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Abstract

Background: Molecular targeted chemotherapies have been shown to significantly improve 

cancer patient outcomes, but often cause cardiovascular side effects that limit their use and impair 

patients’ quality of life. Cardiac dysfunction induced by these therapies, especially trastuzumab, 

shows a distinct cardiotoxic clinical phenotype compared to cardiotoxicity induced by 

conventional chemotherapies.

Methods: We employed the human induced pluripotent stem cell-derived cardiomyocyte (iPSC-

CM) platform to determine the underlying cellular mechanisms in trastuzumab-induced cardiac 

dysfunction. We assessed the effects of trastuzumab on structural and functional properties in 

iPSC-CMs from healthy individuals and performed RNA-sequencing (RNA-seq) to further 

examine the effect of trastuzumab on iPSC-CMs. We also generated iPSCs from patients receiving 

trastuzumab and examined whether patients’ phenotype could be recapitulated in vitro using 

patient-specific iPSC-CMs.
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Results: We found that clinically relevant doses of trastuzumab significantly impaired the 

contractile and calcium handling properties of iPSC-CMs without inducing cardiomyocyte death 

or sarcomeric disorganization. RNA-seq and subsequent functional analysis revealed 

mitochondrial dysfunction and altered cardiac energy metabolism pathway as primary causes of 

trastuzumab-induced cardiotoxic phenotype. Human iPSC-CMs generated from patients who 

received trastuzumab and experienced severe cardiac dysfunction were more vulnerable to 

trastuzumab treatment, compared to iPSC-CMs generated from patients who did not experience 

cardiac dysfunction following trastuzumab therapy. Importantly, metabolic modulation with 

AMPK activators could avert the adverse effects induced by trastuzumab.

Conclusion: Our results indicate that alterations in cellular metabolic pathways in 

cardiomyocytes could be a key mechanism underlying the development of cardiac dysfunction 

following trastuzumab therapy; therefore, targeting the altered metabolism may be a promising 

therapeutic approach for trastuzumab-induced cardiac dysfunction.
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INTRODUCTION

Cardiovascular complications of cancer therapy are the leading cause of morbidity and 

mortality in cancer survivors and limit the clinical use of various chemotherapeutic 

agents1–3. The successful development of modern cancer therapy has dramatically improved 

patient outcome in many cancer types, but some anti-cancer therapeutics can lead to 

myocardial injury and vascular endothelial dysfunction, resulting in cardiovascular events 

such as hypertension, arrhythmia, thromboembolism, and heart failure4. One of the most 

serious cardiovascular adverse effects of chemotherapy is the development of left ventricular 

dysfunction, which is typically detected as reduced left ventricular ejection fraction that 

significantly interferes with optimal therapy and quality of life for patients. There is growing 

evidence that novel molecular targeted anti-cancer agents cause distinct patterns of cardiac 

dysfunction compared to those from a traditional class of anti-cancer agents (e.g., 

anthracyclines)5. Although the use of a variety of molecular targeted drugs has been 

implicated in cardiac dysfunction, the most frequent occurrence has been reported in 

association with trastuzumab (Herceptin), a humanized monoclonal antibody against human 

epidermal growth factor receptor 2 (HER2)6.

HER2 is a well-known proto-oncogene found especially upregulated in breast cancer. The 

HER2 signaling pathway can be activated independently by exogenous factors via 

dimerization or through neuregulin-1 released from endothelial cells, which induces cell 

growth, division, angiogenesis, survival, and migration; therefore the activation of HER2 

signaling plays an important role in the pathogenesis of some cancers7. Indeed, trastuzumab 

therapy has been shown to significantly improve clinical outcomes among patients with 

HER2-positive cancer by inhibiting tumor growth and inducing immune system-mediated 

cancer cell death8. HER2 signaling also plays a vital role in the development and function of 

the heart9, 10. Previous studies suggested that inhibition of HER2 signaling could increase 

the vulnerability of the heart to stress derived from aging and pressure overload, resulting in 
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loss of cardiomyocyte viability11, 12. However, these results are not yet sufficient to explain 

the mechanism underlying trastuzumab-induced cardiac dysfunction, as numerous clinical 

studies have reported reversible myocardial injury without apparent structural damage in 

most patients5.

Over the last decade, human induced pluripotent stem cell-derived cardiomyocytes (iPSC-

CMs) have proven to be an ideal platform for studying human cardiovascular disease with 

great success in modeling many types of genetic cardiac diseases, including cardiac 

channelopathies, cardiomyopathies, developmental heart defects, and inherited metabolic 

disorders13, 14. In addition, iPSC-CMs have also been shown to be capable of modeling 

other types of cardiac diseases in which the underlying genetic causes are not yet clear, 

including viral myocarditis caused by the B3 strain of coxsackievirus15, 16, doxorubicin-

induced cardiotoxicity17, and diabetic cardiomyopathy18, thereby highlighting their 

usefulness as a general platform for studying a wide range of cardiovascular diseases. 

Recently, we showed that iPSC-CMs can be used to assess the cardiac toxicity induced by 

multiple tyrosine kinase inhibitors19. Therefore, investigating the mechanisms of disease 

pathogenesis and therapeutic interventions using human iPSC-CMs may provide useful 

insights that could lead to the development of new therapeutic interventions.

Here we used human iPSC-CMs generated from healthy individuals and patients receiving 

trastuzumab to investigate the mechanism of trastuzumab-induced cardiac dysfunction. We 

demonstrate that treatment of iPSC-CMs with trastuzumab can recapitulate the clinical 

features exhibited by patients. Transcriptome analysis revealed the key role of an altered 

energy metabolism pathway for cardiomyocytes in disease pathogenesis. Furthermore, we 

also found that iPSC-CMs generated from patients developing severe cardiac dysfunction 

following trastuzumab therapy are more vulnerable to trastuzumab treatment. Finally, we 

found that the use of metabolic modulators could serve as a potential therapy for treating 

trastuzumab-induced cardiac dysfunction.

METHODS

An extended methods section is available in the Supplementary Materials. All data, methods 

used in the analysis, and study materials for the purposes of reproducing the results or 

replicating procedures can be made available upon request to the corresponding author.

Study design.

To investigate the molecular mechanisms underlying trastuzumab-induced cardiac 

dysfunction, three control iPSC-CMs were treated with trastuzumab or doxorubicin for 7 

days. For generation of patient-specific iPSC lines, we recruited breast cancer patients who 

had been treated with trastuzumab therapy at Stanford University Medical Center, including 

patients clinically diagnosed with trastuzumab-induced cardiac dysfunction and patients who 

did not experience cardiac side effect with at least 1-year trastuzumab therapy. A minimum 

of two biological replicates were performed in each iPSC line for each experiment, with the 

exception of RNA-seq experiments.
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Derivation and culture of human iPSCs.

Three control human iPSC lines from healthy individuals (SCVI-114, SCVI-116, and 

SCVI-273) were obtained from Stanford Cardiovascular Institute iPSC Biobank. Sendai 

viral reprogramming was used to generate all human iPSC lines from peripheral blood 

mononuclear cells obtained from individuals who gave informed consent under protocols 

approved by the Stanford University Human Subjects Research Institutional Review Board 

as described previously20. Human iPSCs were grown on Matrigel-coated (Corning) plates 

using chemically defined E8 medium (Thermo Fischer Scientific) and passaged at a 1:12 

ratio every four days using Accutase solution (Sigma-Aldrich).

Cardiac differentiation of human iPSCs.

Human iPSC lines were differentiated into iPSC-CMs using a small molecule-based 

monolayer differentiation protocol and were maintained as previously published21. Briefly, 

iPSC monolayers were cultured to 85% cell confluency and were then differentiated into 

cardiomyocytes with 6 μmol/L CHIR99021 (Selleck Chemicals) in RPMI plus B27 without 

insulin (Thermo Fisher Scientific) (days 0–1), followed by 5 μmol/L IWR-1 (Sigma-

Aldrich) for 48 hours (days 3–4). On day 10, cells were glucose-starved for 5 days with 

RPMI without D-glucose plus B27 to purify cardiomyocytes. After purification, cells were 

cultured in RPMI plus B27. When replating iPSC-CMs for downstream use, cells were 

dissociated with Accutase solution (Sigma-Aldrich) into a single-cell suspension and seeded 

on Matrigel-coated plates at a density of 120,000 cells/cm2.

Drug treatment.

Trastuzumab was kindly provided by Genentech Inc. (MTA OR-215366). Human iPSC-CMs 

were treated with trastuzumab or doxorubicin (Sigma-Aldrich) for 7 days. Human IgG 

(Sigma Aldrich) was used as a control treatment unless noted. For the co-treatment 

experiment, cells were treated with AICAR (Sigma-Aldrich), rosiglitazone (Thermo Fisher 

Scientific), metformin (Sigma-Aldrich), or lipoic acid (Cayman Chemical) at 0.001 to 1 

mM, or rapamycin (Sigma-Aldrich) at 0.001 to 1 μM in the presence of trastuzumab at 1 μM 

for 7 days. The medium containing fresh drug was replaced every 3 days.

Contractility analysis.

Dissociated iPSC-CMs were seeded on Matrigel-coated 96-well plates and cultured for 7 

days to recover their spontaneous beating before the assay. Spontaneous beating activity of 

monolayer cardiomyocytes were recorded with high resolution motion capture tracking 

using the SI8000 Live Cell Motion Imaging System (Sony Corporation). During data 

collection, cells were maintained under controlled humidified conditions at 37 °C with 5% 

CO2 and 95% air in a stage-top microscope incubator (Tokai Hit). Functional parameters 

were assessed from the averaged contraction-relaxation waveforms during a 10-second 

recording before starting drug treatment (baseline) and after 7 days of drug treatment. All 

post-drug assessments were normalized to their respective baseline values. Further details on 

the motion vector analysis are provided in the Supplementary Materials.
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Quantitative plate-based assays.

Human iPSC-CMs plated on 96-well plates were subjected to plate-based assays after 7 days 

of drug treatment using a Cytation 5 plate reader/imager (BioTek Instruments). PrestoBlue 

(Life Technologies) was used for cellular viability assay, CYTO-ID Autophagy detection kit 

2.0 (Enzo Life Sciences) was used for autophagy assay, JC-10 (Enzo Life Sciences) was 

used for mitochondrial membrane potential measurement, ROS-Glo H2O2 (Promega) was 

used for ROS detection, and Cell Titer Glo (Promega) was used for ATP content assay. For 

measurement of troponin I and glucose levels in cell culture media, day 6–7 media were 

collected during 7 days of drug treatment and centrifuged to remove dead cells. Troponin I 

and glucose concentrations in the supernatant were measured by using the Glucose 

Colorimetric/Fluorometric Assay Kit (BioVision) and Human Cardiac Troponin I ELISA kit 

(RayBiotech), respectively. All assays were performed according to the manufacturer’s 

instructions.

Statistical analysis.

All data are expressed as mean ± SEM unless otherwise specified. Statistical comparisons 

were performed using one-way ANOVA followed by the Holm–Sidak multiple comparisons 

test, or the two-tailed Student’s t-test using GraphPad Prism 7. Values of P < 0.05 were 

considered to be statistically significant (NS, not significant; *, P < 0.05; **, P < 0.01).

RESULTS

Recapitulating the clinical phenotype of trastuzumab-induced cardiac dysfunction with 
iPSC-CMs

To investigate whether iPSC-CMs can recapitulate the disease phenotype of trastuzumab-

induced cardiac dysfunction, we began by examining the effects of trastuzumab treatment in 

iPSC-CMs from three healthy individuals (Fig. S1A). Human iPSC-CMs were differentiated 

using a monolayer-based cardiac differentiation protocol, and the cells were then glucose-

starved to increase the purity of cardiomyocytes (Fig. S1B–C). All iPSC-CMs exhibited 

spontaneous beating after day 15 of differentiation. Phosphorylation of HER2 and HER4, 

expressed in adult cardiomyocytes22, was confirmed in iPSC-CMs by receptor tyrosine 

kinase phosphorylation arrays (Fig. S1D). Human iPSC-CMs of 30–35 days post-

differentiation were exposed to a clinical dose of trastuzumab (0.1 to 1 μM) or a low dose of 

doxorubicin (0.05 and 0.1 μM) for 7 days, and the cells were then subjected to downstream 

assays (Fig. 1A).

Given that clinical studies have shown no significant structural changes in patients’ 

myocardium despite having marked reduction in ventricular ejection fraction during 

trastuzumab therapy5, we assessed the effects of drug treatment on cell viability of human 

iPSC-CMs using a fluorescence-based resazurin assay. In contrast to doxorubicin, we found 

that trastuzumab did not reduce cell viability after 7 days of treatment (Fig. 1B). Similarly, 

immunostaining for sarcomere assembly using anti-cardiac troponin T and anti-α-actinin 

antibody revealed no sarcomere disarray with trastuzumab when compared to doxorubicin 

that showed increased sarcomeric disarray (Fig. 1C–D). Next, we measured the level of 

released cardiac troponin I, a biomarker of cardiomyocyte injury, in the cell culture medium, 
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and observed no significant increase in troponin I after trastuzumab treatment (Fig. 1E), 

which is consistent with the interpretation that trastuzumab alone does not cause irreversible 

damage in cardiomyocytes.

We next assessed the effect of drug treatment on the contractile properties of human iPSC-

CMs using high-speed video microscopy with motion vector analysis (Fig. S2A)23, 24. 

Strikingly, we observed a significant decrease in contraction velocity and deformation 

distance of monolayer iPSC-CMs with no changes in the spontaneous beating rate and 

contraction-relaxation duration after trastuzumab treatment (Fig. 1F–H and S2B–C). The 

relaxation velocity of iPSC-CMs also showed a decreasing trend but did not reach statistical 

significance (Fig. S2D). We next performed calcium imaging measurement at the single cell 

level in iPSC-CMs using the fluorescent indicator Fura-2. Consistent with the impairment in 

contractility, we found that trastuzumab decreased calcium amplitude and prolonged calcium 

removal in iPSC-CMs in a similar manner to doxorubicin (Fig. 1I–K). Taken together, these 

results demonstrated that human iPSC-CMs treated with trastuzumab can recapitulate 

clinical phenotypes of trastuzumab-treated patients, characterized by contractile dysfunction 

in the absence of cell death and sarcomeric structural abnormalities.

Transcriptomic analysis of the effect of trastuzumab in human iPSC-CMs

To examine the mechanisms associated with contractile dysfunction in iPSC-CMs following 

trastuzumab treatment, we next performed RNA-seq on iPSC-CMs after 7 days of 

trastuzumab treatment. Principal component analysis (PCA) of all expressed transcripts 

revealed substantial differences between trastuzumab-treated and untreated control groups 

among all three iPSC-CM lines (Fig. 2A). Moreover, hierarchical clustering of gene 

expression profiles under statistical analysis (false discovery rate (FDR) < 0.1 and fold-

change > 1.5) showed distinct patterns of gene expression between trastuzumab treated and 

untreated control groups (Fig. 2B). We then used Ingenuity Pathway Analysis (IPA) to 

further explore the biological significance of differently expressed genes obtained from the 

above process. Notably, the canonical pathway analysis in IPA revealed a high enrichment of 

pathways involved in mitochondrial dysfunction and oxidative phosphorylation (Fig. 2C), 

suggesting their possible role in the pathogenesis of trastuzumab-induced cardiac 

dysfunction. We next performed toxicology analysis using IPA, which revealed that cardiac 

dilatation, cardiac dysfunction, and cardiac enlargement were ranked in the top five of 

toxicity functions predicted from the gene expression patterns induced by trastuzumab 

treatment (Fig. 2D), validating that our in vitro model system with human iPSC-CMs can be 

effectively used to study the disease mechanisms in patients with trastuzumab-induced 

cardiac dysfunction.

Disturbed mitochondrial function in iPSC-CMs following trastuzumab treatment

As our canonical pathway analysis of the transcriptome data (Fig. 2C) indicated that 

mitochondrial dysfunction and oxidative phosphorylation play a key role in the pathogenesis 

of trastuzumab-induced cardiac dysfunction, we next examined the changes in mitochondrial 

function and biogenesis in iPSC-CMs after 7 days of drug treatment (Fig. 3A). 

Quantification of mitochondrial membrane potential (ΔΨm) using the JC-10 probe 

demonstrated that ΔΨm was minimally affected by trastuzumab treatment, whereas 
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doxorubicin significantly reduced ΔΨm in iPSC-CMs (Fig. 3B). We also measured the rate 

of reactive oxygen species (ROS) generation following treatment and found no clear 

differences between the trastuzumab-treated and untreated control groups (Fig. S3A–B). 

These results are consistent with our previous results showing that cardiomyocyte death is 

not observed after trastuzumab treatment (Fig. 1B and 1E). Next, we evaluated the 

mitochondrial respiratory function with a mitochondrial stress test using the Seahorse XF96 

extracellular-flux analyzer. Notably, we observed significant reductions in basal, maximal, 

and ATP-linked respiration in iPSC-CMs after trastuzumab treatment (Fig. 3C–D). We also 

observed a decrease in cellular ATP content in iPSC-CMs following trastuzumab treatment 

(Fig. S3C). Furthermore, we quantified the relative mitochondrial DNA copy number, which 

was significantly decreased after treatment with trastuzumab or doxorubicin (Fig. 3E). 

Consistent with this finding, the protein amount of oxidative phosphorylation (OXPHOS) 

complexes as assessed by immunoblotting was also decreased by treatment with 

trastuzumab or doxorubicin (Fig. 3F–3G). Taken together, these results suggest that 

disturbed mitochondrial function is a key player in trastuzumab-induced cardiac 

dysfunction.

Changes in energy metabolism pathway in iPSC-CMs induced by trastuzumab

To gain more insight into the mechanism of trastuzumab-induced cardiac dysfunction, we 

next performed an upstream regulator analysis of altered expressed genes identified by 

RNA-seq in iPSC-CMs following trastuzumab treatment (Fig. S4A–B). We conducted an 

interaction analysis of the upstream regulators using STRING. We found that several key 

genes involved in cardiac energy metabolism were dysregulated in iPSC-CMs following 

trastuzumab treatment, including INSR/IGF1R, mTOR, and PGC1a (Fig. 4A). To probe 

these changes in the signaling pathways in iPSC-CMs, we assessed the changes in the 

phosphorylation status of intracellular signaling kinases induced by trastuzumab treatment 

using a human phospho-kinase array. Consistent with the results in the upstream regulator 

analysis, we observed substantial changes in the phosphorylation state of key proteins 

related to cardiac energy metabolism, including AKT (S308, S473), S6K1 (T389), mTOR 

(S2448), STAT3 (S727), and AMPKα1/2 (T183/172) (Fig. 4B and S5A). Similar findings 

were also obtained using Western blot analysis (Fig. S5B–C). As macroautophagy (hereafter 

briefly referred to as autophagy) is a critical process for maintaining cellular energy 

homeostasis that is affected by changes in cellular metabolic status25, we evaluated 

autophagic activity and observed decreased autophagy levels in iPSC-CMs following 

trastuzumab treatment, supporting the likelihood of changes in intracellular energy status 

(Fig. 4C and S6A–B). To further confirm the changes in energy metabolism, we measured 

the glucose concentration of the cell culture medium and found that glucose uptake was 

significantly reduced in iPSC-CMs following trastuzumab treatment (Fig. 4D).

Based on previous studies that suggested the importance of myocardial energy metabolism 

in heart function26, we hypothesized that altered energy metabolism in cardiomyocytes 

could contribute to the development of trastuzumab-induced cardiac dysfunction. To test this 

hypothesis, we examined whether the detrimental effects of trastuzumab in iPSC-CMs could 

be ameliorated by modulating energy metabolism with the co-treatment of 5-amino-4-

imidazolecarboxamide riboside (AICAR), a pharmacological activator of AMP-activated 
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protein kinase (AMPK). AMPK is considered a central regulator of cellular energy 

homeostasis, and its activation is emerging as a potential therapeutic target for various 

metabolic disorders in humans27. In addition, AMPK activation has been reported to 

increase muscle glucose uptake28. As expected, we found that AICAR treatment attenuated 

trastuzumab-induced reduction of glucose uptake in iPSC-CMs (Fig. 4D). AICAR treatment 

did not induce conduction slowing associated with a significant risk of drug-induced fatal 

arrhythmias in iPSC-CMs (Fig. S7A–B). We next evaluated the protective effect of AICAR 

treatment on trastuzumab-induced mitochondrial dysfunction using the mitochondrial stress 

test. We observed that AICAR treatment ameliorated the impaired mitochondrial respiratory 

capacity induced by trastuzumab in iPSC-CMs (Fig. 4E). Finally, we tested the protective 

effect of AICAR treatment on contraction dysfunction in iPSC-CMs induced by trastuzumab 

and found that AICAR treatment resulted in an improvement of contraction velocity and 

deformation distance suppressed by trastuzumab (Fig. 4F and S7C–E). These results suggest 

that altered energy metabolism pathways in cardiomyocytes play a vital role in the 

development of trastuzumab-induced cardiac dysfunction.

Recapitulation of patient-specific responses to trastuzumab therapy in iPSC-CMs

Next, we generated iPSCs from seven breast cancer patients previously treated with 

trastuzumab therapy, including five patients clinically diagnosed with trastuzumab-induced 

cardiac dysfunction without concurrent anthracycline chemotherapy or concomitant 

cardiovascular disease. We classified the recruited patients into the following three 

subgroups: non-toxic patient (NP, no cardiac side effect for at least 1-year treatment with 

trastuzumab), moderately toxic patients (MP, LVEF decline < 20% to less than 55%), and 

severely toxic patients (SP, LVEF decline ≥ 20% to less than 55%) (Fig. S8A–C). To test 

whether human iPSC-CMs can recapitulate the patient-specific response to trastuzumab 

therapy, we assessed the effect of trastuzumab in patient-specific iPSC-CMs (Fig. 5A–B). 

Consistent with our previous data, trastuzumab treatment on all patient-specific iPSC-CMs 

showed no reduction in cell viability (Fig. 5C).

We next assessed the effect of trastuzumab on contractile properties of patient-specific iPSC-

CMs. Interestingly, the trastuzumab treatment significantly reduced the contraction velocity 

and deformation distance in the SP group compared to the NP or MP group (Fig. 5D–E and 

S9A–D). Similarly, the mitochondrial stress test showed a significant decrease in the 

mitochondrial respiratory capacity following trastuzumab treatment in the SP group 

compared to the NP group (Fig. 5F). Furthermore, we observed that trastuzumab treatment 

reduced glucose uptake and autophagic activity of iPSC-CMs to a greater extent in the SP 

group than the NP group (Fig. 5G–H). Taken together, these data demonstrate that iPSC-

CMs can recapitulate patient-specific response to trastuzumab therapy.

Drug testing for trastuzumab-induced cardiac dysfunction using iPSC-CMs

Finally, to test the therapeutic potential of targeting the energy metabolism pathway, we used 

iPSC-CMs generated from the most severely toxic patient (SP1) to assess the changes in 

contractile properties following co-treatment with trastuzumab and respective therapeutic 

candidate agents (Fig. 6A). Given our observation that AICAR ameliorates cardiomyocyte 

dysfunction induced by trastuzumab in iPSC-CMs from healthy individuals, we selected 
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several drugs in current use that are known to increase AMPK activity, including metformin, 

rosiglitazone, resveratrol, and lipoic acid29. Additionally, we included the mTOR inhibitor 

rapamycin to determine whether suppressing the mTOR signaling pathway, which was 

found to be upregulated by trastuzumab, can ameliorate trastuzumab-induced cardiomyocyte 

dysfunction. Notably, we observed that the reduction of contraction velocity following 

trastuzumab treatment was rescued by co-treatment with all tested drugs by enhancing 

AMPK activity at optimal concentrations (Fig. 6B). In contrast, rapamycin failed to 

overcome the effects of trastuzumab, suggesting that pleiotropic effects of AMPK on 

cellular metabolism may be required to restore the impaired cardiac function induced by 

trastuzumab (Fig. 6B and S10A). Consistent with these findings, rapamycin treatment also 

failed to rescue the reduced cellular ATP levels despite improving glucose uptake (Fig. 

S10B–C). Taken together, these results indicate that targeting the altered energy metabolism 

pathway could serve as a potential approach to prevent and manage cardiac dysfunction 

induced by trastuzumab therapy in cancer patients.

DISCUSSION

Due to the global rising burden of cancer and cardiovascular disease, cardiovascular side 

effects of cancer therapies have become a significant clinical problem1, 2. Notwithstanding 

continuing efforts to minimize the toxic side effects of cancer treatments, modern targeted 

cancer therapies can provoke cardiac dysfunction exhibiting distinct clinical features from 

conventional chemotherapy-induced cardiotoxicity5. Despite these complications, there is no 

effective treatment for these patients except for withdrawal of the drug, and elucidation of 

the pathogenic mechanisms has been hampered by the antigenic specificity against human 

cells6.

In this study, we showed that the human iPSC-CM model can recapitulate the clinical 

phenotype of trastuzumab-induced cardiac dysfunction and further elucidated that altered 

energy metabolism pathways underlie the mechanism of impaired cardiac function. We 

successfully demonstrated that restoring the impaired energy metabolism with AMPK 

activation can attenuate cardiomyocyte dysfunction following trastuzumab treatment. We 

also showed that human iPSC-CMs can recapitulate patient-specific vulnerability to cardiac 

dysfunction induced by trastuzumab therapy. Furthermore, human iPSC-CMs generated 

from patients with the most severe cardiac dysfunction were used to test therapeutic 

candidates for treating trastuzumab-induced cardiac dysfunction.

The HER2 signaling pathway has been shown to be important in regulating normal heart 

development and stress response of the heart9, 10, 30, 31. Therefore, the inhibition of HER2 

signaling pathway seems to provide a plausible explanation for cardiac dysfunction in 

patients after trastuzumab treatment. However, its underlying molecular mechanism is 

poorly understood, and important questions remain unanswered. For example, previous 

studies showed that blockade of HER2 signaling pathway induced cardiomyocyte death via 

ROS production, leading to myocardial damage in rodent model and isolated human 

cardiomyocytes32–36. However, its reversibility upon drug withdrawal in the clinical setting 

is unlikely to be explained by permanent damage to the myocardium. In addition, cardiac 

biopsy specimens from patients with trastuzumab-induced cardiac dysfunction typically do 
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not show structural changes in the myocardium such as myocyte destruction5, which is 

characteristic of anthracycline-induced cardiotoxicity. Indeed, all patients with trastuzumab-

induced cardiac dysfunction in our study recovered cardiac function to near baseline levels 

after drug withdrawal (Fig. S8B). In our experiments, we did not observe any evidence of 

cardiomyocyte death after 7 days of trastuzumab treatment in iPSC-CMs derived from 10 

individuals, including 5 patients who were clinically diagnosed with trastuzumab-induced 

cardiac dysfunction, which shows that the in vitro iPSC-CM model can recapitulate key 

features of trastuzumab-induced cardiac dysfunction in patients.

Myocardial contractile dysfunction is a characteristic feature of patients with trastuzumab-

induced cardiac dysfunction. In this study, we observed a decrease in the maximum speed of 

motion during the contraction phase (contraction velocity) and in the overall deformation of 

motion during the contraction–relaxation process (deformation distance) in monolayer iPSC-

CMs. Although high-speed video microscopy with motion vector analysis allows us to 

evaluate the changes in the contractile properties of iPSC-CMs in a label-free and non-

invasive manner, one limitation in this approach is the lack of evaluation of 

electrophysiological properties. Nevertheless, we did not find significant changes in 

electrical propagation speed in monolayer iPSC-CMs using the MEA system. In addition, 

we observed that trastuzumab treatment impairs calcium handling properties at the single-

cell level in iPSC-CMs without exerting a significant effect on contraction-relaxation 

duration in motion vector analysis. Altogether, these findings indicate that impaired 

electrical coupling between cardiomyocytes is not a major contributor to the reduced 

contraction velocity and deformation distance observed in motion vector analysis with 

trastuzumab treatment. This conclusion is also supported by the clinical observation that 

malignant ventricular arrhythmias are rarely reported and usually secondary to systolic 

dysfunction in patients with trastuzumab-induced cardiac dysfunction.

Alterations in cardiac energy metabolism are a key feature of heart failure and are thought to 

contribute to its progression26. Although details of the alteration in energy metabolism vary 

depending on the etiology and stage of heart failure, mitochondrial dysfunction is 

recognized as an essential contributor to cellular dysfunction. We found that trastuzumab 

induced mitochondrial dysfunction and changed the energy metabolism pathway in iPSC-

CMs, including by activating of the mTOR signaling pathway. Additionally, we observed 

decreased glucose uptake and reduced autophagic activity in iPSC-CMs following 

trastuzumab treatment, which is consistent with previous studies37, 38 and supportive of the 

hypothesis that trastuzumab affects the energy metabolic status in cardiomyocytes. 

Interestingly, similar patterns of changes in cardiac energy metabolism also have been 

shown in the pathogenesis of diabetes-induced cardiac dysfunction known as diabetic 

cardiomyopathy (DbCM)39. Although the precise mechanism of DbCM is still a subject of 

debate, activation of AMPK has been shown to regulate metabolism and restore cardiac 

function in DbCM by activating autophagy and promoting glucose metabolism39. Indeed, 

we observed that the AMPK activator, AICAR, attenuated mitochondrial dysfunction and 

contractile dysfunction induced by trastuzumab in iPSC-CMs, suggesting that alterations in 

energy metabolism may play a key role in trastuzumab-induced cardiac dysfunction.
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In recent years, patient-specific iPSC models have provided powerful platforms to study 

diverse human diseases, including cardiovascular disease. Differentiated cells from iPSCs 

still exhibit relatively immature phenotypes and have difficulty simulating individual 

environments or epigenetic alterations. Nevertheless, patient-specific iPSC-CMs are 

emerging as a promising option to calculate individual disease susceptibility and drug 

response for cardiovascular precision medicine because they can provide human 

cardiomyocytes carrying any given individual’s genetic makeup, including any potential 

genetic variants associated with the relevant disease and drug response14. We enrolled 

patients without clear risk factors for trastuzumab-induced cardiac dysfunction (e.g., 

concurrent use of anthracyclines or concomitant cardiovascular disease) and observed that 

patient-specific iPSC-CMs displayed a more severe phenotype following trastuzumab 

treatment in the SP group than in the MP or the NP group, suggesting that patients in the SP 

group may possess combinations of genetic variants associated with increased vulnerability 

to trastuzumab-induced cardiac dysfunction. Building on previous studies17, 40, our results 

provide further support for the use of patient-specific iPSC-CMs to predict individual risks 

of drug induced-cardiotoxicity.

There is growing evidence suggesting that conventional medications for patients with heart 

failure, such as β-blockers or renin-angiotensin inhibitors, may be cardioprotective in 

chemotherapy-induced cardiac dysfunction41–43. However, their clinical applicability for 

trastuzumab-induced cardiac dysfunction is limited due to the small sample sizes of relevant 

clinical trials and the fact that most of the studies have focused on anthracycline-induced 

cardiac dysfunction. Given that AMPK is well recognized as a key regulatory kinase in 

myocardial energy metabolism and that metabolic alterations are observed in the failing 

heart, pharmacological activation of AMPK has been tested to treat some types of heart 

diseases44, 45. For example, metformin may improve cardiac function after myocardial 

infarction46, 47. Although a randomized clinical trial failed to confirm any cardioprotective 

effect from the acute administration of metformin in non-diabetic myocardial infarction 

patients, numerous other experimental studies have shown beneficial effects of chronic 

metformin treatment in ischemic myocardium, especially in the context of metabolic 

syndrome, supporting the idea that pharmacological intervention targeting cellular energy 

metabolism could be cardioprotective in some disease settings48, 49. Notably, activation of 

AMPK has been reported to suppress tumor progression and increase sensitivity to 

chemotherapy and radiotherapy in various cancers, including breast cancer27. Therefore, it is 

clinically appropriate to investigate whether AMPK activators could be used for prevention 

or treatment of trastuzumab-induced cardiac dysfunction in cancer patients. To that end, we 

found that the AMPK activator, AICAR, can ameliorate mitochondrial dysfunction and 

contractile dysfunction induced by trastuzumab in iPSC-CMs from healthy individuals. To 

extend this finding, we further tested AMPK activators in our in vitro model of trastuzumab-

induced cardiac dysfunction using iPSC-CMs derived from the most severely toxic patient to 

identify potential therapeutic interventions.

Our results showed that mTOR inhibition by rapamycin did not improve the contraction 

velocity impaired by trastuzumab. In agreement with these observations, accumulating 

evidence demonstrates that AMPK activation not only inhibits mTORC1 signaling via direct 

phosphorylation of RAPTOR, a key component within mTORC1 complex, but also directly 
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activates unc-51-like autophagy-activating kinase 1/2 (ULK1/2), which also plays a key role 

in regulating cellular energy metabolism. Moreover, both AMPK and mTORC1 are also 

regulated by ULK1 through feedback circuits50. Collectively, our results demonstrate the 

need to further investigate these complex interactions to target myocardial energy 

metabolism for the treatment of cardiovascular diseases.

In summary, we used human iPSC-CMs from healthy individuals and patients with cardiac 

dysfunction during trastuzumab therapy, and showed that trastuzumab induces cellular 

dysfunction in iPSC-CMs that is distinct from the classical chemotherapy-induced 

cardiotoxicity resulting in cardiomyocyte death (Fig. 6C). Our results suggest that altered 

energy metabolism pathways underlie the cardiomyocyte dysfunction during trastuzumab 

therapy, and therefore targeting the energy metabolism pathway may be a new approach to 

mitigate the cardiac side effects of trastuzumab therapy in cancer patients.
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CLINICAL PERSPECTIVE

What is new?

• We show that human induced pluripotent stem cell-derived cardiomyocytes 

(iPSC-CMs) can recapitulate key features of trastuzumab-induced cardiac 

dysfunction in patients using 10 different iPSC lines, including from patients 

with trastuzumab therapy.

• We found that alterations in the cardiac energy metabolism pathways play an 

important role in cardiomyocyte dysfunction following trastuzumab 

treatment.

What are the clinical implications?

• Patient-specific iPSC-CMs can be used as a platform to assess individual risks 

for cardiac dysfunction during trastuzumab therapy.

• Trastuzumab-induced cardiac dysfunction in human iPSC-CMs can be 

ameliorated by AMPK activators, suggesting that these drugs could be 

repurposed for the treatment of this cardiac dysfunction.
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Figure 1. Recapitulating the clinical phenotype of trastuzumab-induced cardiac dysfunction with 
iPSC-CMs.
(A) Schematic outline of study workflow. Human iPSC lines were generated from three 

healthy individuals. After cardiac differentiation, beating iPSC-CMs were exposed to 

trastuzumab or doxorubicin for 7 days and used for subsequent functional analysis. (B) 
Quantification of cell viability after 7 days of drug treatment in control (CTRL, black), 

trastuzumab (TRZ, blue) (0.1–1.0 μM), or doxorubicin (DOX, red) (in 0.05 and 0.10 μM). 

Cell viability was not affected by trastuzumab but was significantly reduced by doxorubicin. 

Data were obtained using iPSC-CMs from three individuals and the assay was repeated three 

times. (C) Representative images of immunostaining of iPSC-CMs with cardiac troponin T 

(TNNT2) and alpha-actinin (ACTN2) after 7 days of drug treatment. Sarcomere disarray 

was induced by doxorubicin in iPSC-CMs, but not by trastuzumab. Scale bar, 20 μm. (D) 
Percentages of iPSC-CMs with disarrayed sarcomere assessed by immunostaining. Data 

were obtained using iPSC-CMs from three individuals and 40–60 cells were analyzed per 

each line for each condition. (E) Quantification of cardiac troponin I in the culture medium. 

Cardiac troponin I release was increased by doxorubicin, but not by trastuzumab. Data were 

obtained using iPSC-CMs from three individuals and the assay was repeated twice. (F-H) 
Contractile properties in iPSC-CMs were quantified by video microscopy-based motion 
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vector analysis after 7 days of drug treatment. Spontaneous beating rate (F) was not affected 

by drug treatment. Trastuzumab reduced contraction velocity (G) and deformation distance 

(H) in iPSC-CMs similar to doxorubicin. Data were obtained using iPSC-CMs from three 

individuals and the assay was repeated three times. (I-K) Calcium imaging of iPSC-CMs 

conducted after 7 days of drug treatment. Representative recording of calcium activity (I) 

and quantification of calcium imaging parameters in iPSC-CMs. Trastuzumab reduced 

systolic calcium amplitude (J) and diastolic calcium removal (K), similar to doxorubicin. 

Data were obtained using iPSC-CMs from three individuals and 30–40 cells were analyzed 

per each line for each condition. All data are expressed as means ± SEM. Statistical analyses 

were performed using one-way ANOVA followed by the Holm–Sidak multiple comparisons 

test. NS, not significant; *, P < 0.05; **, P < 0.01, compared with control group.
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Figure 2. Transcriptomic analysis of the effect of trastuzumab in human iPSC-CMs.
(A-B) Three-dimensional principal component analysis (PCA) plot of all expressed genes 

(A) and hierarchical clustering of genes with false discovery rate (FDR) < 0.1 and fold-

change > 1.5 (B) of RNA-seq data from iPSC-CMs of 3 individuals treated with trastuzumab 

(TRZ) or untreated control groups (CTRL), showing individual variation and the response to 

trastuzumab treatment in transcriptome. Pink: control line 1 (C1), Blue: control line 2 (C2), 

Yellow: control line 3 (C3). (C-D) Ingenuity pathway analysis (IPA) of altered expressed 

genes identified by RNA-seq revealed top five canonical pathways (C) and top five toxicity 

functions (D) related to trastuzumab treatment in iPSC-CMs.
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Figure 3. Assessment of the effect of trastuzumab on mitochondrial function in human iPSC-
CMs.
(A) Schematic workflow of the experimental design. (B) Mitochondrial membrane potential 

in iPSC-CMs was measured using the JC10 dye after 7 days of drug treatment in control 

(CTRL, black), trastuzumab (TRZ, blue), or doxorubicin (DOX, red). (C-D) Oxygen-

consumption rate (OCR) was measured in iPSC-CMs following trastuzumab or doxorubicin 

treatment by a mitochondrial stress test using the Seahorse XF96 extracellular-flux analyzer. 

(C) Representative plot of OCR measured in iPSC-CMs following the drug treatment. 

Sequential addition of oligomycin, FCCP, and rotenone + antimycin (R/A) is indicated in the 

graph. (D) Quantification and statistical analysis of Seahorse extracellular-flux assay results. 

(E) Quantification of mtDNA copy number in iPSC-CMs following the drug treatment. (F-
G) Effect of drugs on mitochondrial respiratory complexes protein in iPSC-CMs. 

Representative image of Western blot analysis for five mitochondrial oxidative 

phosphorylation complex proteins (NDUFB8 for complex I; SDHB for complex II; 

UQCRC2 for complex III; MTCO1 for complex IV; ATP5A for complex V) (F), and 

quantification of the total band densities for all five proteins normalized with the 

corresponding α-tubulin (G). Data were obtained using iPSC-CMs from three individuals, 

and the assays were repeated twice for mitochondrial stress test and Western blot analysis, or 

three times for other assays. All data are expressed as means ± SEM. Statistical analyses 
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were performed using one-way ANOVA followed by the Holm–Sidak multiple comparisons 

test. NS, not significant; *, P < 0.05; **, P < 0.01, compared with control group.
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Figure 4. Changes in energy metabolism pathway in human iPSC-CMs induced by trastuzumab.
(A) STRING network analysis of the upstream regulators revealing alteration of key genes 

regulating cardiac energy metabolism after trastuzumab treatment. (B) Phosphorylation 

array on iPSC-CMs after trastuzumab treatment demonstrates changes in kinase activities, 

consistent with results from the upstream analysis. (C) Quantification of autophagy level in 

iPSC-CMs after trastuzumab treatment by Cyto-ID staining. (D) Quantification of glucose 

uptake in iPSC-CMs after trastuzumab treatment with or without the co-treatment of AICAR 

(50 or 100 μM). (E) OCR measured using the mitochondrial stress test in iPSC-CMs after 

trastuzumab treatment with or without the co-treatment of 100 μM AICAR. (F) Contraction 

velocity quantified by video microscopy-based motion vector analysis in iPSC-CMs after 

trastuzumab treatment with or without the co-treatment of AICAR (50 or 100 μM). In each 

bar graph, the black bars indicate the control (CTRL); blue bars, trastuzumab (TRZ); and 

orange bars, trastuzumab with AICAR (TRZ/AICAR). Data were obtained using iPSC-CMs 

from three individuals, and the assays were repeated four times for autophagy detection and 
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phosphorylation array, or three times for other assays. All data are expressed as means ± 

SEM. Statistical analyses were performed using the two-tailed Student’s t-test (Fig. B-C), or 

one-way ANOVA followed by the Holm–Sidak multiple comparisons test (Fig. D-F). *, P < 

0.05; **, P < 0.01.
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Figure 5. Assessing the effect of trastuzumab in patient-specific iPSC-CMs.
(A) Schematic illustrating the experimental workflow. Patient-specific iPSC-CMs were 

generated from seven breast cancer patients receiving trastuzumab therapy. Two patents did 

not exhibit cardiac dysfunction (NP, blue), two patients experienced moderate LVEF decline 

(MP, green), and three patients experienced severe LVEF decline (SP, red). Substantial LVEF 

decline is defined as a decrease in LVEF of > 10% but < 20% (moderate), or ≥ 20% (severe) 

from baseline to less than 55%. Patient-specific iPSC-CMs were then subjected to functional 

analysis following trastuzumab treatment. (B) Patient characteristics recruited for this study. 

Age, at time of consent; LVEF, left ventricular ejection fraction; LVEF recovery, 

improvement of LVEF after trastuzumab withdrawal; duration of TRZ, the duration from 

initiation to discontinuation of trastuzumab therapy due to LVEF decline; mo, months; yr, 

years. (C) Cell viability in iPSC-CMs after trastuzumab treatment. (D-E) Changes in 

contractile properties in iPSC-CMs after trastuzumab treatment. Trastuzumab treatment 

significantly impaired contraction velocity (D) and deformation distance (E) of iPSC-CMs 

to a greater extent in SP group, compared to NP or MP group. (F) Oxygen consumption rate 

(OCR) changes under mitochondrial stress in iPSC-CMs after trastuzumab treatment. Blue: 

NP lines, Red: SP lines. (G) Changes in glucose uptake in iPSC-CMs after trastuzumab 

treatment. (H) Changes in autophagy level in iPSC-CMs after trastuzumab treatment. Data 
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were obtained by using iPSC-CMs from all patients to assess cell viability and contractile 

properties or by using iPSC-CMs from all lines in SP and NP group for the other assays, and 

all assays were repeated three times for each line. All data are expressed as means ± SEM. 

Statistical analyses were performed using one-way ANOVA followed by the Holm–Sidak 

multiple comparisons test (Fig. C-E), or the two-tailed Student’s t-test (Fig. F-H). *, P < 

0.05; **, P < 0.01.
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Figure 6. Drug testing for trastuzumab-induced cardiac dysfunction using patient-specific iPSC-
CMs.
(A) Schematic illustrating the experimental workflow. Human iPSC-CMs generated from the 

severely toxic patient (SP1 iPSC-CMs) were subjected to drug testing. (B) Changes in 

contraction velocity in SP1 iPSC-CMs after trastuzumab treatment with co-treatment of 

AMPK activators and rapamycin. The red dotted line indicates the value in SP1 iPSC-CMs 

treated only with trastuzumab. The assay was repeated nine times. All data are expressed as 

means ± SEM. Statistical analyses were performed using the two-tailed Student’s t-test. *, P 

< 0.05; **, P < 0.01, compared with vehicle control treated with same volume of DMSO. 

(C) Pathogenesis of chemotherapy-induced cardiotoxicity. Two different types of 

chemotherapy-induced cardiotoxicity can be explained by the presence of different 

underlying molecular aberrations in cardiomyocytes following cancer therapy. Targeting the 

altered energy metabolism may work as a potential therapeutic approach for cardiotoxicity 

induced by trastuzumab.
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