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Abstract

Proinflammatory molecule tumor necrosis factor alpha (TNF-α) is predominantly elevated in 

cytokine storm as well as worsening cardiac function. Here we model the molecular and functional 

effects of TNF-α in cardiomyocytes (CMs) derived from human induced pluripotent stem cells 

(hiPSC). We found that treatment of hiPSC-CMs with TNF-α increased reactive oxygen species 

(ROS) and caspase 3/7 activity and caused cell death and apoptosis. TNF-α treatment also resulted 

in dysregulation of cardiomyocyte function with respect to the increased abnormal calcium 

handling, calcium wave propagation between cells and excitation–contraction coupling. We also 

uncovered significant changes in gene expression and protein localization caused by TNF-α 
treatment. Notably, TNF-α treatment altered the expression of ion channels, dysregulated 

cadherins, and affected the localization of gap-junction protein connexin-43. In addition, TNF-α 
treatment up-regulated IL-32 (a human specific cytokine, not present in rodents and an inducer of 

TNF-α) and IL-34 and down-regulated glutamate receptors and cardiomyocyte contractile 

proteins. These findings provide insights into the molecular and functional consequences from the 

exposure of human cardiomyocytes to TNF-α. Our study provides a model to incorporate 
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inflammatory factors into hiPSC-CM-based studies to evaluate mechanistic aspects of heart 

disease.
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1. Introduction

Cytokines play a pivotal role in disease progression in cardiomyopathies and inflammatory 

diseases. Pro-inflammatory cytokine release associated with cardiomyopathies can affect 

matrix remodeling, oxidative stress and myocardial contraction and relaxation and trigger 

other inflammatory cells to mount additional immune responses within the myocardium 

(Heinrich et al., 2011; Aukrust et al., 1999; Dibbs et al., 1999; Matsumori, 1996; Matsumori 

et al., 1994; Mann, 2015; Schumacher and Naga Prasad, 2018).

Tumor necrosis factor alpha (TNF-α) is a key proinflammatory cytokine that is widely 

associated with worsening myocardial dysfunction and arrhythmias in diseases causing an 

increase in inflammatory milieu. The level of TNF-α is elevated in cardiomyopathy models 

and cardiac patients. For example, TNF-α levels are increased in the border zones of 

infarcted myocardium of rats with ligated coronary arteries (Chen et al., 2011) and in heart 

failure patients with New York Heart Association (NYHA) class II and III symptoms as 

compared with control subjects without heart failure and patients with NYHA Class I 

symptoms (Torre-Amione et al., 1996). Following myocardial infarction in a rat model, the 

arrhythmia burden increases in proportion to an increase in TNF-α (Chen et al., 2011). 

Similarly, post left anterior descending (LAD) ligation in rats, TNF-α reduces fractional 

shortening and the mean calcium transient amplitude (Feldman et al., 2000). More recently, 

TNF-α has been identified as a predominant cytokine in the cytokine storm associated with 

Coronavirus disease 2019 (COVID-19) related cardiomyopathies (Tisoncik et al., 2012; 

Wang et al., 2019; Feldmann et al., 2020).

TNF-α signaling has been elucidated in detail in primary cardiomyocytes (Bergmann et al., 

2001; Jarrah et al., 2018; Al-Lamki et al., 2009; Condorelli et al., 2002) as well as in animal 

models of heart disease (Torre-Amione et al., 1996; Topkara et al., 2016; Evans et al., 2018; 

Matkovich et al., 2017). Results from human primary cardiomyocytes studies indicate that 

TNF-α increases the production of ROS and NF-κB thereby inducing apoptosis (Moe et al., 

2014). Similarly, TNF-α also promotes depressed contractile activity in primary 

cardiomyocytes from multiple species (Cain et al., 1999). Studies from non-human 

cardiomyocytes have demonstrated altered calcium handling and decrease in connexin 

expression (Roe et al., 2015). However, to the best of our understanding, a comprehensive 

evaluation of the effect of TNF-α in invitro cardiomyocytes has not been performed. 

Therefore, in this study we performed a comprehensive analysis of TNF-α on hiPSC-CMs 

and potential molecular mechanisms associated with the functional changes.
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2. Methods

2.1. hiPSC differentiation: Differentiation of hiPSCs into cardiomyocytes

SCVI 273 and IMR-90 hiPSCs were maintained in a feeder-free condition as described (Xu 

et al., 2001). IMR-90 hiPSC cells were induced sequentially with 100 ng/mL Activin A on 

differentiation day 0 and 10 ng/mL BMP4 on differentiation day 1 in RPMI containing 2% 

B27 without insulin (Preininger et al., 2016; Jha et al., 2016) for 96 h (Supplementary Fig. 

1).

Similarly, SCVI 273 cells were expanded to 80–90% confluency and treated with 10 mM 

CHIR99021 HCl in RPMI with 2% B27 without insulin, to a final concentration of 6 μM for 

48 h. Subsequently, cells were treated with 10 mM IWR to a final concentration of 10 μM 

for 48 h. Cell were then placed in RPMI containing 2% B27 with insulin until they started 

beating. Enriched cardiomyocytes were generated by assembling cardiospheres as 

previously described (Nguyen et al., 2014). Successful differentiation of hiPSCs was 

confirmed when beating was observed in majority of the cells in the culture. Furthermore, 

additional analyses including immunocytochemistry of NKX-2.5 and α-actinin were 

performed to examine differentiation efficiency using fluorescence microscopy and only 

those cultures where > 85% of cells expressed cardiac markers of differentiation were used 

for further experiments. SCVI 273 were used for RNA-seq analysis. All other analyses were 

done with both SCVI 273 and IMR-90 cells.

2.2. DCFDA Assay

Cardiomyocytes were treated with 0.25% trypsin-EDTA and plated onto a Matrigel-coated 

96-well culture plate at a density of 5 × 104 cells/well and cultured for 2 days to recover 

spontaneous beating. Treatment groups were maintained in TNF-α at predetermined 

concentrations. Cells were washed 2 times with warm D-PBS and incubated with 25 μM 

carboxy-H2DCFDA (ThermoFisher Scientific) working solution in warm HBSS/Ca2+/Mg2+ 

for 30 min at 37 °C, protected from light. Cells were washed 3 times with warm HBSS/

Ca2+/Mg2+ and counter-stained with Hoechst in warm buffer and imaged immediately using 

Axio Vert.A1 inverted microscope (Zeiss).

2.3. Cell Viability

2D cultures as well as cardiac spheres were dissociated using 0.25% trypsin-EDTA and 

plated onto 96 well Matrigel-coated cell culture plates at the density of 5×104 cells/well and 

cultured for 2–3 days until they recovered beating. TNF-α at predetermined concentrations 

was added to the treatment groups and medium was changed every 24 h for 4 days. Cell 

viability was tested using 0.25 μM calcein-AM to label live cells and 1 μm ethidium 

homodimer-1 to label dead cells. Cells were incubated for 20 mins after which they were 

washed with D-PBS and resuspended in warm phenol red free RPMI.

2.4. Caspase 3/7 assay

Apoptosis was also assessed using Caspase 3/7 assay by adding CellEvent caspase 3/7 

detection reagent to cells and incubating for 30 mins. Cells were subsequently washed with 

D-PBS and resuspended in warm phenol red free RPMI.

Saraf et al. Page 3

Stem Cell Res. Author manuscript; available in PMC 2021 April 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cells were imaged using ArrayScan XTI Live high-content platform as described by 

Rampoldi et al (Rampoldi et al., 2018). Briefly, twenty fields/well and 5 replicate wells were 

selected per condition and imaged using a 10 × objective. Cellomics Scan (ThermoFisher 

Scientific) was used for acquisition software to capture images, and data analysis was 

performed using Cellomics View Software (ThermoFisher Scientific). Images were analyzed 

with mask modifier for Hoechst restricted to the nucleus. Spot threshold was set to 10 units 

and detection limit was set to 25 units.

2.5. RNA-Seq analysis

RNA was isolated from 1.5 × 106 hiPSC-CMs per sample (n = 3/group) using Aurum total 

RNA mini kit (Bio-Rad) per manufacturer’s instructions. Total RNA quality and purity were 

tested by agarose gel electrophoresis by Novogene Corporation Inc. The Illumina TruSeq 

technology was used to prepare RNA-Seq libraries, and next-generation sequencing was 

done via an Illumina HWI-ST1276. RNA sequence reads were aligned to the human 

reference genome using STAR v2.5. HTSeq v0.6.1 was used to count the read numbers 

mapped of each gene, and then Fragments per Kilobase of transcript sequence per Millions 

(FPKM) base pairs sequenced of each gene was calculated based on the length of the gene 

and reads count mapped to this gene to estimate gene abundance. Differential expression 

analysis was performed using the DESeq2 R package (2_1.6.3). The resulting p-values were 

adjusted using the Benjamini and Hochberg’s approach for controlling the FDR. Genes were 

considered being up- or down-regulated when the adjusted p-value was < 0.05. GO 

enrichment analyses of DEGs were implemented by the cluster Profiler R package, in which 

gene length bias was corrected. DEGs with adjusted P-values<0.05 were used to identify the 

enriched GO terms and KEGG pathways.

2.6. Fluo-4 AM loading

For live cell imaging of intracellular Ca2+, the cells were incubated with 10 μM of Fluo-4 

AM (ThermoFisher Scientific) for 20 min at 37 °C in culture medium, washed for 10 min, 

and then transferred to an inverted laser confocal microscope (Olympus FV1000) equipped 

with FluoView software (Olympus), where they were perfused with normal tyrode solution 

(140 mM NaCl, 4 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, 5 mM glucose, pH 

7.4 with NaOH) (Lian et al., 2012). Fluo-4 was excited by the 488 nm laser and emitted 

fluorescence was captured at > 505 nm. Recordings of Fluo-4 fluorescence were acquired in 

line-scan mode along the longitudinal axis at a sampling rate of ≥ 500 lines per second and a 

pixel size of 0.155 μm. Regions exhibiting heterogeneous fluorescence of Fluo-4 were 

avoided, so as to exclude artifacts (e.g, endoplasmic reticulum, mitochondria, vesicles, etc.). 

Data were analyzed with ClampFit 10.0 software (Molecular Devices). As differentials in 

Fluo-4 loading efficiency between cell lines can influence observed fluorescence intensities, 

loading and acquisition conditions were kept as consistent as possible, and all absolute 

fluorescence (F) measurements were normalized to inherent basal (i.e. background) 

fluorescence (F0). Estimates of intracellular Ca2 + are presented as changes in ΔF/F0, where 

ΔF = F − F0.
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2.7. Ca2+ sparks analysis

Quantification of Ca2+ sparks was performed on line-scans using the SparkMaster plugin 

(Picht et al., 2007) for ImageJ (NIH). Regions for analysis were selected from the portions 

outside the action potential-induced transient. Fluorescence amplitudes were measured, 

normalized to basal fluorescence, and expressed as ΔF/F0. As recommended by the 

SparkMaster algorithm developers (Picht et al., 2007), a detection criteria threshold of 3.8 

was selected in which the detection of events was 3.8 times the standard deviation of the 

background noise divided by the mean. Representative output images were generated using 

the ‘F/F0′ setting available in the plugin.

2.8 Single cell Ca2+ transient assay: Differentiated cardiomyocytes were seeded in 

96-well plates 20×104 cells/well. Cells were allowed to recover beating for 1–3 days after 

which they were incubated with 5 μM Fluo-4 AM for 15 min at 37°C. Cells were then 

washed with 1X Normal Tyrode solution (148 mM NaCl, 4 mM KCl, 0.3 mM 

NaPH2O4·H2O, 5 mM HEPES, 0.5 mM MgCl2··6H2O, 10 mM D-Glucose, 1.8 mM 

CaCl2·H2O, pH adjusted to 7.4 with NaOH). Change in calcium fluorescence was recorded 

by acquiring images immediately using the ImageXpress Micro XLS System (Molecular 

Devices) (Ex: 488 nm Em:515–600 nm, Frequency: 5 frames/s, 20x magnif ication for 12 s 

totally). Regions of interest within the cytoplasm were selected and fluorescence intensities 

were measured over time for individual cells using MetaXpress. Normal versus abnormal 

readout of Ca2+ transients were determined using previously published methods (Rampoldi 

et al., 2019).

2.8. Ca2+ propogation across cardiomyocytes

Differentiation batches with high cardiomyocyte purity (>90%) were selected for this assay. 

Cells were seeded at 50×104 cells/well in a 96 well clear bottom plate. Cells were allowed to 

recover beating at for 1–3 days after which they were incubated with 5 μM Fluo-4 as noted 

above. Images were acquired as noted above using ImageXpress Micro XLS System 

(Molecular Devices). 30 s videos were recorded and processed using Image J. A transverse 

imaginary line was drawn across the screen and 6–8 cell on either side of the line were 

selected simultaneously. Fluorescence intensity graphed over time simultaneously. 

Fluorescence patterns that were most frequent were considered to be dominant and hence in 

synchrony with each other. Abnormal patterns as well as lack of change in fluorescence 

were considered to be abnormal.

2.9. Contractility

Contractility of hiPSC-CMs was recorded using a phase contrast inverted microscope (Axio 

Vert.A1) equipped with Zeiss AxioCam digital camera system, at 40 × magnification with 

recordings of 30 s for each sample at 100 ms interval between frames. Videos were 

processed and exported using Zeiss AxioVision LE imaging software. Video-based analysis 

of contractility parameters was performed with Matlab R2016b software as previously 

described (Huebsch et al., 2015).
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2.10. Immunohistochemistry

Adherent cells were rinsed with cold PBS and fixed with 2% para-formaldehyde solution for 

15 min at room temperature, permeabilized with ice-cold 100% methanol for 2 min, rinsed 

again with 1x PBS, and blocked for 1 hr with 5% normal goat serum (NGS; Thermo Fisher). 

Cells were incubated overnight with primary antibodies, then rinsed three times with 1 × 

PBS to remove excess antibody. Cells were incubated with fluorescently conjugated 

secondary antibodies for 1 h at RT in the dark. Cells were then washed three more times 

with 1 × PBS. Nuclear counterstaining was performed using Hoecht. Cells were imaged with 

a phase contrast and fluorescence AxioVert A1 inverted microscope (Zeiss) equipped with 

AxioCam digital camera system (Zeiss). Images were exported using AxioVision LE (Zeiss) 

and merging was performed in Adobe Photoshop.

3. Results

3.1. TNF-α increases cytoplasmic ROS production and cell death in hiPSC-CMs

We generated enriched hiPSC-CMs (Supplemental Fig. 1) and treated them for 4 days with 

TNF-α at concentrations ranging from 1 to 100 ng/mL - TNF-α has physiologic effects on 

cardiomyocytes at 1 ng/mL and pathologic effects on cardiomyocytes at 20 and 100 ng/mL 

(Shanmugam et al., 2016). During the TNF-α treatment, we measured cytoplasmic ROS 

activity daily with DCFDA. There was an increase in the level of ROS in the TNF-α treated 

cells at day 2 (Fig. 1a and 1b). At day 3 and day 4, the level of ROS was higher in the cells 

treated with 20 and 100 ng/mL compared with the cells treated with 1 and 10 ng/mL (Fig. 1a 

and 1b). We also assessed caspase activity and cell viability. Caspase 3/7 activity increased 

from day 2 to day 4 after the TNF-α treatment with maximal activity noted with 20 and 100 

ng/mL at day 3 and 4. (Fig. 1c and 1d). In addition, increased number of dead cells (positive 

by ethidium iodide staining) was detected at day 4 cells treated with 20 and 100 ng/mL of 

TNF-α (Fig. 2).

3.2. TNF-α upregulates pathways related to autophagy and chronic cellular stress and 
activates pathways of innate immunity

To gain molecular insight into the effect of TNF-α treatment, we conducted RNA-Seq 

analysis after the treatment of hiPSC-CMs with 20 ng/mL TNF-α for 4 days. In this 

treatment condition, while there was only a small decrease in the viability of cells (see Figs. 

1 and 2), a significant portion of cells showed robust functional dysregulation (see the 

following sections). From the RNA-Seq analysis, we identified 6565 genes that were 

differentially expressed in hiPSC-CMs treated with TNF-α versus untreated controls (Fig. 

3a). Of these, 3115 genes were upregulated and 3450 genes were downregulated. We note 

that TNF-α upregulated TNFR1 and dysregulated multiple downstream proteins that are 

associated with its receptors TNFR1 and TNFR2 (Supplemental Fig. 1).

Using Gene Ontology (GO) enrichment analysis, we found that 819 significant terms were 

differentially regulated (p < 0.05), among which the most significantly affected “biological 

process”, “cellular component” and “molecular function” are shown in Fig. 3b. Genes in 

upregulated biological pathways were associated with autophagy (adj p-value = 

2.36×10−14), organelle stress (adj p-value 4.1×10−10), protein ubiquitination (adj p-value = 

Saraf et al. Page 6

Stem Cell Res. Author manuscript; available in PMC 2021 April 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.89×10−8) indicating increased degradation of cellular proteins, and other catabolic 

processes including the activation of NF-kB pathway (adj p-value = 1.06×10−4). Pathways 

activating the innate immune response were also upregulated. Specifically, cytokines such as 

IL-32 (5.98 log2 fold, adj p-value 2.23×10−281) and IL-34 (3.96 log2 fold, adj p-value 

2.00×10−26) involved in the activation of chronic inflammatory responses involving T-cells 

were among the top 10 upregulated by the fold change (number 1 and 3 respectively).

We note that, in the GO enrichment analysis, individual differentially expressed genes could 

be involved in multiple functional and mechanistic pathways (Fig. 3c). For example, genes 

associated with calcium handling such as CACNB2 and CAMK2A were involved with 

cardiac muscle contraction, arrhythmia, necroptosis, adrenergic signaling, TGF-β signaling, 

NF-κB signaling in addition to calcium handling, suggesting that TNF-α affects multiple 

pathways associated with normal cardiomyocyte function.

3.3. TNF-α downregulates genes involved in cytoskeletal architecture, calcium ion 
signaling and energy regulation

GO enrichment analysis identified downregulation of genes involved in cardiomyocyte 

architecture (Fig. 3), including those associated with myofibril assembly (adj p-value = 

1.63×10−13) and included cellular components involved with myocardial contraction (adj p 

value = 2.9×10−17) such as sarcomeres (adj p-value = 1.39×10−6): I band (adj p-value = 

1.23× 10−11), Z disc (adj p-value = 4.44 ×10−11), A band (adj p-value = 1.08×10−6) and 

actomyosin complex (adj p-value = 1.47×10−12). Calcium handling pathways were also 

downregulated including genes involved with intracellular calcium stores such as 

sarcoplasmic reticulum (adj p-value = 1.72×10−16) and T-tubules (adj p-value = 6.8 ×10−4) 

and calcium ion signaling (adj p-value = 3.36×10−7). In addition, multiple pathways 

associated with oxidation–reduction (adj p-value = 7.6×10−4), NADH activity (adj p-value = 

4.2×10−4) as well as cellular aerobic respiration (adj p-value = 5.83×10−8) were also 

downregulated. These data suggest that TNF-α causes extensive cytoskeletal remodeling as 

well as downregulation of functional proteins involved in energy regulation, aerobic 

respiration and calcium handling.

3.4. TNF-α induces abnormal calcium handling in hiPSC-CMs and increases 
arrhythmogenic events

To examine if calcium handling was affected in hiPSC-CMs treated with TNF-α, we 

conducted Ca2+ imaging analysis to exam global intracellular calcium transients with 

cytosolic Ca2+ indicator Fluo-4AM. Cytosolic Ca2+ transients showed a dose-dependent 

increase in abnormal waveforms from 28% in untreated cells to 83% in cells treated with 

100 ng/mL TNF-α (Fig. 4a). The number of complex arrhythmias as noted in Fig. 4b 

increased as concentration of TNF-α increased from 1 ng/mL to 100 ng/mL. We also 

examined the incidence of calcium sparks in TNF-α treated hiPSC-CMs. Ca2+ sparks are 

elementary Ca2+ release events from the SR in the heart that represent a major pathway for 

the leak of Ca2+ and pose as a potential substrate for the activation of arrhythmogenic Ca2+ 

waves. Fig. 4c shows examples of confocal line-scan images and corresponding local Fluo-4 

fluorescence profiles (ΔF/F0) of Ca2+ sparks from untreated and TNF-α treated hiPSC-CMs. 

A significant increase in the Ca2+ spark frequency was observed in cells treated with ≥ 10 
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ng/mL TNF-α (Fig. 4d). Similarly, spark amplitude was significantly increased in cells 

treated with ≥ 10 ng/mL TNF-α (Fig. 4d). The proportion of cells that showed propagating 

Ca2+ waves during spark recordings increased with increased concentrations of TNF-α (Fig. 

5d).

3.5. TNF-α regulates the expression of multiple ion channels in hiPSC-CMs

With RNA-Seq analysis, we also manually identified differentially expressed genes that 

encode ion channels and Ca2+ handling proteins because of their involvement in cardiac 

function (Fig. 4e). Among the down-regulated genes were SERCA channel ATP2A2 (0.62 

log2 fold, padj = 6.28×10−20) and ATP2A3 (0.415 log2 fold downregulation, padj = 

1.44×10−06), sodium calcium exchanger SLC8A1 (0.54 log2 fold, padj = 8.21×10−10) and 

SLC8A-AS1 (0.44 log2 fold, padj = 2.34 × 10−05), and ryanodine receptor RYR2 (0.69 log2 

fold, padj = 4.57×10−19) and RYR3 (1.06 log2 fold, padj = 1.85×10−5). SERCA channels 

regulate the sarcoplasmic reticulum (SR) calcium store and thus the amount of calcium 

available for release with each action potential; the sodium calcium exchangers are involved 

in removing calcium from the cytosol after systole, thereby promoting the relaxation of 

cardiomyocytes, and ryanodine receptors regulates the release of Ca2+ from sarcoplasmic 

reticulum to the cytosol. Among the up-regulated genes was Inositol 1,4,5-trisphosphate 

receptor ITPR1 (0.61 log2 fold, padj = 1.29×10−3). In addition, several potassium ion 

channels and glutamate inotropic receptors were also up- and down-regulated (Fig. 4e).

3.6. TNF-α dose-dependently disrupts intercellular calcium propagation

We further examined if hiPSC-CMs treated with TNF-α showed abnormality in calcium 

propagation across a sheet of cardiomyocytes. Using fluorescence imaging to monitor 

changes in intracellular calcium concentration in a field of hiPSC-CMs, we recorded 

multiple neighboring cells from a sheet of beating cardiomyocytes after exposing them to 

increasing concentrations of TNF-α (Fig. 5a). We determined the proportion of cells within 

cardiomyocyte sheets (n = 11–7) that were beating synchronously or asynchronously with 

respect to each other. In the untreated culture, 87% of the cardiomyocytes displayed 

synchronous beating across cell sheets (Fig. 6b). In the culture untreated with 1 ng/mL TNF-

α, the majority of the cells (72%) showed synchronous beating and 28% of the cells showed 

asynchronous beating (Fig. 5b and 5c). The percentage of asynchrony further increased in 

cultures treated with 10 and 20 ng/mL TNF-α (52% and 56% respectively). At 100 ng/mL 

TNF-α, a significant portion of cells did not beat or were asynchronous with neighboring 

cells (65%). Videos of Ca+2 propagation in with different concentrations of TNF-α are 

available in Video Supplemental S1, S2, S3, S4, S5.

Given these observations, we investigated changes of gap junction and adherent proteins 

because of their involvement in coordinated action potential propagation. At the RNA level, 

we found from our RNA-Seq dataset that gap junction protein GJA5 (connexin 40), GJB1 
(connexin 32), GJB2 (connexin 26) and GJD2 (connexin 36) were significantly down-

regulated (Fig. 6d). We also found that numerous proteins from the cadherin family were up- 

or downregulated in TNF-α treated samples (Fig. 6a). Cadherins are cell adhesion molecules 

responsible for maintaining mechanical and electrical coupling between cardiomyocytes. At 

the protein level, we conducted confocal immunohistochemistry analyses with antibodies 
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against pan-cadherin and connexin 43. We observed decreased localization of these proteins 

to the plasma membrane with increasing concentrations of TNF-α (Fig. 6b); note that 

fluorescence signals were observed in plasma membrane in cells treated with 1 ng/mL TNF-

α but was also localized intracellularly in cells treated with 20 and 100 ng/mL TNF-α.

These observations indicate that TNF-α decreased inter-cellular calcium propagation, 

dysregulated the expression of cell–cell adhesion proteins and gap junction proteins, and 

affected the localization of connexin-43 and cadherin.

3.7. TNF-α decreases cardiomyocyte contractility

Given the observed abnormal Ca2+ transients and dyssynchronous Ca2+ propagation, we 

next compared cardiac contractility between untreated and TNF-α treated hiPSC-CMs using 

a video-based method (Huebsch et al., 2015). The beat rate as well as contraction and 

relaxation velocity decreased significantly with increasing concentrations of TNF-α from 1 

ng/mL to 100 ng/mL (Fig. 7a). Additionally, irregular beats were noted with increasing 

frequency with higher concentrations of TNF-α (Fig. 7b). These results further prompted us 

to examine the relative expression of genes involved in cardiomyocyte contraction. In the 

RNA-Seq dataset, we observed a downregulation of multiple proteins associated with 

mechanoenergetics including ATPAses and cytochrome C; calcium gated channels, as well 

as contractile proteins associated with myosin, tropomyosin, troponin and actin (Fig. 7c).

4. Discussion

TNF-α is a pleiotropic cytokine that has both beneficial and harmful effects based on the 

signaling pathways it activates. In most cell types, pathological doses of TNF-α induces the 

caspase signaling pathway that promotes ROS production, catabolic protein processing, 

autophagy and cell death (Al-Lamki et al., 2009; Condorelli et al., 2002; Cain et al., 1999). 

In human primary cardiomyocytes, TNF-α increases the production of ROS and induces 

NF-κB activation (Roe et al., 2015). In non-human cardiomyocytes, TNF-α reduces 

connexin expression and alters calcium handling (Heinrich et al., 2011; George et al., 2017; 

Liew et al., 2013). Similarly, in our hiPSC-CM model, TNF-α increased caspase activity and 

NF-κB signaling, induced ROS production and altered the expression of ion channels, 

connexins and cadherins, which could have contributed dysregulation of functional and 

molecular pathways, such as abnormal Ca2+ transient and contractility TNF-α treatment 

caused a dose-dependent increase in Ca2+ sparks and waves that led to abnormal Ca2+ 

transients and increased arrhythmogenic patterns of conductance. Molecularly, TNF-α 
treatment altered the expression of ion channels, downregulated cadherins, and affected the 

localization of gap-junction protein connexin-43. In addition, TNF-α treatment up-regulated 

IL-32 (a human specific cytokine) and IL-34 and down-regulated glutamate receptors and 

cardiomyocyte contractile proteins. These results provide novel insights into the complex 

functional and molecular aspects of TNF-α signaling in human cardiomyocytes. This study 

also provides a proof-of-concept that disease specific inflammatory factors should be 

incorporated into hiPSC-CM-based studies to evaluate mechanistic aspects of heart disease 

as these inflammatory factors can modulate cell behavior.
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Our study with hiPSC-CMs not only complement findings in non-human cells and animal 

models but also provides novel insights into the TNF-α signaling in humans and 

identifications novel cellular factors not seen in rodents. Rodent cardiomyocytes differ 

significantly in their electrical and mechanical properties from human cardiomyocytes as 

rodent hearts beat at a much faster rate of 300–600 beats per minute, thereby creating 

inherent limitations in the understanding of normal and diseased cardiovascular physiology 

(Anzai et al., 2020; Mummery, 2018). For example, repolarization currents driven by K + as 

well as the composition of myosin within rodent versus human cardiomyocytes are different 

(Mummery, 2018; Giacomelli et al., 2017; Rajamohan et al., 2013). Human cardiomyocytes 

also express unique cytokines that are absent in the rodents. Indeed, we found that IL-32, a 

proinflammatory cytokine that is found only in higher mammals but not in rodents (Xuan et 

al., 2017) was upregulated with the highest fold change after the TNF-α treatment. IL-32 

was reported to be significantly elevated in patients with heart failure (HF) and related to the 

severity of HF (Xuan et al., 2017). IL-32 itself is an inducer of TNF-α (Kim et al., 2005), 

suggesting a tight link between these molecules in hiPSC-CMs. Another cytokine, IL-34 was 

also upregulated with the third highest fold change after TNF-α exposure. Increased serum 

IL-34 levels were reported to be associated with cardiac dysfunction in patients with 

ischemic cardiomyopathy (Xi et al., 2018).

Treatment of hiPSC-CMs with TNF-α induced the up-regulation of TNF-α receptor TNFR1 
but it did not affect the expression of TNFR2. This observation is consistent with the role of 

these receptors in the heart-—studies have shown that TNF-α interaction with TNFR1 leads 

to increase in inflammatory response and cardiotoxicity, whereas the TNF-α-TNFR2 

interaction has a protective effect (Al-Lamki et al., 2009; Defer et al., 2007). Similar to 

published models of TNF-α signaling (Al-Lamki et al., 2009; Evans et al., 2018; Chang et 

al., 2006; Haudek et al., 2007) multiple downstream transcription factors (Fos, Jun, JunB), 

matrix metalloproteinases (MMP14, MMP25), and factors associated with leukocyte 

recruitment and activation (CCL2, CXCL1, CXCL2, CXCL3, CSF1) were also upregulated 

in hiPSC-CMs treated with TNF-α.

Functionally, TNF-α treatment caused a dose dependent increase in calcium sparks and 

waves in hiPSC-CMs that lead to abnormal calcium transients. hiPSC-CMs also mounted an 

increase in ROS in response to TNF-α treatment, which has been implicated in literature to 

cause abnormal calcium handling and arrhythmogenic events. Furthermore, TNF-α 
treatment caused a disruption of intercellular pathways that increased arrhythmogenic 

patterns of conductance across cardiomyocytes, which likely resulted from downregulation 

of cadherins as well as changes in the localization of gap-junction protein connexin-43.

Clinically, heart failure is associated not only with the loss of myocardial contractile forces 

due to disrupted mechanoenergetics, but also with an increased susceptibility to arrhythmias 

due to dysregulation of ion channels that are integral to optimal cardiomyocyte function. 

Heart failure affects multiple calcium handling channels through decreased expression of 

SERCA (SR Ca2+ ATPase), increased leakiness of RyR2 and changing NCX function and 

expression that together affect the cytosolic concentration of Ca2+ (Roe et al., 2015; Gomez 

et al., 1997; Heinzel et al., 2008). Our study revealed a similar transcriptomic profile in 

hiPSC-CMs treated with TNF-α (e.g., decreased SERCA and NCX expression).
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In addition to dysregulated calcium transients within cells, our study demonstrates that 

hiPSC-CM sheets can model disrupted calcium propagation with increasing concentration of 

TNF-α. Cadherins as well as connexins 43, 40 and 45 (which are expressed in different 

subsets of cardiomyocytes) contribute to organization of gap junctions that dictate patterns 

of current flow, synchronizing the global heart rhythm (Severs et al., 2004a, 2004b, 2006c; 

Wong et al., 2017; Lillo et al., 2019; Mahtab et al., 2012). We found that TNF-α treatment 

downregulated cadherin and gap junction proteins and altered the localization of 

connexin-43 in hiPSC-CMs, thereby increasing asynchronous and non-conducting cells. In 

the intact heart, asynchronous cells can serve as foci of arrhythmogenesis, and non-

functional cells can be a barrier to normal electrical conduction pathways. Therefore, our 

findings suggest the increased susceptibility of the heart to arrhythmias in a pro-

inflammatory milieu.

Our study also demonstrates a dose-dependent decrease in beat rate, contraction and 

relaxation velocity in hiPSC-CMs treated with TNF-α. Hearts inflicted with 

cardiomyopathies have a prolonged repolarization duration due to downregulation of various 

potassium channels. Cardiomyocytes of animals and patients with heart failure show a 

prolonged action potential duration, indicative of a decrease in potassium channels that bring 

about repolarization (Rahm et al., 2018) (Severino et al., 2020). Our transcriptomics analysis 

revealed a similar dysregulation of potassium channels in hiPSC-CMs treated with TNF-α. 

We found that a few potassium channels were upregulated but the majority of potassium 

channels are downregulated. Proteins associated with Ito (Kv 4.2, Kv 4.3), the predominant 

potassium channel modified in heart failure (Niwa and Nerbonne, 2010), were not found to 

be differentially expression in hiPSC-CMs treated with TNF-α. However, within the heart, 

Ito has regional differences in expression patterns with a decreased overall expression in the 

endocardium as compared to the epicardium (Niwa and Nerbonne, 2010).

Systolic and diastolic disruption is a hallmark of various cardiomyopathies as well as other 

conditions such as sepsis where TNF-α concentration is increased (Goldhaber et al., 1996; 

Kelly and Smith, 1997). This has mechanistically been associated with alterations in 

sarcoplasmic architecture as well as calcium handling proteins (Goldhaber et al., 1996), 

which was demonstrated in our study. Additionally, our transcriptomics analysis also 

revealed a downregulation of various contractile proteins as well as calcium gated channels 

in hiPSC-CMs treated with TNF-α, similar to those seen in animal models (Goldhaber et al., 

1996; Kelly and Smith, 1997; Janczewski et al., 2003)

Lastly, transcriptomics analysis showed a significant dysregulation of glutamate receptors in 

hiPSC-CMs (Fig. 6d). While glutamate receptors are found to be abundant in the brain, they 

are not predominantly expressed in hearts of non-human mammals. Therefore, the role of 

glutamate receptors in the human heart is poorly understood. However, multiple glutamate 

receptors have been identified within excitatory cells of the atrial and ventricular 

cardiomyocytes and have been implicated in altering calcium handling with cells 

(Tchervenkov et al., 2000). Therefore, a translational hiPSC-CM model can help elucidate 

the role of glutamate receptors in cardiomyopathies and other diseases with a pro-

inflammatory milieu. In summary, despite the relative immaturity nature of the hiPSC-CMs 

used in our study, multiple functional and molecular alteration can be induced by the 
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treatment of TNF-α. This human cardiomyocyte model can be further exploited to mimic 

physiologic conditions associated with cardiomyopathy and inflammation.

5. Limitations

Our study provides a comprehensive analysis of molecular and functional responses of pro-

inflammatory molecule TNF-α in hiPSC-CMs as an in vitro translation model. hiPSC-CMs 

are unique in that they are culture adapted to maintain viability for weeks, whereas primary 

cardiomyocytes survive in vitro for only a few days, thereby limiting their translatability of 

external stimuli from in vivo models. However, hiPSC-CMs studied here are considered to 

be immature, in that their contractile proteins, gene expression profile, the number of 

calcium ion channels and calcium handling genes, as well as mitochondrial and SR density 

resemble those of the fetal cardiomyocytes. Consequently, while our study shows that 

hiPSC-CMs can replicate pathways activated by TNF-α, similar to those activated in 

primary cardiomyocytes and in in vivo studies, there may be inherent limitations to those 

responses due to the fetal nature of hiPSC-CMs.

6. Conclusions

In summary, despite the relative immaturity nature of the hiPSC-CMs used in our study, 

multiple functional and molecular alterations can be induced by the treatment of TNF-α. 

This human cardiomyocyte model can be further exploited to mimic physiologic conditions 

associated with cardiomyopathy and inflammation. Cardiomyocytes derived from hiPSCs 

can faithfully model numerous aspects of viability, intracellular molecular signaling, calcium 

handling and contraction profiles in response to TNF-α. Furthermore, using human derived 

cells elucidated the role of novel biomarkers such as IL-32 and IL-34 as well as glutamate 

receptors that are not dominant in other animal models.
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Fig. 1. 
TNF-α induced a dose-dependent increase of cytoplasmic reactive oxygen species (ROS) 

and apoptosis in hiPSC-CMs (a) Representative images using SCVI 273 showing the 

detection of cellular ROS detected with DCFDA dye (green). (b) As compared with the 

control group, cytoplasmic ROS level increased from day 2 with increasing doses of TNF-α. 

The relative ROS level is presented as mean fluorescence intensity of DCFDA ± standard 

error of the mean (SEM) (n = 4–5). Statistical analyses were performed by one-way ANOVA 

and post-hoc analysis was performed by Dunnett’s multiple comparison test. (c) Apoptosis 

of cardiomyocytes after TNF-α treatment was tested using caspase 3/7 assay (green). (d) 

Caspase 3/7 activity in cultures treated with various doses of TNF-α over 4 days. The 

relative caspase 3/7 activity is presented as mean fluorescence intensity of caspase 3/7 signal 
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± standard error of the mean (SEM). Statistical analyses were performed by one-way 

ANOVA. (n = 9–10). *p < 0.05, **p < 0.01, *** p < 0.001, ****p < 0.0001. Bar represents 

100 μm.
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Fig. 2. 
TNF-α caused a dose-dependent increase in cell death and decrease in cell viability in 

hiPSC-CMs. (a) Representative images from CMs derived from iPSC cell line SCVI 273. 

Cell death was measured using Live/dead cell viability assay after 4 days of TNF-α 
treatment. Live cells were detected with calcein (green) dye and dead cells were detected 

using ethidium-homodimer (red) using high throughput Arrayscan. (b) The effect of doses of 

TNF-α on cell viability and apoptosis represent mean value ± standard error of the mean 

(SEM), and statistical analyses were performed by one-way ANOVA and post-hoc analysis 

was performed by Dunnett’s multipole comparison test (n = 4–6). *p < 0.05, **p < 0.01, *** 

p < 0.001, ****p < 0.0001. Bar represents 20 μm.
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Fig. 3. 
Differentially expressed genes and gene ontology (GO) terms dysregulated by the treatment 

with 20 ng/mL TNF-α. (a) Volcano plot of differentially expressed genes. (b) GO terms 

represented as bar plots of upregulated (red) and downregulated (blue) genes where the 

length of the bar directly correlates to gene enrichment score on a −log10(p-value) scale. (c) 

Chord diagram showing relationship between GO clusters associated with functional 

properties of cardiomyocytes (right, legend) and corresponding genes contributing to these 

enrichment (left).
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Fig. 4. 
TNF-α caused a dose-dependent increase in abnormal calcium transients (a) Proportion of 

cardiomyocytes with normal or abnormal intracellular Ca2+ transients after treatment with 

TNF-α. Statistical analysis was performed two-way ANOVA with post-hoc analysis with 

Chi-square *p < 0.05, **p < 0.01. (b) Pie charts showing the percentage of cells with normal 

or abnormal subtypes of Ca2+ transients. (c) Representative confocal images of cytosolic Ca
+2 traces showing sparks and waves. (d) Summary of spark amplitude, full width, half 

maximum (FWHM) amplitude, full duration, half magnitude (FDHM) and full duration of 

spontaneous Ca+2 sparks under various TNF-α concentrations. Sample sizes (n) are denoted 

in the center of the graphs for the control and treatment groups. (e) Transcriptomics analysis 

of upregulation and downregulation of ion channels after treatment with 20 ng/mL TNF-α. 

Bar graph denotes expression log ratios of upregulation in the positive Y axis and 

downregulation in the negative Y axis. Ion channels are color coded as noted in the legend.
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Fig. 5. 
Propagation of Ca2+ across a sheet of cardiomyocytes. (a) Representative Ca+2 images 

where 6 regions were chosen (circled) across the sheet of CMs derived from SCVI 273 and 

IMR 90, at equidistant points and the intracellular Ca+2 traces were recorded with respect to 

each other. (b) Stacked bar graphs showing dose response to TNF-α as a proportion of 

synchronous and asynchronous cells. Statistical analysis was performed two-way ANOVA 

with post-hoc analysis with Chi-square. **p < 0.01, ****p < 0.0001 (c) Representative 

waveforms of hiPSC-CMs treated with increasing concentrations of TNF-α. (d) 

Transcriptomics analysis of plasma membrane proteins demonstrating that multiple gap 

junction proteins are downregulated when exposed to TNF-α.
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Fig. 6. 
Dysregulation and changes in the localization of pan-cadherin and connexin-43. (a) 

Transcriptomics analysis showed that multiple cadherins were down-regulated after 

exposure to TNF-α. (b) Immunocytochemistry analysis of pan-cadherin marker and 

Connexin-43 using representative images from CM derived from SCVI 273.
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Fig. 7. 
Contractility of hiPSCs-CMs decreased after TNF-α treatment. (a) Summary of hiPSC-CM 

contractility analysis (n = 30–70). (a) Representative traces of beating patterns of hiPSC-

CMs. Ectopic and irregular beating is noted with higher concentrations of TNF-α (black 

arrows). (c) Transcriptomics analysis showing that expression of genes associated with 

aerobic respiration as well as contractile proteins were downregulated. Statistical analyses 

were performed by one-way ANOVA and post-hoc analysis was performed by Tukey’s 

multiple comparison test *p < 0.05, **p < 0.01, *** p < 0.001, ****p < 0.0001.
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