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Purpose: Pertuzumab, a novel anti-epidermal growth factor receptor 2 humanized monoclonal 

antibody, and trastuzumab-emtansine (TDM1), a novel antibody–drug conjugate made up of 

trastuzumab covalently linked to the highly potent microtubule inhibitory agent DM1, have 

been recently approved by the US Food and Drug Administration for increasing the efficiency 

and safety of breast cancer therapy with trastuzumab. We investigated for the first time the 

potential cardiotoxic effects of pertuzumab and TDM1, which are not yet fully elucidated, and 

we tested whether ranolazine could blunt their cardiotoxicity.

Methods: The cardiotoxic effects were tested in vitro on rat cardiomyoblasts, human fetal 

cardiomyocytes, adult-like cardiomyocytes, and in vivo on a mouse model.

Results: All the treated cardiac cell lines were significantly affected by treatment with the tested 

drugs. Surprisingly, TDM1 showed stronger inhibitory effects on cardiac cells with respect 

to trastuzumab and pertuzumab by more significantly reducing the cell viability and by 

changing the morphology of these cells. TDM1 also affected the beating phenotype of adult-

like cardiomyocytes in vitro and reduced fractional shortening and ejection fraction in vivo in a 

mouse model. We also found that ranolazine attenuated not only the cardiotoxic side effects of 

trastuzumab but also those of pertuzumab and TDM1, when used in combinatorial treatments 

both in vitro and in vivo, as demonstrated by the recovery of fractional shortening and ejection 

fraction values in mice pretreated with TDM1.

Conclusion: We demonstrated that it is possible to predict the eventual cardiotoxic effects of 

novel approved anticancer drugs early by using in vitro and in vivo approaches, which can also 

be useful to screen in advance the cardioprotective agents, so as to avoid the onset of unwanted 

cardiotoxic side effects.
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Introduction
Immunotherapy is currently revolutionizing the treatment of malignant diseases by 

demonstrating efficacy in a large variety of human cancers1 that represent the leading 

causes of morbidity and mortality worldwide, with ~14 million new cases and 

8.2 million cancer-related deaths annually.2

The tyrosine kinase receptor epidermal growth factor receptor 2 (ErbB2; or HER2) 

is overexpressed in 25%–30% of breast cancer and is associated with a poor prognosis;3 

thus, it has been considered as a promising target for immunotherapy.

Trastuzumab, the first humanized monoclonal antibody (mAb) specific for ErbB2 

approved by the US Food and Drug Administration (FDA) for the treatment of 

breast cancer, is the most widely used drug for targeted therapy of breast cancer.4 
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Unfortunately, large-scale clinical trials of adjuvant therapy 

with trastuzumab and recently published retrospective stud-

ies in breast cancer patients indicate that it can cause cardiac 

dysfunction and heart failure in a significant fraction of 

treated patients.5–7

Trastuzumab-associated cardiotoxicity is likely due to the 

inhibition of ErbB2, which plays a critical role in heart devel-

opment and function due to its involvement in intracellular 

pathways that mediate cell survival and heart regeneration.8–10 

Indeed, in cardiac tissues, ErbB2 works as a coreceptor 

for another ErbB family member, ErbB4, and its peptide 

neuregulin 1 (NRG1), which promotes the heterodimeriza-

tion of ErbB4/ErbB2, which in turn triggers the activation 

of ERK-MAPK and PI3K-Akt pathways, thus promoting 

cardiomyocyte survival and contractile function.11 For this 

reason, the blocking ErbB2 could lead to cardiac dysfunction 

or cardiomyocyte death. Furthermore, NRG1 protects the 

cardiomyocytes from sarcoendoplasmic reticulum calcium 

ATPase downregulation triggered by oxidative stress.12 

Alterations in Ca2+ homeostasis are involved in several cardiac 

diseases, including cardiac hypertrophy and heart failure.13

Ranolazine, a drug used to treat chronic angina,14 acts as 

an inhibitor of the late Na+ ion current in cardiac cells, thus 

intervening in transmembrane cardiac action potential. The 

resultant reduction in intracellular Na+ concentration partially 

inhibits the Na+/Ca2+ exchange current, thus preventing the 

deleterious effect of intracellular Ca2+ overload under the 

trigger of ischemia.15 This indirect decrease in intracellular 

Ca2+ concentration is responsible for the well-documented 

antianginal effect of ranolazine14,16 and for the attenuation of 

toxicity due to sarcoendoplasmic reticulum calcium ATPase 

downregulation.17

As previously described, ranolazine is able to protect the 

cardiac function from both doxorubicin- and trastuzumab-

related cardiotoxicity by reducing the effects of oxidative 

stress.18,19

To overcome the problems related to cardiac toxicity 

of trastuzumab, new therapeutic agents specific for ErbB2 

receptor, such as pertuzumab and trastuzumab-DM1, have 

been considered as alternative drugs and recently approved 

by the FDA.20,21

In particular, pertuzumab, a humanized mAb, which pre-

vents the dimerization of ErbB2 with other ErbB receptors, is 

currently in clinical use for metastatic breast cancer therapy 

in combination with trastuzumab and docetaxel.22 Indeed, the 

addition of pertuzumab to neoadjuvant trastuzumab-based 

chemotherapy improves the response rates in ErbB2-positive 

breast cancer; however, it also increases trastuzumab-

associated toxicity.23

Trastuzumab-DM1 (TDM1), a novel anti-ErbB2 

antibody–drug conjugate approved by the FDA for the 

therapy of breast cancer patients resistant to trastuzumab,24 

is made up of trastuzumab and emtansine (DM1), a highly 

potent antimicrotubule agent, which binds to tubulin and 

inhibits microtubule assembly with greater potency than 

vincristine or vinblastine.25–27

In this study, we investigated for the first time the effects 

of pertuzumab and trastuzumab-DM1 in vitro on three dif-

ferent cardiac cell lines, that is, rat cardiomyoblasts (H9C2), 

human fetal cardiomyocytes (HFCs) and human adult-like 

induced pluripotent stem cells (iPSCs)-derived cardiomyo-

cytes (Cor.4U) and in vivo on a mouse model. Furthermore, 

we investigated the potential cardioprotective effects of 

ranolazine in combinatorial treatment with pertuzumab and 

trastuzumab-DM1 on both the models mentioned above.

Materials and methods
cell lines
Rat H9C2 cardiomyoblasts were cultured in DMEM con-

taining sodium pyruvate (1.0 mM). The SKBR3 cell line 

from human breast cancer and the A431 cell line from 

human epidermoid carcinoma were cultured in Roswell 

Park Memorial Institute 1640 (Thermo Fisher Scientific, 

Waltham, MA, USA).

The media were supplemented with 10% heat-inactivated 

fetal bovine serum, 2.0 nM L-glutamine, 50 U/mL peni-

cillin and 50 μg/mL streptomycin (all from Sigma-Aldrich, 

St Louis, MO, USA).

The HFC (Innoprot, Derio, Spain) and the iPSC-

derived cardiomyocytes (Cor.4U) (Axiogenesis, Cologne, 

Germany) were cultured according to the manufacturer’s 

recommendations.

antibodies
The following antibodies were used: anti-Her2/ErbB2 

rabbit mAb (Cell Signaling Technology, Danvers, MA, 

USA), anti-actin rabbit polyclonal antibody (Sigma-

Aldrich), trastuzumab (Herceptin; Genentech, South San 

Francisco, CA, USA), pertuzumab (Perjeta®; Roche Diagnos-

tic, Mannheim, Germany) and trastuzumab-DM1 (TDM1) 

(Kadcyla®; Roche).

Western blotting and enzyme-linked 
immunosorbent assays (elisa) for erbB2 
detection on cor.4U cell line
The iPSC-derived cardiomyocytes (Cor.4U), SKBR3 and 

A431 tumor cells were collected and lysed as previously 

described.28 Aliquots of 20 μg of lysates were run on 7.5% 
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sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

and then electroblotted onto polyvinylidene difluoride mem-

branes (EMD Millipore, Billerica, MA, USA). The ErbB2 

protein was detected by using a mouse-anti ErbB2 antibody, 

followed by a rabbit anti-mouse horseradish peroxidase-

conjugated antibody. For the detection of signal intensity 

of reactive bands, a phosphorimager (45-710; Bio-Rad, 

Hercules, CA, USA) was used.

For ELISA, the iPSC-derived cardiomyocytes (Cor.4U) 

were harvested in nonenzymatic dissociation solution 

(Sigma), then washed and transferred to U-bottom micro-

titer plates (1×105 cells per well), and treated as previously 

described.29 Briefly, after blocking with PBS containing 

6% bovine serum albumin (Sigma-Aldrich), cells were 

treated with the anti-ErbB2 antibodies diluted in PBS 1x 

containing bovine serum albumin 3% for 90′ at 25°C. 

Then the cells were washed twice in PBS 1x and incubated 

with horseradish peroxidase-conjugated anti-human IgG 

(Fc-specific). Binding values were determined from the 

absorbance at 450 nm and reported as the mean of at least 

three determinations.

in vitro cardiotoxicity assays
To evaluate the in vitro cardiotoxic effects of trastuzumab, 

pertuzumab, TDM1 or doxorubicin (EBEWE Italia srl, 

Rome, Italy), H9C2 and HFC cell lines were seeded in 

96-well microtiter plates at a density of 1×104 cells/well. 

Cor.4U cells were seeded in Human Fibronectin Cellware 

96-well plates (Corning, Bedford, MA, USA) at a density 

of 2.5×104 cells/well and incubated for 16 hours at 37°C to 

allow for cell adhesion in the plates.

The medium was then replaced with fresh medium 

containing increasing concentrations of trastuzumab, per-

tuzumab, TDM1 or doxorubicin (25, 50, 100 and 200 nM) 

for 72 hours.

For the determination of cardiotoxicity, cells were either 

tested by MTT, as previously described,29 or counted by the 

trypan blue exclusion test.

In order to evaluate the cardioprotective effects of 

ranolazine (Ranexa; A. Menarini Industrie Farmaceutiche 

Riunite S.r.l. Florence, Italy), doses comparable with those 

used clinically in humans were used.30 Cells were seeded 

in an MW96 plate as described above and then treated with 

10 μM of ranolazine for 72 hours. Cells were then treated for 

further 72 hours in the absence or the presence of 200 nM 

of trastuzumab, pertuzumab, TDM1 or doxorubicin. Cell 

viability was evaluated by both trypan blue exclusion test 

and MTT assay as described above; the values were obtained 

from three independent experiments and expressed as the 

percentage of viable cells treated with the drugs with respect 

to untreated control cells. SDs were calculated by using the 

results obtained for each experiment, and the p-values were 

calculated by using a two-tailed Student’s t-test.

cell morphology analysis
HFC cells were seeded in six-well microtiter plates at a den-

sity of 6×105 cells/well. Cor.4U cells were seeded in Human 

Fibronectin Cellware 96-well plates at a density of 2.5×104 

cells/well and incubated for 16 hours at 37°C. Cells were 

then treated for 72 hours in the absence or the presence of 

200 nM of trastuzumab, pertuzumab, TDM1 or doxorubicin 

and were observed by light microscopy (DM IL; Leica) and 

photographed (DFC320; Leica) to analyze cell morphology 

(magnification 1:20).

evaluation of in vivo cardiotoxic effects 
of TDM1
C57/BL6 mice, 6–8 weeks old, were purchased from Harlan 

(San Pietro al Natisone, Italy). Mice were housed (six per 

cage) and maintained in conditions with 12 h of light and were 

provided food and water ad libitum at all times. The experi-

mental protocols were in accordance with the EU Directive 

2010/63/EU for animal experiments and the institutional 

guidelines of the Italian Ministry of Health Animal Care and 

Use Committee. All animal experiments were approved by 

the local ethic committee “Organismo preposto al benessere 

degli animali”.

After 1 week, the mice were randomized for weight and 

enrolled in treatment groups. To evaluate the cardiac func-

tion in vivo, mice were treated with 100 μL of saline solution 

or with TDM1 (44.4 mg/kg). Mice were anesthetized with 

tiletamine (0.09 mg/g), zolazepam (0.09 mg/g) and 0.01% 

atropine (0.04 mL/g). At day 0 and after 7 days, fractional 

shortening (FS) and ejection fraction (EF) were measured 

by M/B mode echocardiography. These measurements were 

repeated after 5 days of ranolazine treatment (305 mg/kg/

day), starting at the end of TDM1 treatment.

Results
erbB2 expression in hFc and 
differentiated adult cardiomyocytes
To evaluate the levels of expression of ErbB2 receptor in 

adult-like cardiomyocytes and compare them to those of 

HFC, a Western blotting analysis of cell extracts from human 

differentiated iPSC-derived cardiomyocytes (Cor.4U), HFC 

and H9C2 cardiomyoblasts was carried out by using a com-

mercial anti-ErbB2 antibody. In Cor.4U cell line, endowed 

with a phenotype that resembles the adult cardiac beating 
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phenotype, the levels of ErbB2 were comparable to those 

of HFC (Figure 1A), even though they were slightly lower 

than those observed in H9C2 cardiomyoblasts.

To test whether the receptor was expressed on the cell 

surface of iPSC-derived cardiomyocytes in a native confor-

mation, such as that recognized by the anti-ErbB2 antibodies 

trastuzumab and pertuzumab, an ELISA was performed by 

incubating the Cor.4U cells in the absence or the presence 

of 200 nM of each antibody. In parallel assays, ErbB2-

positive SKBR3 and ErbB2-negative A431 tumor cells 

were used as positive and negative controls, respectively. 

As shown in Figure 1B, both the antibodies tested were 

able to bind to ErbB2 receptor expressed on the surface of 

Cor.4U cells, thus confirming that the receptor is expressed 

in a correct conformation and that this cell line can be useful 

for studying the effects of ErbB2-targeted therapeutics.

in vitro cardiotoxic effects of anti-erbB2 
antibodies
Since TDM1 and pertuzumab have been recently approved 

by the FDA for clinical use, we decided to verify whether 

they are less toxic than trastuzumab on cardiac cells in vitro.

Figure 1 in vitro cardiotoxic effects of anti-erbB2 antibodies on cardiac cell lines.

Notes: Western blotting analysis with the commercial anti-erbB2 rabbit mab of extracts from cor.4U, hFc or h9c2 cells. To normalize the erbB2 band signals, the ratio of 

actin signal intensities was calculated between the different cell extracts and found to be 1 for cor.4U, 0.87 for hFc and 1.12 for h9c2 (A). Trastuzumab and pertuzumab binding 

to cor.4U, sKBr3 (erbB2-positive cells) and a431 (erbB2-negative cells) were used as positive and negative controls, respectively (B). effects of increasing concentrations of 

pertuzumab, trastuzumab or TDM1 (25, 50, 100 and 200 nM), as determined by MTT, on hFc (C), h9c2 (D) or cor.4U (E) cell lines, respectively. *p,0.05.

Abbreviations: DM1, emtansine; erbB2, epidermal growth factor receptor 2; hFc, human fetal cardiomyocytes; mab, monoclonal antibody; TDM1, trastuzumab-DM1.
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In a first attempt, we tested the cardiotoxic effects of 

pertuzumab and TDM1 on H9C2 and HFC cells in vitro by 

using trastuzumab and doxorubicin as controls. Briefly, the 

cells were treated for 72 hours in the absence or the presence 

of increasing concentrations of trastuzumab, pertuzumab 

or TDM1 (25, 50, 100 and 200 nM) and then were tested 

by MTT. As shown in Figure 1C and D, pertuzumab and 

trastuzumab reduced HFC viability by about 20%. Sur-

prisingly, a more drastic reduction (reaching about 60%) 

of viability was observed in TDM1-treated cells. Indeed, 

TDM1 showed a stronger effect also on H9C2 cardiomyo-

blasts (40% vs 20% of trastuzumab) in a similar fashion 

to pertuzumab.

To test whether these effects were only due to an inhi-

bition of cell growth of proliferating cardiomyoblasts and 

fetal cardiomyocytes, we decided to test the effects of these 

novel drugs on human iPSC-derived cardiomyocytes that 

resemble human adult differentiated cardiomyocytes with 

beating phenotype.

Thus, the cardiotoxic effects of anti-ErbB2 antibodies 

were tested on Cor.4U cells in the same conditions described 

above for H9C2 and HFC cells by using doxorubicin as 

a control.

As shown in Figure 1E, Cor.4U cells showed a decrease 

in viability of about 10% when treated with trastuzumab or 

pertuzumab at a concentration of 200 nM. A more signifi-

cant decrease in cell viability was observed when these cells 

were treated with TDM1 or doxorubicin (15% and 25%, 

respectively).

The difference in the effects of the antibodies on cell 

viability values between HFC and adult-like cardiomyo-

cytes can be explained by considering that the former cells 

are still proliferating and their growth can also be inhibited 

by the anti-ErbB2 antibodies, whereas the Cor.4U cells are 

terminally differentiated and, thus, their proliferation cannot 

be affected.

More interestingly, TDM1 and doxorubicin strongly 

affected the morphologic features also of both HFC and 

Cor.4U cells (Figure 2), thus confirming that they are toxic 

for these cells.

This hypothesis is also supported by their ability to alter 

the beating phenotype of differentiated cardiomyocytes 

(Videos S1–3) differently from trastuzumab and pertuzumab 

(data not shown).

in vitro cardioprotective effects of 
ranolazine
To evaluate whether ranolazine is able to protect cardio-

myocytes from the cardiotoxic effects of trastuzumab, 

pertuzumab and TDM1, all the three HFC, H9C2 and Cor.4U 

cell lines were pretreated in the absence or the presence of 

10 μM of ranolazine for 72 hours and then further treated 

for an additional 72 hours in the absence or the presence 

of 200 nM of trastuzumab, pertuzumab, TDM1 or doxoru-

bicin. Cells were either counted by the trypan blue exclusion 

test or tested by MTT assay to determinate the cell viability, 

and the results reported in Figure 3 are those obtained by 

trypan blue exclusion test as this method appeared to be 

more sensitive to the toxicity of the monoclonal antibodies 

with respect to MTT, used in Figure 1.

As shown in Figure 3, ranolazine had a significant 

cardioprotective effect on all the cells treated either with 

trastuzumab, pertuzumab or TDM1. Indeed, ranolazine 

significantly reduced trastuzumab toxicity by increasing the 

Figure 2 effects of anti-erbB2 antibodies on cardiac cell morphology.

Note: effects of trastuzumab, pertuzumab, TDM1 or doxorubicin (200 nM) on the morphology of hFc and cor.4U cell lines after 72 hours of treatment were determined 

by light microscopy (magnification 1:20).
Abbreviations: DM1, emtansine; erbB2, epidermal growth factor receptor 2; hFc, human fetal cardiomyocytes; TDM1, trastuzumab-DM1.
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cell viability from 60% to 80% in H9C2 cells and from 80% 

to 100% in HFC cells.

Moreover, ranolazine blunted pertuzumab and TDM1 

cardiotoxicity by increasing the cell viability of about 40% in 

H9C2 and 20% in HFC and about 15% in H9C2 and 25% in 

HFC, respectively. Ranolazine also significantly protected the 

differentiated cardiomyocytes from the cardiotoxic effects of 

doxorubicin, trastuzumab, TDM1 and pertuzumab (Figure 4).

Figure 3 in vitro cardioprotective effects of ran for anti-erbB2–associated cardiotoxicity on h9c2 and hFc cell lines.

Notes: cardioprotective effects of ran (10 μM) were tested by trypan blue exclusion test after treatment in the absence or in the presence of 200 nM of trastuzumab (A), 

pertuzumab (C) or TDM1 (E) on h9c2 cell line. cardioprotective effects of ran (10 μM) were also measured in the absence or in the presence of trastuzumab (B), 

pertuzumab (D) or TDM1 (F) on hFc cells. *p,0.05.

Abbreviations: DM1, emtansine; erbB2, epidermal growth factor receptor 2; hFc, human fetal cardiomyocytes; ran, ranolazine; TDM1, trastuzumab-DM1.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


OncoTargets and Therapy 2018:11 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

2247

cardioprotection of ranolazine for anti-erbB2 associated cardiotoxicity

TDM1 induces cardiac dysfunction in 
mice attenuated by ranolazine
We tested here for the first time the effects of TDM1 on the 

heart function in mice. To achieve this aim, echocardiogra-

phy was performed in groups of six mice before and after 

7 days of treatment with TDM1. As shown in Figure 5, 

TDM1 significantly reduced (about 10%) both FS and EF 

after 7 days of treatment.

The protective role of ranolazine on TDM1 cardiotoxicity 

was then tested in parallel in two groups of six mice pretreated 

with TDM1 for 7 days. At the end of TDM1 treatment, the mice 

were further treated with ranolazine (305 mg/kg/day) or with 

100 μL of saline solution (control) for 5 days, as described in 

the “Materials and methods” section. As shown in Figure 5, FS 

and EF were only partially reduced (about 5%) in mice treated 

with ranolazine compared to the mice treated with TDM1 as a 

single agent, thus confirming that ranolazine can attenuate the 

cardiotoxic effects of TDM1 also in vivo in a mouse model.

Figure 4 in vitro cardioprotective effects of ran for anti-erbB2–associated cardiotoxicity on human adult cardiomyocytes.

Notes: cardioprotective effects of ran (10 μM) were tested in the absence or the presence of 200 nM TDM1 (A), doxorubicin (B), trastuzumab (C) or pertuzumab (D) 

on cor.4U cell line. *p,0.05.

Abbreviations: DM1, emtansine; erbB2, epidermal growth factor receptor 2; ran, ranolazine; TDM1, trastuzumab-DM1.

Figure 5 in vivo cardioprotective effects of ran in the cardiotoxic side effects of 

TDM1.

Notes: effects of TDM1 on Fs and eF of mice treated for 5 days (TDM1), followed 

by the effects posttreatment with either saline solution (control) or ran (dark gray). 

*p,0.05.

Abbreviations: DM1, emtansine; eF, ejection fraction; Fs, fractional shortening; 

ran, ranolazine; TDM1, trastuzumab-DM1.
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Discussion
Trastuzumab, the most widely used drug in targeted breast 

cancer therapy, clearly improves the survival of treated 

patients, but on the other hand, it has shown cardiotoxic 

effects both in clinical trials and in retrospective studies on 

the real population.5–7 Thus, new drugs specific for ErbB2 

receptor and approved by the FDA, such as pertuzumab 

and trastuzumab-DM1,20,21 have been considered as novel 

therapeutic drugs, for increasing the efficiency and safety 

of breast cancer immunotherapy.

Indeed, the addition of pertuzumab, a humanized mAb 

currently used for metastatic breast cancer therapy, to trastu-

zumab and docetaxel in patients with ErbB2-positive meta-

static breast cancer significantly improved the median overall 

survival, showing the efficacy of this drug combination.31,32 

However, pertuzumab-based therapy is not free of some toxic 

side effects, occurring in almost 70% of treated patients,33 

and unfortunately, it also increases trastuzumab-associated 

cardiotoxicity.23

Trastuzumab-DM1, a new immunoagent developed for 

the treatment of ErbB2-positive breast cancer, has been 

designed to become a more potent cytotoxic drug than 

trastuzumab as it is made up of trastuzumab linked to DM1, 

which inhibits cell division and induces cell death.25–27 

TDM1 has been approved by the FDA for the treatment of 

ErbB2-positive breast cancer patients already treated with 

trastuzumab and taxane-based therapy.34

Since the clinical trials with TDM1 have been performed 

on selected patients who did not show cardiotoxic effects 

during the previous treatment with trastuzumab, it could 

have been hard to highlight the potential toxic effects of its 

treatment on cardiac cells.

For this reason, the aim of our study was to test, for the 

first time, the cardiotoxic effects of TDM1 and pertuzumab 

in vitro on different cultures of cardiomyocytes and in vivo 

on a mouse model.

In particular, here, we used for the first time adult-like 

iPSC-derived cardiomyocytes (Cor.4U) that perfectly 

resemble human adult differentiated cardiomyocytes with 

beating phenotype, in addition to cardiomyoblasts and HFC, 

already used for our previous studies.29,35

All the treated cardiac cell lines were significantly 

affected by treatment with all the tested drugs. Surpris-

ingly, the novel immunoconjugate TDM1 showed stronger 

inhibitory effects on cardiac cells with respect to trastuzumab 

and pertuzumab, not only by reducing more significantly 

the cell viability of both HFC and adult-like cardiomyo-

cytes (Cor.4U) but also by changing the morphology of 

these cells, differently from trastuzumab and pertuzumab. 

Moreover, TDM1 strongly altered the functionality of 

cardiac cells as it was able to affect the beating phenotype 

of adult-like cardiomyocytes in vitro and reduce the FS and 

EF in vivo in a mouse model.

The unpredicted cardiotoxicity of TDM1 can be easily 

explained by considering that it could be likely due to the 

biologic ability of trastuzumab to block ErbB2, combined 

with the additional toxic effects of a toxin, such as DM1.

We also further investigated the protective effects, both 

in vitro and in vivo, of ranolazine, a drug in clinical use 

to treat chronic angina and ischemia, acting as an inhibi-

tor of the late Na+ ion current in cardiac cells,14 which has 

already shown cardioprotective effects for doxorubicin and 

trastuzumab treatment by reducing the effects of oxidative 

stress.18,19 Here, we tested whether it could also be used to 

revert the cardiotoxic effects of the novel approved drugs. 

We found that ranolazine attenuated not only the cardiotoxic 

side effects of trastuzumab but also those of pertuzumab 

and TDM1, when used in combinatorial treatments on all 

the cardiac cell lines used in our study. In particular, rano-

lazine blunted pertuzumab and TDM1 cardiotoxicity by 

increasing the cell viability of both fetal and differentiated 

cardiomyocytes.

Similar results were also obtained in vivo in a mouse 

model, as ranolazine was able to reduce the alteration of 

FS and EF induced by TDM1, thus confirming its potential 

cardioprotective role, already evidenced for trastuzumab in 

previously published reports19 and for TDM1 as well.

Conclusion
In conclusion, we demonstrated that it is possible to predict 

eventual cardiotoxic effects of approved anticancer drugs 

early by using simple models that can be applied to a larger 

panel of therapeutics, in order to anticipate the appear-

ance of future adverse side effects. Furthermore, these in 

vitro and in vivo approaches can also be useful to screen 

cardioprotective agents in advance, so that they could be 

appropriately used in combination treatments to avoid the 

onset of unwanted cardiotoxic side effects.
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Video S1 cor.4U-not-treated: beating phenotype of untreated cor.4U cells. 

Video S2 cor.4U-doxorubicin: effects of doxorubicin on cardiac cell beating 

phenotype of cor.4U cells treated for 72 hours.

Video S3 cor.4U-TDM1: effects of TDM1 on cardiac cell beating phenotype of 

cor.4U cells treated for 72 hours.

Abbreviation: TDM1, trastuzumab-emtansine.
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