm surgical punch was used to ensure similar tissue size when performing the 

MTT assay. The tissues were each placed in a well of a 12 well plates containing MTT 

substrate according to the manufacturer’s protocol. The slices were incubated for 3 hours 

at 37°C and viable tissue metabolized the MTT substrate creating a purple formazan 

compound. The MTT solution was replaced with 1 ml of DMSO and incubated at 37°C 

for 15 minutes to extract the purple formazan from the heart slices. Samples were diluted 

to 1:10 in DMSO within a clear bottom 96 well plate, and the intensity of the purple color 

was measured using a Cytation plate reader (BioTek) at 570nm. The readings were 

normalized to the weight of each heart slice. 

6.7. Caspase-3/7 

For fluorescent imaging of apoptosis, the Incucyte Caspase-3/7 Green dye (Essen 

Bioscience 4440) was added to the media/drug cocktail at a concentration of 5 μM for the 

duration of the assay. Analysis of apoptosis using the Caspase 3/7 fluorescent dye was 

performed using Incucyte® S3 Live Cell Analysis System (Essen Bioscience / Sartorius) 

running version 2019A (20,191.1.6976.19779). Parameters were set to quantify green 

fluorescent intensity metrics and areas of high signal intensity indicated cell death. 
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6.8. RNAseq 

RNA was isolated from the heart slices by using the Qiagen miRNeasy Micro Kit, 

#210874, following the manufacturer’s protocol after homogenizing tissue in Trizol. 

RNAseq library preparation, sequencing, and data analysis were performed as described 

below: 

1 μg RNA per sample was used as input material for the RNA library 

preparations. Sequencing libraries were generated using NEBNext UltraTM RNA Library 

Prep Kit for Illumina (NEB, USA) following manufacturer’s recommendations and 

index codes were added to attribute sequences to each sample. Briefly, mRNA was 

purified from total RNA using poly-T oligo-attached magnetic beads. Fragmentation was 

carried out using divalent cations under elevated temperature in NEBNext First Strand 

Synthesis Reaction Buffer (5X). First strand cDNA was synthesized using random 

hexamer primer and M-MuLV Reverse Transcriptase (RNase H). Second strand cDNA 

synthesis was subsequently performed using DNA Polymerase I and RNase H. 

Remaining overhangs were converted into blunt ends via exonuclease/polymerase 

activities. After adenylation of 3’ ends of DNA fragments, NEBNext Adaptor with 

hairpin loop structure were ligated to prepare for hybridization. In order to select cDNA 

fragments of preferentially 150~200 bp in length, the library fragments were purified 

with AMPure XP system (Beckman Coulter, Beverly, USA). Then 3 μL USER Enzyme 

(NEB, USA) was used with size-selected, adaptor ligated cDNA at 37ºC for 15 min 

followed by 5 min at 95ºC before PCR. Then PCR was performed with Phusion High-

Fidelity DNA polymerase, Universal PCR primers and Index (X) Primer. At last, PCR 

products were purified (AMPure XP system) and library quality was assessed on the 
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Agilent Bioanalyzer 2100 system. Then the cDNA libraries are sequenced using Novaseq 

sequencer. Original image data file from Illumina is transformed to raw reads by 

CASAVA base recognition (Base Calling). Raw data are stored in FASTQ(fq) format 

files, which contain sequences of reads and corresponding base quality. HISAT2 is 

selected to map the filtered sequenced reads to the reference genome Sscrofa11.1. In 

general, HISAT2 supports genomes of any size, including those larger than 4 billion 

bases and most of the parameters are set to default. Spliced reads of RNA Seq data can be 

effectively aligned using HISAT2, which is the fastest system currently available, with 

equal or better accuracy than any other method. 

The abundance of transcript reflects gene expression level directly. Gene 

expression level is estimated by the abundance of transcripts (count of sequencing) that 

mapped to genome or exon. Read counts is proportional to gene expression level, gene 

length and sequencing depth. FPKM (Fragments Per Kilobase of transcript sequence per 

Millions base pairs sequenced) were calculated and differential expression P-values were 

determined using DESeq2 package. Then, we calculated the false discovery rates (FDRs) 

for each P-value with the Benjamini-Hochberg method 9 based on the built-in R function 

“p.adjust”. 

6.9. qRT-PCR 

The RNA extracted from heart slices, was converted to cDNA at 200 ng/μL 

concentration using Thermo’s SuperScript IV Vilo Master mix (Thermo, Cat # 

11756050). qRT-PCR was run using Applied Biosystems microamp Endura plate optical 

384-well clear reaction plate (Thermo, Cat # 4483319) with microamp optical adhesive 

film (Thermo, Cat # 4311971). The reaction mixture is consisted of 5 μL Taqman Fast 
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Advanced Master mix (Thermo, Cat # 4444557), 0.5 μL Taqman Primer, and 3.5 μL H2O 

per well were mixed. The standard qPCR cycle was run, and CT values were measured 

using an Applied Biosystems Quantstudio 5 Real-Time PCR instrument (384-well block; 

Product #A28135). Taqman primers were purchased from Thermo (GAPDH 

(Ss03375629_u1), COL1A2 (Ss03375009_u1), COL3A1 (Ss04323794_m1), ACTA2 

(Ss04245588_m1), TNNT (Ss004953568_g1), and MYH7 (Ss03392424_mH). All 

sample CT values were normalized to the housekeeping gene GAPDH. 

6.10. NT-ProBNP ELISA Assay 

NT–ProBNP release in the culture media was assessed using an NT-ProBNP kit 

(pigs) (Cat # MBS2086979, MyBioSource) according to the manufacturer protocol. 

Briefly, 250 μL of each sample and standard were added to each well in duplicate. 

Immediately following the addition of the samples, 50 μL of Detection Reagent A was 

added per well. The plate was shaken gently and sealed with a Plate Sealer. The plate was 

then incubated for 1 hour at 37°C. Then, the solution was aspirated, and the wells were 

washed with 350 μL of 1X Wash Solution 4 times, letting the Wash Solution incubate for 

1-2 minutes each time. Next, 100 μL of Detection Reagent B was added per well and 

sealed with a Plate sealer. The plate was gently shaken and incubated at 37°C for 30 

minutes. The solution was aspirated, and the wells were washed with 350 μL of 1X Wash 

Solution 5 times. 90 μL of Substrate Solution was added to each well, and the plate was 

sealed. The plate was incubated for 10-20 minutes at 37°C. 50 μL of Stop Solution was 

added per well. The plate was immediately measured using a Cytation plate reader 

(BioTek) set at 450 nm. 
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6.11. Calcium-transient assessment 

Heart slices were loaded with Fluo-4 for 30 minutes at room temperature before 

being transferred to the imaging chamber. The loading solution contained a 1:10 mixture 

of 5mM Fluo-4 AM in dry DMSO and PowerloadTM concentrate (Invitrogen), which 

was diluted 100-fold into extracellular Tyrode's solution (NaCl 140 mM; KCl 4.5 mM; 

glucose 10 mM; HEPES 10 mM; MgCl2 1 mM; CaCl2 1.8 mM; 2× Antibiotic-

Antimycotic; pH 7.4). An additional 20min were allowed for de-esterification before 

recordings were made. Contractions and calcium transients were evoked by applying 

voltage pulses at 1 Hz between platinum wires placed on either side of the heart slice and 

connected to a field stimulator (IonOptix, Myopacer). Fluo-4 fluorescence transients were 

recorded via a standard filter set (#49011 ET, Chroma Technology). Resting fluorescence 

was recorded after cessation of pacing, and background light was obtained after removing 

the heart slice from the field of view at the end of the experiment. All analyses of 

calcium transients were based on calcium transients recorded from single cardiomyocytes 

within the heart slice and the calcium transient's amplitude was assessed as the average of 

10 consecutive beats from each cell. Calcium transients and amplitude was assessed 

following normalization to the basal florescence of each cell and represented as F/F0. 

6.12. Force transducer contractility measurement 

 Video 6 provides a detailed walkthrough of the force transducer setup.  

A day before the experiment the following materials are prepared. 1 cm wide by 

0.5 cm high triangle foil supports are cut out, anchor supports are 3-D printed, and 

standard sized staples are bent into square shaped hooks. 1.25” long 3-0 suture is fixed to 

the top half of the foil triangle and an anchor support. Next a 3.25” long suture is attached 
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to another foil triangle and a hook. The force transducer is connected to a bridge 

amplifier. The bridge amplifier is then connected to a data acquisition device which 

records the data sent to LabChart program on a laptop. The force transducer is calibrated 

using a two-point calibration method prior to each experiment.  

 Tissue slices are obtained using the method detailed above and transferred to a 

petri dish containing no BDM Tyrode’s solution for 20 minutes. The tissue slice are then 

transferred to a lid of a petri dish and cut to a 1 cm by 1 cm sized square. Perpendicular to 

the fiber alignment within the tissue slice, the base of the triangular supports are adhered 

using histoacryl glue. The slice is gently transferred to the tissue bath containing 30 mL 

no BDM Tyrode’s solution. The anchor is pressed into the slot in the bottom of the tissue 

bath and the tissue bath is secured directly underneath the force transducer cantilever. 

The suture length attached to the anchor is adjusted to a length that will allow for the 

hook to be placed onto the cantilever without applying excess stretch to the tissue slice. 

The graphite electrodes are inserted into their slots in the tissue bath and the hook is 

placed onto the cantilever. The electrical stimulation is set to apply 10 V at a 0.2 Hz 

frequency. 

 The tissue slice length is then adjusted until the slice is taut and a contractile 

signal is detected but the tissue slices are not overstretched. Typically, the slice will 

produce better contractile data if allowed to hang in the taut position with electrical 

stimulation for 10 to 15 minutes prior to recording. 

6.13. Calcium analysis code 

ImageJ was used to extract the transient intensity of the calcium videos for each 

cell. The intensity data was normalized to the background signal and passed into the code 
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below. The code finds the minimum and maximum peaks and calculates the amplitude, 

downstroke and upstroke velocity, and the cycle time. 

 

Calcium data extraction: 

close all 
clear 
clc 
 
%load file in 
 
a = readtable('template_1_Ca.xlsx'); 
 
%Prompts user for frame rate input 
prompt = {'Enter frame rate:'}; 
dlgtitle = 'Input'; 
dims = 1; 
definput = {'10'}; 
FrameRate = inputdlg(prompt,dlgtitle,dims,definput); 
 
FrameRate = str2double(FrameRate); 
 
%plot each column 
for i = 1:width(a) 
     
    figure(i) 
    Trace = table2array(a(:,i)); 
    hold on 
    plot(Trace) 
 
    %find max peaks 
    [pks, index] = findpeaks(Trace); 
    scatter(index,pks,'b') 
     
    %invert 
    min_Trace = max(Trace)-(Trace); 
 
    %find min peaks 
    [pks_min, index_min] = findpeaks(min_Trace); 
     
    %now find the actual peaks of the min from Trace 
    pks_min = Trace(index_min); 
    scatter(index_min,pks_min) 
 
    %Pre-allocate/clear arrays 
    amplitude = [ ]; 
    upstroke = [ ]; 
    downstroke = [ ]; 
 
    %Find the amplitude of each (min to max? start of contraction) 
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    %first check if we start at a peak on valley 
    if index(1) < index_min(1) %then skip the first peak 
        for b = 2:length(pks)-1 
            [amplitude(b-1)] = (pks(b)-pks_min(b-1))/pks_min(b-1); 
            [upstroke(b-1)] = amplitude(b-1)/((index(b)-index_min(b-
1))/FrameRate); 
            [upstrokeTime(b-1)] = (index(b)-index_min(b-1))/FrameRate; 
            [downstroke(b-1)] = ((pks(b)-
pks_min(b))/pks_min(b))/((index_min(b)-index(b))/FrameRate); 
            [downstrokeTime(b-1)] = (index_min(b)-index(b))/FrameRate; 
        end 
    else %don't skip first peak 
        for c = 1:length(pks)-1 
            [amplitude(c)] = (pks(c)-pks_min(c))/pks_min(c); 
            [upstroke(c)] = amplitude(c)/((index(c)-index_min(c))/FrameRate); 
            [upstrokeTime(c)] = (index(c)-index_min(c))/FrameRate; 
            [downstroke(c)] = ((pks(c)-pks_min(c+1))/pks_min(c+1)) / 
((index_min(c+1)-index(c))/FrameRate); 
            [downstrokeTime(c)] = (index_min(c+1)-index(c))/FrameRate; 
        end 
    end 
 
    %take average for this cell 
    [average_amp(i)] = mean(amplitude); 
    [average_up(i)] = mean(upstroke); 
    [average_down(i)] = mean(downstroke); 
    [average_up_Time(i)] = mean(upstrokeTime); 
    [average_down_Time(i)] = mean(downstrokeTime); 
     
    hold off 
 
    %Convert index to seconds 
    for D = 1:length(index) 
        T_Sec(D) = index(D)/FrameRate; %frames/sec 
    end 
 
    Diff_T_Sec = diff(T_Sec); 
    [average_Time(i)] = mean(Diff_T_Sec); 
 
    %is it in sycn with the electrical stim (1.2 Hz--> 0.833 seconds) 
        %Within 25% consistency? 
    for E = 1:length(Diff_T_Sec) 
 
        PlusPoint = 0.833 + (0.25*0.833); 
        MinusPoint = 0.833 - (0.25*0.833); 
 
        if Diff_T_Sec(E) < PlusPoint && Diff_T_Sec(E)> MinusPoint %index is 
within the 5% range of 1.2 Hz 
            Consist(E) = 1; 
        elseif Diff_T_Sec(E) > PlusPoint %took longer 
            Consist(E) = 2; 
        else % Shorter 
            Consist(E) = 0; 
        end 
    end 
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    %Find the number of 1's 
    o = 0; 
 
    for Y = 1:length(Consist) 
        if Consist(Y) == 1 
            o = o + 1; 
        end 
    end 
     
    %percent of points that are consist for that cell 
    [Consist_Average(i)] = (o / length(Consist))* 100;   
 
    %What is the # of beats that have a longer time between transients 
    r = 0; 
 
    for QQ = 1:length(Consist) 
        if Consist(QQ) == 2 
            r = r + 1; 
        end 
    end 
 
    %percent longer transients 
    [Percent_Slow_Trans(i)] = (r / length(Consist)) * 100; 
 

[Percent_Fast_Trans(i)] = 100 - 
(Consist_Average(i)+Percent_Slow_Trans(i)); 

     
end 
 
    average_up_Time = average_up_Time'; 
    average_down_Time = average_down_Time'; 
 
CopyMe = 
[average_amp;average_up;average_down;average_Time;Consist_Average;Percent_Slow
_Trans;Percent_Fast_Trans]'; 
 

6.14. Contractility analysis code 

 Contractile data is extracted from the data recorded by the force transducer. The 

data is saved as a .mat file and read by the “Data extraction and peak detection/selection” 

code. In this code the data is analyzed by each timepoint marker that is placed at each 

recording, indicating when certain compounds or concentrations are added. The 

maximum and minimum peaks are detected by controlling the minimum threshold and 

distance between peaks. If these values cannot be adjusted to accurately detect all desired 
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peaks, then manual section can be performed and the minimum or maximum “select 

peaks” code can be run. Once all the desired minimum and maximum peaks are stored 

then the “analysis” code can be run to extract the contraction amplitude, upstroke and 

downstroke velocities, and cycle time. 

 

Data extraction and peak detection/selection 

close all 
clear 
clc 
 
%read in file 
a = load('datafile.mat'); 
 
%% Change me to the recorded trace 
point = 6; 
 
% collecting the data and converting time 
Dose = a.data(a.datastart(point):a.dataend(point)); 
 
t=0:1/1000:length(Dose)/1000-1/1000; %converting the sampling frame to time 
 
figure(1); 
hold on 
plot(Dose) 
 
% set max threshold 
max_Threshold = max(Dose) - (0.31 * max(Dose)); %0.25 
 
%find max peaks with a threshold and min distance for close peaks 
[pks, index] = findpeaks(Dose,'MinPeakHeight',max_Threshold, 
'MinPeakDistance', 1500);   
scatter(index,pks,'o') 
 
hold off 
 
%Now for the min peaks 
%first invert the trace 
DoseI = max(Dose)-(Dose); 
 
figure(2) 
hold on 
plot(DoseI) 
 
min_Threshold = max(DoseI) - (0.4*max(DoseI)); 
 
%Now find min peaks with a threshold and min distance for close peaks 
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[pks_min, index_min] = findpeaks(DoseI,'MinPeakHeight',min_Threshold, 
'MinPeakDistance',2500);  
scatter(index_min,pks_min,'magenta') 
 
hold off 
 
 

Select max peaks (if necessary) 

close all 
 
%We know the position saved ss 
index = flip(ss(:,1))'; 
pks = flip(ss(:,2)); 
 
figure (3) 
hold on 
plot(Dose) 
scatter(index,pks) 
 
hold off 
 
 

Select min peaks (if necessary) 

close all 
 
%We know the position saved as ss 
index_min = flip(ss(:,1))'; 
pks_min = flip(ss(:,2)); 
 
figure (3) 
hold on 
plot(DoseI) 
scatter(index_min,pks_min) 
 
hold off 
 
[pks_min] = [0]; 
 
%find the actual pks 
for f = 1:length(index_min) 
    [pks_min(f)] = Dose(index_min(f)); 
end 
 
figure(4) 
hold on 
plot(Dose) 
scatter(index,pks,'p') 
scatter(index_min,pks_min,'o') 
hold off 
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Analysis 

 
%Find the amplitude of each (min to max? start of contraction) 
    %first check if we start at a peak on valley 
    if index(1) < index_min(1) %then skip the first peak 
        for b = 2:length(pks)-1 
            [amplitude(b-1)] = ((pks(b)-pks_min(b-1))/pks_min(b-1))*0.0098; 
 
            %contraction speed (mg/sec) 
            [contraction_speed(b-1)]  = (amplitude(b-1)/((index(b)-
index_min(b-1))/1000))*0.0098; 
            [contraction_time(b-1)]  = ((index(b)-index_min(b-1))/1000); 
 
            %relaxation speed 
            [relaxtion_speed(b-1)] = (((pks(b)-pks_min(b))/pks_min(b)) / 
((index_min(b)-index(b))/1000))*0.0098; 
            [relaxtion_time(b-1)] = ((index_min(b)-index(b))/1000); 
 
        end 
    else %don't skip first peak 
        for c = 1:length(pks)-1 
            [amplitude(c)] = ((pks(c)-pks_min(c))/pks_min(c))*0.0098; 
 
            %contraction speed 
            [contraction_speed(c)] = (amplitude(c)/((index(c)-
index_min(c))/1000))*0.0098; 
            [contraction_time(c)] = ((index(c)-index_min(c))/1000); 
 
            %relaxation speed 
            [relaxtion_speed(c)] = (((pks(c)-pks_min(c+1))/pks_min(c+1)) / 
((index_min(c+1)-index(c))/1000))*0.0098; 
            [relaxtion_time(c)] = ((index_min(c+1)-index(c))/1000); 
        end 
    end 
 
 
% convert index to seconds 
for y = 1:length(index) 
    [index_sec(y)] = index(y)/1000; 
end 
 
%cycle time (in sec) 
[cycle] = diff(index_sec); 
 
%calc. regularity 
for E = 1:length(cycle) 
 
        PlusPoint = 5 + (0.25*5); 
        MinusPoint = 5 - (0.25*5); 
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        if cycle(E) < PlusPoint && cycle(E)> MinusPoint %index is within the 
75% range of 1.2 Hz 
            Consist(E) = 1; 
        elseif cycle(E) > PlusPoint %took longer 
            Consist(E) = 2; 
        else % Shorter 
            Consist(E) = 0; 
        end 
end 
 
 
    %Find the number of 1's 
    o = 0; 
 
    for Y = 1:length(Consist) 
        if Consist(Y) == 1 
            o = o + 1; 
        end 
    end 
     
    %percent of points that are consist for that cell 
    Consist_Average = (o / length(Consist))* 100;   
 
    %What is the # of beats that have a longer time between transients 
    r = 0; 
 
    for QQ = 1:length(Consist) 
        if Consist(QQ) == 2 
            r = r + 1; 
        end 
    end 
 
    %percent longer transients 
    Percent_Slow = (r / length(Consist)) * 100; 
 
    Percent_Fast = 100 - (Consist_Average+Percent_Slow); 
 
    AboutMe = [amplitude;contraction_speed;relaxtion_speed]'; 
    APercentages = [Consist_Average;Percent_Slow;Percent_Fast]'; 
 
    cycle = cycle'; 
 
    times = [contraction_time;relaxtion_time]';
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