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Red Blood Cell Distribution Width Is
a Predictive Factor of
Anthracycline-Induced Cardiotoxicity
Daiki Yaegashi, Masayoshi Oikawa*, Tetsuro Yokokawa, Tomofumi Misaka,

Atsushi Kobayashi, Takashi Kaneshiro, Akiomi Yoshihisa, Kazuhiko Nakazato,

Takafumi Ishida and Yasuchika Takeishi

Department of Cardiovascular Medicine, Fukushima Medical University, Fukushima, Japan

Background: Red blood cell distribution width (RDW) is associated with prognosis in

widespread cardiovascular fields, but little is known about relationship with the onset of

cancer therapeutics-related cardiac dysfunction (CTRCD).

Objectives: The purpose of this study was to assess whether RDW could predict the

onset of CTRCD by anthracycline.

Methods: Consequential 202 cancer patients planed for anthracycline treatment were

enrolled and followed up for 12 months. The patients were divided into 2 groups based

on the median value of baseline RDW before chemotherapy [low RDW group, n = 98,

13.0 [12.6–13.2]; high RDW group, n = 104, 14.9 [13.9–17.0]]. Cardiac function was

assessed serially by echocardiography at baseline (before chemotherapy), as well as at

3, 6, and 12 months after chemotherapy with anthracycline.

Results: Baseline left ventricular end systolic volume index and ejection fraction (EF)

were similar between two groups. After chemotherapy, EF decreased at 3- and 6-month

in the high RDW group [baseline, 64.5% [61.9–68.9%]; 3-month, 62.6% [60.4–66.9%];

6-month, 63.9% [60.0–67.9%]; 12-month, 64.7% [60.8–67.0%], P = 0.04], but no

change was observed in low RDW group. The occurrence of CTRCD was higher in

high RDW group than in low RDW group (11.5 vs. 2.0%, P = 0.008). When we set

the cut-off value of RDW at 13.8, sensitivity and specificity to predict CTRCD were 84.6

and 62.0%, respectively. Multivariable logistic regression analysis revealed that baseline

RDW value was an independent predictor of the development of CTRCD [odds ratio

1.390, 95% CI [1.09–1.78], P = 0.008]. The value of net reclassification index (NRI)

and integrated discrimination improvement (IDI) for detecting CTRCD reached statistical

significance when baseline RDW value was added to the regression model including

known risk factors such as cumulative anthracycline dose, EF, albumin, and the presence

of hypertension; 0.9252 (95%CI 0.4103–1.4402, P < 0.001) for NRI and 0.1125 (95%CI

0.0078–0.2171, P = 0.035) for IDI.

Conclusions: Baseline RDW is a novel parameter to predict

anthracycline-induced CTRCD.

Keywords: cardio-oncology, anthracycline, red blood cell distribution width, cancer therapeutics-related cardiac

dysfunction, heart failure 2
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INTRODUCTION

Anthracycline-containing chemotherapy is highly effective and
widely used in cancer treatments. However, anthracycline-
induced cardiotoxicity is associated with a poor prognosis
in cancer survivors, and the frequency of onset depends on
risk factors including cumulative dose of anthracycline, elderly
or pediatric population, concomitant or previous radiation
therapy, pre-existing cardiovascular diseases, and concomitant
use of human epidermal growth factor receptor 2 (HER2)
inhibitors (1). Several hypotheses have been proposed for
the mechanisms of anthracycline-induced cardiotoxicity, such
as oxidative stress, iron accumulation in myocardial cells,
mitochondrial dysfunction, and topoisomerase 2β dysfunction
(2–5). Most anthracycline-induced cardiotoxicity occurs within
the first year of chemotherapy, and early detection and treatment
may recover cardiac function (6). Therefore, assessment of
cardiac function should be performed to detect early phase of
cardiotoxicity, and accurate predictors are required to identify
patients predisposed to anthracycline-induced cardiotoxicity.

Red blood cell distribution width (RDW) is a simple and
rapid measurement of the heterogeneity of erythrocyte volume.
Growing body of evidence suggests that high RDW is strongly
associated with poor prognosis in widespread cardiovascular
diseases such as acute coronary syndrome, heart failure,
and pulmonary hypertension (7–9). However, the association
between anthracycline-induced cardiotoxicity and RDW have
not been rigorously examined. The purpose of the present study
was to assess whether baseline RDW could predict the onset
of cancer therapeutics-related cardiac dysfunction (CTRCD) by
anthracycline-containing chemotherapy.

METHODS

Study Subjects and Protocol
We enrolled 234 consecutive cancer patients, planned for initial
anthracycline-containing chemotherapy at Fukushima Medical
University hospital from February 2017 to September 2019
(Figure 1). Patients were excluded if they were died or transferred
to other hospitals within 12 months follow-up period (n = 32).
Remaining 202 patients were divided into 2 groups based on the
median value of RDW (13.6) before chemotherapy: low RDW
group, n = 98, 13.0 [12.6–13.2] and high RDW group, n = 104,
14.9 [13.9–17.0].

Hypertension was defined as a history of use of
antihypertensive drug or systolic blood pressure of ≥140
mmHg, and/or diastolic blood pressure ≥90 mmHg. Diabetes
was defined as a recent use of insulin treatment or hypoglycemic
drug, or hemoglobin A1c ≥6.5%. Dyslipidemia was defined as
a history of use of cholesterol-lowering drugs, or triglyceride
was ≥150 mg/dl, low density lipoprotein cholesterol was
≥140 mg/dl, and/or high-density lipoprotein cholesterol was
≤40 mg/dl. Cumulative dose of anthracycline was expressed
as a doxorubicin equivalent (1). HER 2 inhibitor included
trastuzumab and pertuzumab. Radiation therapy was defined as
irradiation to the mediastinum. Transthoracic echocardiography
and blood sampling test were performed at baseline, as well as at

3, 6, and 12 months after administration of anthracyclines. All
procedures used in this research were approved by the Ethical
Committee of Fukushima Medical University Hospital.

Echocardiography
Transthoracic echocardiography was performed by a trained
sonographer, and images were checked by another trained
sonographer and an echo-cardiologist. We measured cardiac
function using EPIQ 7G (Philips Healthtech, Best, Netherland).
EF was calculated using the modified Simpson’s method
according to the guideline from the American Society
of Echocardiography and the European Association of
Cardiovascular Imaging (10). The left ventricular (LV) mass was
calculated using the following formula:

Left ventricular (LV)mass

=0.8× [1.04×{(LV diastolic diameter+interventricular

septum wall thicness+LV posterior wall thicness
)3

− (LV diastolic diameter)3
}]

+0.6g[10].

CTRCD was defined as a decrease in EF more than 10% points,
to a value < 53% (11). LV diastolic dimension index, LV systolic
dimension index, LV end-diastolic volume index, LV end-systolic
volume index, and left atrial volume index (LAVI) weremeasured
using B-mode ultrasound.

Blood Sampling
Blood sampling was performed in a stable condition after
an overnight fast. High sensitivity cardiac troponin I (TnI)
was measured using an assay based on Luminescent Oxygen
Channeling Immunoassay technology, and run on a Dimension
EXL integrated chemistry system (Siemens Healthcare
Diagnostics, Deerfield, IL, USA). B-type natriuretic peptide
(BNP) levels were measured using a specific immunoradiometric
assay (Shionoria BNP kit, Shionogi, Osaka, Japan). RDW was
measured using a DxH800 (Beckman Coulter, Inc., Fullerton,
CA, USA).

Statistical Analysis
All statistical analyzes were performed using SPSS version 26
(IBM, Armonk, New York, USA) or R software packages version
3.6.3 (R core team 2020, Vienna, Austria). We used the Shapiro-
Wilk test to discriminate which variables were normally or
not normally distributed. Normally distributed variables were
shown as mean ± standard deviation. Non-normally distributed
variables were indicated by median with interquartile range.
Category variables were shown in numbers and percentage.
Student’s t-test was used for variables following a normal
distribution, the Mann-Whitney U-test was used for variables
of the non-normal distribution, and the χ-square test was used
for categorical variables. The time course of EF (baseline, 3-, 6-,
and 12-month after the administration of anthracyclines) was
evaluated using the Friedman test.

Logistic regression analysis was performed to identify
variables relating to the occurrence of CTRCD. We selected
variables as follows: age, sex, hypertension, dyslipidemia, diabetes
mellitus, current or past smoker, cumulative anthracycline dose,
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FIGURE 1 | Patient cohort selection.

use of HER2 inhibitor, BNP, albumin, LV mass index, LV
end-diastolic volume index, LV end-systolic volume index, EF,
LAVI, and RDW. Akaike Information Criteria was used for
selecting variables for multivariate analysis. Receiver operator
characteristic curve (ROC) analysis was performed to determine
the optimal cut-off value of RDW for predicting the occurrence
of CTRCD. The improvement by adding RDW to discrimination
and net reclassification of risks was assessed by the estimation
of both integrated discrimination improvement (IDI) and net
reclassification improvement (NRI). The P-value of 0.05 or less
was defined as significant.

RESULTS

Table 1 showed patient characteristics at the baseline of
chemotherapy. The median value of RDW of all patients before
chemotherapy was 13.6, and patients were divided into 2 groups
based on the median value. Of 202 patients, 104 patients were
grouped as high RDW group (13.6 and above), and 98 patients
were grouped as low RDW group (< 13.6). There were no
statistical differences in age, sex, coronary risk factors, cumulative
anthracycline dose, the usage of HER2 inhibitor, and radiation
therapy between the two groups. High RDW group included
lower rate of breast cancer (60.2 vs. 43.2%, P= 0.016). Laboratory
data showed that hemoglobin and mean corpuscular volume

were lower in high RDW group, but BNP and TnI levels at
baseline were similar between the two groups. The usage of
angiotensin-converting enzyme (ACE) inhibitors, angiotensin II
receptor blockers (ARB), β-blockers were similar between the
two groups. Echocardiographic data demonstrated that LVEDVI,
LVMI, and EF at baseline were similar between the two groups.
Laboratory data showed similar liver and renal function.

Time-dependent changes in EF are displayed in Figure 2. EF
decreased at 3- and 6-month after chemotherapy in high RDW
group [baseline, 64.5% [61.9–68.9%]; 3-month, 62.6% [60.4–
66.9%]; 6-month, 63.9% [60.0–67.9%]; 12-month, 64.7% [60.8–
67.0%], P = 0.04, Figure 2B], but no change was observed in
low RDW group (Figure 2A). The occurrence of CTRCD during
the 12-month follow-up period was higher in high RDW group
than in low RDW group [n = 12 [11.5%] vs. n = 2 [2.0%] P =

0.008]. When we set the cut-off value of RDW at 13.8 from the
ROC analysis, sensitivity, specificity, and area under the curve
to predict CTRCD were 84.6, 62.0, and 0.769%, respectively,
as shown in Figure 3. Multivariable logistic regression analysis
revealed that RDW at baseline was an independent predictor of
the development of CTRCD [odds ratio 1.390, 95% CI [1.09–
1.78], P= 0.008; Table 2].

To assess the importance of adding RDW more precisely,
NRI, and IDI were calculated using the variables with or without
RDW. The value of NRI and IDI for detecting CTRCD reached
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TABLE 1 | Baseline clinical characteristics of patients with high or low RDW.

Low RDW

(n = 98)

High RDW

(n = 104)

P-value

Age, years 58.0 (47.5–66.0) 54.0 (45.0–65.0) 0.396

Female, n (%) 81 (82.6) 81 (77.8) 0.395

Body mass index, kg/m² 22.9 ± 3.7 23.7 ± 4.5 0.161

Cardiovascular risk factor

Hypertension, n (%) 21 (21.4) 26 (25.0) 0.426

Dyslipidemia, n (%) 34 (34.6) 23 (22.1) 0.101

Diabetes mellitus, n (%) 10 (10.2) 12 (11.5) 0.669

Current or past smokers, n (%) 33 (33.6) 36 (34.6) 0.849

Family history of CAD, n (%) 9 (9.1) 14 (13.4) 0.270

CKD (eGFR<60 ml/min/1.73 m²),

n (%)

15 (15.3) 15 (14.4) 0.858

Pre-treatment cardiovascular medications

Aspirin, n (%) 2 (2.0) 3 (2.8) 0.528

Statin, n (%) 9 (9.1) 10 (9.6) 0.916

β-blocker, n (%) 1 (1.0) 2 (1.9) 0.522

ACE inhibitor and/or ARB, n (%) 18 (18.3) 12 (11.5) 0.173

Anti-cancer treatment

Cumulative anthracycline dose,

mg/m²

200 (180–240) 180 (150–250) 0.203

HER2 inhibitor, n (%) 15 (15.3) 10 (9.6) 0.220

Radiation therapy, n (%) 7 (7.1) 6 (5.7) 0.774

Oncological disease

Breast cancer, n (%) 59 (60.2) 45 (43.2) 0.016

Hematological tumor, n (%) 20 (20.4) 33 (31.7) 0.068

Gynecologic tumor, n (%) 10 (10.2) 14 (13.4) 0.475

Osteosarcoma, n (%) 8 (8.1) 9 (8.6) 0.900

Other solid tumor, n (%) 1 (1.0) 3 (2.8) 0.333

Laboratory data

BNP, pg/ml 11.2 (6.6–19.8) 12.4 (5.9–22.7) 0.665

Troponin I, ng/ml 0.017

(0.017–0.017)

0.017

(0.017–0.017)

0.776

Total protein, g/dl 7.10 (6.8–7.5) 7.0 (6.7–7.4) 0.187

Albumin, g/dl 4.2 (3.9–4.5) 4.0 (3.8–4.3) 0.003

AST, U/L 18 (15–21) 19 (15–24) 0.788

ALT, U/L 15 (12–21) 14 (10–25) 0.560

LDH, U/L 181 (153–215) 197 (165–244) 0.060

BUN, mg/dl 13.0 (10.7–15.0) 13.0 (10.0–15.0) 0.509

Creatinine, mg/dl 0.65 (0.57–0.76) 0.66 (0.57–0.78) 0.588

eGFR, ml/min/1.73 m² 77.0 (63.7–89.2) 72.0 (65.0–89.0) 0.705

Total cholesterol, mg/dl 201.9 ± 36.9 191.5 ± 42.6 0.099

Triglyceride, mg/dl 106

(68.2–166.7)

107.5

(79.7–227.5)

0.979

High density lipoprotein cholesterol,

mg/dl

54.9 ± 15.0 53.1 ± 15.5 0.458

Low density lipoprotein cholesterol,

mg/dl

120.7 ± 30.9 113.2 ± 36.4 0.157

Hemoglobin A1c, % 5.6 (5.4–5.8) 5.7 (5.5–6.1) 0.185

C-reactive protein, mg/dl 0.11 (0.04–0.38) 0.16 (0.07–0.70) 0.024

Uric acid, mg/dl 4.3 (3.4–5.3) 4.7 (3.6–5.3) 0.876

D dimer, µg/ml 0.5 (0.5–0.925) 0.9 (0.5–2.3) <0.001

(Continued)

TABLE 1 | Continued

Low RDW

(n = 98)

High RDW

(n = 104)

P-value

White blood cell, µl 5,550

(4,450–6,800)

5,500

(4,200–7,200)

0.958

Hemoglobin, g/dl 13.1 (12.4–13.8) 11.8 (10.5–13.2) <0.001

MCV, fl 93.0 ± 4.2 89.2 ± 8.9 <0.001

PLT, × 103/µl 252.5 ± 72.8 246.6 ± 96.1 0.624

RDW 13.0 (12.6–13.2) 14.9 (13.9–17.0) <0.001

Echocardiographic data

LVDdI, mm/m² 26.6 (24.5–29.2) 26.3 (24.5–28.5) 0.604

LVDsI, mm/m² 16.2 ± 2.4 16.4 ± 2.8 0.680

LVMI, g/m² 67.8 (58.7–82.1) 71.3 (61.8–84.9) 0.076

LVEDVI, ml/m² 47.0 ± 13.6 46.6 ± 18.6 0.844

LVESVI, ml/m² 16.1 (13.4–20.9) 16.2 (12.4–20.1) 0.668

EF, % 64.1 ± 4.9 65.1 ± 5.2 0.181

LAVI, ml/m² 22.8 (17.1–28.4) 22.9 (17.3–31.5) 0.333

E/A 0.97 (0.75–0.20) 1.01 (0.76–1.19) 0.710

Mitral regurgitation (mild and above)

n, (%)

20 (20.2) 17 (16.5) 0.793

Aortic regurgitation (mild and above)

n, (%)

7 (7.1) 8 (7.8) 0.850

Aortic stenosis (mild and above) n,

(%)

0 2 (1.9) 0.259

TR-PG, mmHg 19.3 (16.2–22.3) 19.0 (15.0–23.0) 0.463

RVD, mm 27.2 ± 6.3 28.7 ± 5.6 0.098

Values are indicated by mean ± SD, median with interquartile range or n (%). Monoclonal

antibodies include HER2 inhibitor. Radiation therapy includes only irradiation to the

mediastinum. Hemato-oncologic disease include Hodgkin disease, Non-Hodgkin disease,

acute myeloid leukemia, acute lymphocytic leukemia, and chronic lymphocytic leukemia.

Gynecologic tumor include uterine cancer or sarcoma and ovarian cancer. Other solid

tumors include thymoma, soft tissue tumor, teratoma.

ACE, angiotensin-converting enzyme; ARB, angiotensin II receptor blocker; BNP, B-

type natriuretic peptide; CAD, coronary artery disease; CKD, chronic kidney disease;

eGFR, estimated glomerular filtration rate; GLS, global longitudinal strain; HER2, human

epidermal growth factor receptor 2; LAVI, left atrial volume index; LV, left ventricular; LVDdI,

LV diastolic dimension index; LVDsI, LV systolic dimension index; LVEDVI, LV end-diastolic

volume index; EF, ejection fraction; LVESVI, LV end-systolic volume index; LVMI, LV mass

index; MCV, mean corpuscular volume; RVD, right ventricular dimension; TR-PG, tricuspid

pressure gradient.

statistical significance when baseline RDWvalue was added to the
model including cumulative dose of anthracycline, EF, albumin
and hypertension; 0.9252 (95%CI 0.4103–1.4402, P < 0.001) for
NRI and 0.1125 (95%CI 0.0078–0.2171, P= 0.035) for IDI.

DISCUSSION

In the present study, we revealed the clinical features of RDW
in patients treated with anthracycline. First, EF was temporary
decreased in high RDW patients. Second, the occurrence of
anthracycline-induced CTRCD was significantly higher in high
RDW patients. Third, high RDW at baseline was an independent
predictor of the development of CTRCD.

Oxidative stress, iron accumulation in myocardial cells,
mitochondrial dysfunction, and topoisomerase 2β dysfunction
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FIGURE 2 | Time-dependent changes in EF after anthracycline treatment. (A) Changes in EF in low RDW group. (B) Changes in EF in high RDW group. *P < 0.05.

FIGURE 3 | ROC curve analysis of RDW predicting the occurrence of CTRCD

by anthracycline.

have been proposed as major mechanisms of anthracycline-
induced cardiotoxicity (2–5). The excess production of free
radicals by the quinone group from aglycons of anthracycline
induces oxidation of protein, nucleic acid, and lipid, leading

to cellular damage (4). It has been reported that elevation
of RDW is also associated with oxidative stress as well
as aging, inflammation, malnutrition, and renal dysfunction
(12, 13). Among those factors, oxidative stress induces bone
marrow dysfunction, leading to abnormal heme synthesis, and
hemoglobin production that increased in RDW. In the present
study, the patients with high RDW at baseline demonstrated
time-dependent decrease in EF and higher occurrence of
CTRCD. These findings raise the possibility that the patients with
high RDW already had been exposed to increased oxidative stress
before chemotherapy, and were more vulnerable to additional
oxidative stress by anthracycline, resulting in the development
of CTRCD.

Although underlying mechanisms of interaction between
RDW and CTRCD remains to be elucidated, to the best of our
knowledge, this is the first report to demonstrate the association
between RDW and CTRCD.

The utility of RDW has been reported in not only
cardiovascular disease, but also cancer prognosis. High RDW
are associated with unfavorable survival in many types of
cancers including breast cancer (14), hematological tumor (15),
gynecological cancer (16, 17), and osteosarcoma (18). Although
there is no clear explanation of the relationship between RDW
and cancer prognosis, RDW can be a promising biomarker for
assessment of the risk of CTRCD and cancer prognosis. Cardinale
et al. (6) reported that 78% patients with anthracycline-induced
cardiotoxicity showed a full or partial recovery with heart failure
therapy. In this cohort, one patient presented < 40% of ejection
fraction at 6-month follow-up. He was administered β-blockers
and ACE inhibitors soon after the onset of CTRCD. Then, his
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TABLE 2 | Parameters associated with the occurrence of CTRCD.

Univariable Multivariable*

Odds Ratio (95% CI) P-value Odds Ratio (95% CI) P-value

Age, per 1-year increase 0.986 (0.950–1.023) 0.455

Female 0.898 (0.239–0.384) 0.874

Hypertension 0.511 (0.110–2.371) 0.391 0.264 (0.03–1.78) 0.171

Dyslipidemia 0.186 (0.024–1.446) 0.110

Diabetes mellitus 0.586 (0.073–4.711) 0.615

Current or past smoker 0.299 (0.065–1.374) 0.121

Cumulative anthracycline dose, mg/m² per 1.0 increase 1.010 (1.004–1.016) 0.001 1.010 (1.00–1.02) <0.001

HER2 inhibitor 0.526 (0.066–4.201) 0.544

Radiation therapy 1.077 (0.130–8.941) 0.945

BNP, pg/ml per 1.0 increase 1.000 (0.976–1.025) 0.998

Albumin, per 1.0 increase 0.469 (0.171–1.286) 0.141 0.367 (0.09–1.35) 0.131

LVMI, g/m² per 1.0 increase 0.998 (0.970–1.027) 0.876

LVEDVI, ml/m² per 1.0 increase 0.994 (0.959–1.024) 0.574

LVESVI, ml/m² per 1.0 increase 1.072 (0.970–1.178) 0.149

EF, per 1.0 increase 0.926 (0.826–1.038) 0.186 0.868 (0.75–1.01) 0.058

LAVI, ml/m² per 1.0 increase 0.999 (0.967–1.031) 0.824

RDW, per 1.0 increase 1.378 (1.126–1.687) 0.002 1.390 (1.09–1.78) 0.008

*adjusted for hypertension, cumulative anthracycline dose, albumin, ejection fraction, and RDW categorical variables.

CI, Confidence interval; CTRCD, cancer therapeutics-related myocardial disorder; RDW, red blood cell distribution width.

ejection fraction recovered to over 50% at 12-month follow-up.
We speculate that early initiation of cardioprotective therapy
induced a recovery of cardiac function. Thus, early detection
and treatments of CTRCD are essential to minimize cardiac
damage induced by anthracyclines. TnI and BNP are widely used
surrogate biomarkers to detect CTRCD, but the elevation occurs
after starting anthracycline chemotherapy (19). Compared to
them, RDW can predict the development of CTRCD before
chemotherapy. By assessing RDW before chemotherapy, precise
follow-up management can be scheduled, and indication of
prophylaxis treatment can be discussed. To date, several
clinical studies have demonstrated that angiotensin-converting
enzyme and beta-adrenergic receptor blockers prevent cardiac
dysfunction after anthracycline chemotherapy (20). According to
previous reports of anti-oxidative effects of carvedilol and ACE
inhibitor (21), the efficacy of prophylaxis may be expected to the
patients with high RDW.

In the present study, the calculation of NRI, and IDI
demonstrated the significance of RDW for the prediction
of CTRCD. The utility of RDW should be considered
when managing cancer patients treated with anthracycline-
containing chemotherapy.

LIMITATION

This study was performed using a relatively small number of
patients and short follow-up period by a single center. Longer
follow-up and larger population data were needed to confirm
the importance of RDW to the development of CTRCD and
cardiovascular prognosis. According to 2016 ESC position paper
(1), 3 dimensional-based LVEF have advantages to assess cardiac

function compared to Simpson’s method, and global longitudinal
strain reveals subtle changes in left ventricular function, and thus
detects myocardial damage in the early stage before reduces in
left ventricular ejection fraction (22). Further studies using 3
dimentional echocardiography and global longitudinal strain are
desirable in the future.

CONCLUSION

Baseline RDW identifies high risk patients with anthracycline-
induced CTRCD.
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Background: Tyrosine kinase inhibitors (TKIs) have dramatically improved cancer

treatment but are known to cause cardiotoxicity. The pathophysiological consequences

of TKI therapy are likely to manifest across different cell types of the heart, yet there is

little understanding of the differential adverse cellular effects. Cardiac fibroblasts (CFs)

play a pivotal role in the repair and remodeling of the heart following insult or injury, yet

their involvement in anti-cancer drug induced cardiotoxicity has been largely overlooked.

Here, we examine the direct effects of sunitinib malate and imatinib mesylate on adult rat

CF viability, Ca2+ handling andmitochondrial function that may contribute to TKI-induced

cardiotoxicity. In particular, we investigate whether Ca2+/calmodulin dependent protein

kinase II (CaMKII), may be a mediator of TKI-induced effects.

Methods: CF viability in response to chronic treatment with both drugs was assessed

using MTT assays and flow cytometry analysis. Calcium mobilization was assessed

in CFs loaded with Fluo4-AM and CaMKII activation via oxidation was measured

via quantitative immunoblotting. Effects of both drugs on mitochondrial function was

determined by live mitochondrial imaging using MitoSOX red.

Results: Treatment of CFs with sunitinib (0.1–10µM) resulted in

concentration-dependent alterations in CF phenotype, with progressively significant

cell loss at higher concentrations. Flow cytometry analysis and MTT assays revealed

increased cell apoptosis and necrosis with increasing concentrations of sunitinib. In

contrast, equivalent concentrations of imatinib resulted in no significant change in cell

viability. Both sunitinib and imatinib pre-treatment increased Angiotensin II-induced

intracellular Ca2+ mobilization, with only sunitinib resulting in a significant effect and

also causing increased CaMKII activation via oxidation. Live cell mitochondrial imaging

using MitoSOX red revealed that both sunitinib and imatinib increased mitochondrial

superoxide production in a concentration-dependent manner. This effect in response to

both drugs was suppressed in the presence of the CaMKII inhibitor KN-93.

Conclusions: Sunitinib and imatinib showed differential effects on CFs, with sunitinib

causing marked changes in cell viability at concentrations where imatinib had no
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effect. Sunitinib caused a significant increase in Angiotensin II-induced intracellular Ca2+

mobilization and both TKIs caused increased mitochondrial superoxide production.

Targeted CaMKII inhibition reversed the TKI-induced mitochondrial damage. These

findings highlight a new role for CaMKII in TKI-induced cardiotoxicity, particularly at the

level of the mitochondria, and confirm differential off-target toxicity in CFs, consistent with

the differential selectivity of sunitinib and imatinib.

Keywords: sunitinib, cardiac fibroblast, CaMKII, cardiotoxicity, imatinib

INTRODUCTION

Cardiotoxicity is a recognized adverse effect of many clinically
important drugs and has led to the withdrawal of a number of
agents after their introduction to the market (1). Anti-cancer
drugs are prevalent among the drug categories that exhibit
cardiotoxicity and this can seriously impact upon cancer patient
survival. In the long term, patients receiving anti-cancer drugs
may be at a greater risk of death from cardiovascular disease than
cancer (2). Conventional approaches for assessing cardiotoxic
effects are similar to the indices used for assessing heart disease,
including measurement of cardiac troponin and natriuretic
peptides (3, 4). These markers usually only show significant
changes after damage to the heart has occurred. Consequently,
there is a real need to identify early onset biomarkers and
signaling pathways that are switched on soon after initiating
anti-cancer therapy and that correlate with adverse effects on
the heart. This will be essential for the development of safer
anti-cancer drugs in the future.

A prominent and well-recognized feature of anti-cancer
drug-induced cardiotoxicity in cardiac myocytes (CMs)
is the accumulation of damaging reactive oxygen species
(ROS). Functional effects of ROS accumulation include CM
hypertrophy, impaired contraction, apoptosis and autophagy,
all of which are key features of cardiotoxicity (5). Importantly
though, drug-induced cardiotoxicity does not only affect the
contractile cells of the heart. Evidence is emerging that anti-
cancer drugs can also have off-target damaging effects on other
cells of the cardiovascular system including cardiac fibroblasts
(CFs), endothelial cells (ECs), vascular smooth muscle cells
(VSMCs), immune cells and cardiac progenitor cells (6). In
a healthy heart there is considerable functional interaction
between different cell types, particularly between the CMs and
CFs. The latter cell type not only secrete chemical mediators that
can influence cardiac contractility, but also provide components
of extracellular matrix that ensure structural stability (7).
In cardiovascular disease, CFs play a pivotal role in cardiac
remodeling and in the accompanying contractile dysfunction by
exhibiting hyper-proliferation and producing excess collagen.
The resulting fibrosis is a key contributor to cardiac dysfunction
(8). Recent studies have suggested that anti-cancer therapies
can mirror the effects observed in CFs from diseased hearts,
including increased oxidative stress and ROS accumulation
similar to that seen in CMs but resulting in cardiac fibrosis and
potential diastolic dysfunction (9–11).

Among the more novel anti-cancer agents to emerge in
recent years are those that prevent cancer cell proliferation

and angiogenesis via “selective” targeted tyrosine kinase and
vascular endothelial growth factor receptor (VEGFR) inhibition.
Unfortunately, these targeted therapies cause cardiotoxicity via
both on-target (blocking VEGFR in cardiac cells) and off-
target (non-VEGFR) effects (12). Understanding the cellular
mechanisms that underpin these cardiotoxic effects will be crucial
in improving the safety profile of tyrosine kinase inhibitors
(TKIs), especially since these drugs are currently the standard
treatment for several types of malignancy. The extent of TKI-
induced cardiotoxicity may vary considerably across different
members of the TKI drug group. Understanding the fundamental
reasons for these differences is essential for tailoring future safer
treatments. It is possible that different cardiotoxic responses may
reflect an individual drug’s capacity for on-target vs. off-target
effects (13).

Two well-known TKIs that are currently in clinical use
are imatinib and sunitinib. Imatinib mesylate is used for the
treatment of chronic myeloid leukemia, gastrointestinal stromal
tumors and hypereosinophilic syndrome. Imatinib works by
targeting the ABL ATP binding site, stabilizing the inactive
form of ABL, preventing tyrosine autophosphorylation and
therefore kinase phosphorylation of substrates in cancerous cells,
ultimately inducing apoptosis (14). There have been various
reports of cardiotoxicity associated with imatinib. At a cellular
level the cardiotoxic response has been suggested to include
apoptosis as well as necrosis of CMs and this is as a result
of mitochondrial dysfunction, ATP depletion and cytochrome
C release (15). However, there is speculation over whether the
concentrations of imatinib that exert the toxic effects reported
on cardiac cells are clinically relevant (16). Despite evidence
for cardiotoxicity, overall adverse effects on the heart following
imatinib treatment appear relatively uncommon, ranging from
0.5 to 1.7% (17, 18). Sunitinib malate (SUTENT R©) on the other
hand has been reported to exert a wide range of cardiotoxic
effects. Reports of hypertension and congestive heart failure
in patients receiving sunitinib therapy ranges from 17 to 43%
and 3 to 18% (19) respectively. Sunitinib is commonly used
to treat renal cancers and has shown considerable benefit in
patients with metastatic renal carcinoma (20). Sunitinib has
been suggested to have a number of off-target effects that
can adversely affect the heart. Examples of off-target effects
include inhibition of AMP-activated protein kinase (21) and
activation of calcium/calmodulin dependent protein kinase
(CaMKII) (22), both of which, if chronically affected, can result
in cardiac dysfunction.

Previous work by our group has highlighted that CaMKII
activation occurs in guinea pig hearts following chronic
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administration of clinically relevant concentrations of either
imatinib or sunitinib (22). Increased cardiac CaMKIIδ expression
and CaMKII activity were shown to occur in the absence of
any overt cardiac dysfunction. We suggested that these changes
could reflect early adaptations by the heart to these TKIs which
could precede the onset of contractile dysfunction. As such, we
suggested that CaMKII might be a useful early onset marker for
TKI-induced cardiotoxicity. Our original work comprised in vivo
assessment of cardiac function following acute and chronic TKI
treatment. CaMKII was assessed in whole cardiac homogenate
preparations from TKI-treated hearts. Crucially, there was no
investigation of specific cellular responses to either imatinib or
sunitinib, evidence that we need to inform us upon more tailored
clinical treatments going forward. In order to characterize the
cardiotoxic effects of imatinib and sunitinib in more detail, the
current study has, for the first time, compared the effects of
both TKIs on adult rat CFs across a range of clinically relevant
concentrations. Cell phenotype and viability have been assessed
along with effects on mitochondrial superoxide production. Here
we present novel evidence for distinct differences in the cellular
responses to both drugs in CFs. Importantly, we also identify
a common role for CaMKII in both imatinib and sunitinib-
mediated mitochondrial superoxide production.

METHODS

Cardiac Fibroblast Isolation
All procedures were performed under sterile conditions and
conformed to local ethical review committee guidelines as
well as to the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH
Publication No. 85-23, revised 1996) and Directive 2010/63/EU
of the European Parliament. CFs were isolated from male
Sprague-Dawley rats weighing between 250 and 350 g. Rats were
sacrificed via cervical dislocation and ventricular CFs isolated
under sterile conditions via the bulk collagenase digestion
method described previously (23). Briefly, isolated hearts were
washed in Ca2+ free Krebs solution (120mM NaCl, 5.4mM KCl,
0.52mM NaH2PO4, 20mM HEPES, 11.1mM glucose, 3.5mM
MgCl2, 20mM taurine, 10mM creatine) supplemented with
1mM EGTA, 1% (v/v) penicillin/streptomycin; pH 7.4. The aorta
and atria were then excised before the remaining ventricular
tissue was finely chopped in a digestion buffer containing 0.8
mg/ml collagenase type 1 (Worthington Chemical, UK) and
0.3 mg/ml protease XIV (Sigma-Aldrich) prepared in Ca2+ free
Krebs solution. The isolated CFs were resuspended in CF growth
medium [DMEM supplemented with 20% (v/v) FBS, 2% (v/v)
penicillin/ streptomycin and 1% (v/v) L-glutamine] before being
plated in a T75 culture flask and incubated (37◦C, 5% CO2). The
CF growth media was replenished after 4–5 h of incubation to
remove non-adherent cells. Themedia was replenished 24 h post-
isolation to remove any remaining cell debris. Subsequent media
changes conducted at 48 h intervals thereafter as per the standard
cell culture protocol until 70–80% confluent.

Drug Treatment
CFs were grown to ∼75% confluence in CF growth medium
(outlined above) and were treated with sunitinib malate and
imatinib mesylate at the indicated concentrations for 18 h in

the same CF growth medium containing 20% serum (outlined
above). Stock concentrations of drugs were diluted in DMEM
supplemented with 2% (v/v) penicillin/streptomycin and 1%
(v/v) L-glutamine prior to addition. Working concentrations
were based on clinically relevant concentrations previously
published (22, 24). Where appropriate, 5µM KN-93 was added
for 2 h pre-treatment prior to the addition of drug for 18 h.

Imaging of Cells
Cell phenotype and growth was monitored using a Nikon
Eclipse (TE300) inverted microscope (Nikon, Tokyo, Japan) and
a Leica EC3 digital camera affixed to a Leica DM IL LED
inverted microscope at 10× magnification (Leica Biosystems,
Wetzlar, Germany).

Immunofluorescence
CFs, human umbilical vein endothelial cells (HUVECs), colonic
smooth muscle cells (SMCs) and myofibroblasts (MFs) were
seeded in 12-well plates containing 13mm glass coverslips at
a density of 1.5 × 104 cells/ml and cultured until 40–60%
confluent. MFs were obtained following passage of CFs to p4
or p5 and were initially identified visually based on dramatic
change in cell phenotype where MFs were significantly larger
and rounder. Cells were fixed in 3.6% (v/v) formaldehyde in
phosphate buffered saline (PBS) for 10min at room temperature
before being permeabilised with 0.25% Triton X-100 in PBS
for 10min at room temperature. Cells were then blocked
in 1% (w/v) BSA in PBS for 30min before incubation with
primary antibody diluted in 1% (w/v) BSA in PBS overnight at
room temperature [vimentin 1:400; Sigma-Aldrich (V5255)], von
Willebrand factor [vWF; 1:100; Abcam (ab6994)] and smooth
muscle cell actin [SMCa; 1:200; Abcam (ab7817)]. Following
overnight incubation, coverslips were washed three times with
PBS before being blocked in 1% (w/v) BSA in PBS for 15min
at room temperature. Coverslips were then incubated (covered)

with the corresponding Alexa Fluor
TM

488 secondary antibody
{1:100; Thermo Fisher, Renfrew, UK [Mouse (A-11001); Rabbit
(A-11008)]} in 1% (w/v) BSA in PBS for 1 h at room temperature.
Following further washes in PBS, samples were stained with
DAPI (1:2,000) for 5min before being mounted onto glass
coverslips with Mowiol R© and stored at 4◦C until imaged.

Samples were imaged using the EVOS
TM

FL Auto Imaging
System (Thermo Fisher) at 20×magnification.

MTT Assays for Cell Death Determination
CFs were seeded in a 96-well plate at a density of 2.5 × 104

cells/well and cultured in growth medium for 24 h prior to
drug treatment. Treated samples were incubated with 3-(4,5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide MTT
(10µg/ml) prepared in fresh growth medium for 2 h (37◦C,
5% CO2). In living cells, mitochondrial dehydrogenases convert
MTT to purple MTT formazan crystals. The purple formazan
crystals were resuspended in DMSO and cell viability assessed via
optical density at a wavelength of 570 nm. Data was expressed as
a percentage of control untreated cells.
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Flow Cytometry (FC) Analysis
CFs were seeded in a 12-well plate at a density of 5 × 104

cells/well and cultured in growth medium until 70% confluent
and then treated as per the in vitro drug treatment protocol.
CFs were also treated with H2O2 for 18 h to provide single
stain controls (600µM H2O2 annexin V (AnV) control and
1.5mM H2O2 propidium iodide (PI) control). Once treated, the
media from each well was collected into individual FACS tubes.
Samples were then dissociated using TrypLE

TM
Express (37◦C)

and collected into their respective FACS tubes alongside the
previously collected media. Wells were then washed with PBS
and added to the corresponding FACS tube to ensure all cells
were recovered before being centrifuged at 1,000 g for 5min.
The samples were washed with PBS and 100 µl of AnV binding
buffer (BD Biosciences, UK) added to each FACS tube. AnV
(BD Biosciences, UK) (5 µl) was then added to all FACS tubes
except the control (unstained) and the PI single stain (1.5mM
H2O2 treated) samples. The samples were then covered with
aluminum foil to omit light and incubated for 15min at room
temperature. Following incubation, 400 µl of 1:500 PI [Thermo
Fisher (P3566)] in AnV binding buffer was added to all FACS
tubes except the control (unstained) and annexin V single stain
(600µM H2O2 treated) samples. 400µl of AnV binding buffer
was added to the control (unstained) and AnV single stain
(750µMH2O2 treated) samples. The samples were then analyzed
using the BD FACSCanto flow cytometer (BD Biosciences,
California, USA) and FlowJo v9 (FlowJo LLC, Oregon, USA).

Western Blotting
For assessing Total-CaMKIIδ and Phos-CaMKII expression,
CFs were lysed in 150 µl of LDS sample buffer [25% (v/v)
4× Nu PAGE LDS Sample Buffer (Thermo) and 75mM
DTT] and denatured at 100◦C for 5min. For assessing Ox-
CaMKII expression, CFs were lysed in the absence of the
reducing agent DTT. Protein lysates were loaded onto 4–
20% Mini-PROTEAN TGX Precast Protein Gels and subjected
to electrophoresis at 120V for 110min in running buffer
(3.5mM SDS, 192mM glycine, and 25mM tris base) using
a Mini-PROTEAN Tetra chamber (Bio-Rad Laboratories Ltd.,
UK) at room temperature. Proteins were then transferred to
nitrocellulose membranes (0.45µm pore, GE Healthcare, UK)
in transfer buffer [192mM glycine, 25mM tris base, 20% (v/v)
methanol] using a MiniTrans-Blot Electrophoretic Transfer Cell
(Bio-Rad Laboratories Ltd., UK) at a constant current of 280mA
for 110min at room temperature. Membranes were then blocked
in 5% (w/v) BSA in TBS-T [20mM Tris base, 150mM NaCl,
adjusted to pH = 7.4, and 0.1% (v/v) Tween 20] for 120min
at room temperature. The membranes were then incubated
with the appropriate primary antibody in 0.5% (w/v) BSA in
TBS-T (0.1%) overnight at 4◦C {Ox-CaMKII [1:5,000; Insight
biotechnology Limited (GTX36254)]; Phos-CaMKII [1:5,000;
Badrilla (A010-50)]; CaMKIIδ [1:5,000; Eurogentec (custom
made)]; GAPDH [1;100,000; Abcam (ab8245)]}. Membranes
were then washed in TBS-T (0.1% Tween) followed by
incubation in the corresponding secondary antibody (1,5,000;
Jackson ImmunoResearch, Cambridge, UK [Mouse (715-035-
150); Rabbit (111-035-144)] in 0.5% (w/v) BSA in TBS-T (0.1%

Tween) for 90min at room temperature. This was followed by
a further wash in TBS-T (0.1% Tween) before being developed
via enhanced chemiluminescence and exposure onto X-ray film.
For re-probing purposes, membranes were stripped in Tris-based
buffer (31mMTris base, 35mM SDS containing 0.7%, pH= 6.7).
X-ray film was then scanned on a HP Deskjet 2540 printer
scanner and densitometry was carried out using Image J software
(25). Blotting data was normalized as indicated in the relevant
figure legends and samples processed as percentage of control
untreated signal.

Intracellular Calcium Release
Cells were seeded into black sided, clear bottomed 96-well plate
at a density of 2.5 × 104 cells/well and cultured for 24 h before
treatment with sunitinib and imatinib as described previously.
Culture medium was aspirated and the cells washed twice with
HBSS (136.9mM NaCl, 5.4mM KCl, 1.3mM CaCl2, 0.4mM
MgSO4·7H2O, 0.5mM MgCl2.6H2O, 0.3mM Na2HPO4.2H2O,
0.4mM KH2PO4, 5.6mM glucose, 4.2mMNaHCO3). Cells were
then incubated with 2µM Fluo4-AM Ca2+ indicator dye in
Fluo4 buffer [1mM MgCl, 1.5mM CaCl, 0.3mM probenecid,
and 0.1% (w/v) BSA in HBSS] for 2 h (37◦C, 5% CO2). Cells
were then washed twice with Fluo4 buffer before adding 80 µl of
Fluo4 buffer to each well. A compound plate was prepared using
the ligands of interest, diluted to 3× the final concentration in
Fluo4 buffer. The plate reader transfers 40 µl of compound to
each well, diluting the compound 1:3 to reach a 1× desired final
concentration for each sample. Fluorescence excitation was then
measured using a Flexstation 3 microplate reader (Molecular
Devices, Wokingham, UK) at Ex:494/Em:525 nm and SoftMax R©

Pro software, version 5.4.3.

MitoSOX Live Cell Imaging
MitoSOX fluorescence was recorded on a Nikon TiE inverted
epifluorescence microscope with 40× 1.3 NA oil immersion
objective, illuminated with 515 nm excitation light (Pe4000
multi-LED; CoolLED, Andover, UK) and emitted light >550 nm
selected by dichroic mirror and captured on an ORCA Flash
4.0 CMOS camera (Hamamatsu, Welwyn Garden City, UK).
Cell imaging chambers were placed inside a stage-top incubator
(H301; OKO labs, Naples, Italy) and maintained at 37◦C
throughout the imaging process. CFs were seeded into the 8-
well chambers at a density of 2.5 × 104 cells/well, cultured in CF
growth medium for 24 h and then treated as per the in vitro drug
treatment protocol. Antimycin A (10µM) was used as a positive
control. The treated samples were then washed with HBSS before
being incubated with 3µM MitoSOX Red for 5min at room
temperature in the absence of light. CFs were recorded for 5min
using WinFluor V4 0.8 live cell imaging software. Signals were
normalized by selecting 10 cells from each sample and measuring
fluorescence intensity for each cell. A blinded process was used
for cell selection. Fluorescence intensity was thenmeasured using
ImageJ software (25).

Statistics
Data are presented as mean values ± S.E.M of n observations,
where n represents the number of samples. Comparisons
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were assessed by one-way ANOVA with post-hoc Dunnett’s-
test using GraphPad Prism (version 7.0a). P-values <0.05 were
considered significant.

RESULTS

Sunitinib Treatment Alters Cardiac
Fibroblast Phenotype
The phenotype of healthy CFs was first established
via immunohistochemistry and brightfield imaging.
Immunohistological staining showed a strong positive stain
for vimentin in untreated isolated CFs, consistent with healthy,
undifferentiated CFs. To exclude the possibility of contamination
with SMCs or ECs, CFs were also stained for smooth muscle cell
alpha actin (SMCa) (a marker of smooth muscle cell phenotype)
and von Willebrand Factor (vWF) (a marker of endothelial cell
phenotype). Staining was compared across CFs, myofibroblasts
(MFs), SMCs and ECs. Although a positive stain for both SMCa
and vWF was obtained in CFs, staining was significantly less
than that obtained in the positive controls for SMCs and of a
very different pattern than that seen in the positive controls
for HUVECs. Staining was also less than that obtained in the
phenotypically transformed MFs (Figure 1A).

In order to assess the effects of imatinib and sunitinib on CF
phenotype, cells were treated with increasing concentrations of

drug (1–10µM) for 18 h and then subjected to brightfield
imaging (Figure 1B). Sunitinib-induced changes in CF
phenotype were evident at 1µM sunitinib and became more
apparent as concentrations increased. Sunitinib-treated CFs
appeared larger and more transparent, with the formation of
vacuole-like structures evident in the main cell body. Obvious
cell loss was apparent at 10µM sunitinib. The observed changes
in CF phenotype were associated with subtle changes in cell
marker expression determined via quantitative immunoblotting,
although these changes were not statistically significant (data not
shown). Imatinib treatment did not have any discernible effect
on CF phenotype until much higher concentrations.

Sunitinib Treatment Causes Cardiac
Fibroblast Cell Death
To determine whether the changes in phenotype correlated
with reduced cell viability, MTT assays and FACS analysis were
performed. MTT assays revealed that sunitinib, but not imatinib,
reduced CF viability (Figure 2). CF viability was significantly
reduced at 3 and 10µM sunitinib, consistent with the cell loss
observed in brightfield imaging.

Further analysis via FACS confirmed these findings. Sunitinib
treatment caused a reduction in the number of healthy cells
(Figure 3B) with a concomitant increase in the number of early
and late apoptotic cells at 3 and 10µM treatments, as well as

FIGURE 1 | Assessment of Cardiac Fibroblast phenotype. (A) CF phenotype was confirmed via immunohistochemistry by staining for vimentin, smooth muscle cell

alpha actin (SMCa) and von Willebrand Factor (vWF). Staining was compared between CFs and myofibroblasts (MF). Smooth muscle cells (SMC) and human umbilical

vein endothelial cells (HUVECs) were used as positive controls. Cells treated with DAPI alone and secondary antibodies alone were used as negative controls.

(B) Brightfield images showing CF treated with sunitinib and imatinib (0.1–10µM) for 18 h in the presence of serum. Scale bar 100µm. Images are from one

experiment, representative of two others.
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FIGURE 2 | Sunitinib treatment reduces cardiac fibroblast viability. Cells were

treated with sunitinib or imatinib (0.1–10µM) in the presence of serum for 18 h.

Cell proliferation was assessed via MTT assays. (A) Sunitinib treated CF

(B) imatinib treated CF. Results are expressed as mean ± S.E.M and are

normalized to control (n = 3, *p < 0.05).

an increase in necrotic cells at 3µM reaching significance for
necrosis at 10µM sunitinib (Figure 3B). Imatinib treatment had
no significant effect on CF viability (Figure 4).

TKI Treatment Increases Angiotensin
II-Induced Ca2+ Mobilization in Cardiac
Fibroblasts
Altered Ca2+ handling is known to be associated with cell
injury and death. Given the effects of TKI treatment, particularly
sunitinib, on CF phenotype and viability (Figures 1–4), the
possibility that either drug may affect Ca2+ mobilization in CFs
was investigated. The effects of TKI pre-treatment on agonist-
induced Ca2+ mobilization were examined. We have previously
used Angiotensin II (AngII) to induce intracellular Ca2+ release

in CFs (26) so this was applied to CFs in the current study to
elicit responses.

AngII was first applied to CFs across a range of concentrations
(0.01–10µM) to determine a suitable concentration that would
elicit a sub-maximal Ca2+ release in CFs (Figures 5A,B). Ang
II at 0.3µM elicited a rapid release of Ca2+ with a peak
of ∼80% of maximum. Using this sub-maximal concentration
ensured that any subsequent effects of TKI pre-treatment
(stimulatory or inhibitory) could be determined. CFs were
pre-treated with a range of concentrations of either sunitinib
(0.001–1µM) or imatinib (0.01–1µM) for 18 h and were
then subjected to stimulation with 0.3µM Ang II to induce
Ca2+ release. Responses were compared with AngII responses
in untreated cells. Cells treated with sunitinib only did not
evoke intracellular calcium release (Figures 5C,F). Sunitinib pre-
treatment resulted in a dose-dependent increase in AngII-evoked
Ca2+ release (Figure 5C) with significance observed at 1µM
sunitinib (Figures 5D,F). Imatinib pre-treatment, even at higher
concentrations, did not result in any significant effect on AngII-
evoked Ca2+release (Figures 5E,F).

Sunitinib Treatment Increases Oxidized
CaMKII Expression in Cardiac Fibroblasts
The effects of TKI treatment on agonist-induced intracellular
Ca2+ mobilization, combined with the effects on cell viability,
raised the possibility that TKIs may affect Ca2+ dependent
processes within CFs and, in particular Ca2+-dependent protein
activation. Previous work has shown that the Ca2+ dependent
protein kinase, CaMKII, is activated and expression levels of the
delta isoform (CaMKIIδ) are significantly increased in guinea pig
cardiac homogenates following in vivo infusion of sunitinib and
imatinib (22).We therefore examined the effects of chronic (18 h)
treatment of CFs with both TKIs (at 1 and 10µM) on CaMKIIδ
expression and CaMKII activation (via either phosphorylation
or oxidation). TKI treatment of CFs did not alter CaMKIIδ
expression (Figure 6A) nor was phosphorylation of CaMKII
affected. Interestingly though, sunitinib treatment did increase
CaMKII activation via oxidation at 1µM sunitinib. There was
a subsequent decrease in oxidation at 10µM sunitinib likely
due to cell death as indicated by the lower signal for GAPDH
(Figures 6C,D). Imatinib treatment had no discernible effect on
CaMKII expression or activation.

TKI Treatment Increases Mitochondrial
Superoxide Production That Is Reversed
With CaMKII Inhibition
Since sunitinib can cause activation of CaMKII via oxidation
in CFs, we next explored whether TKI treatment may result in
elevated levels of reactive oxygen species (ROS) in these cells.
Furthermore, we were intrigued to explore the possibility that
any TKI-mediated increase in ROSmay be viaCaMKII-mediated
effects at the level of the mitochondria. To investigate the
possible role of mitochondrial ROS in mediating the cardiotoxic
mechanism of TKIs, the mitochondrial superoxide indicator,
MitoSOX Red, was used to determine changes in mitochondrial
superoxide production.
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FIGURE 3 | Sunitinib treatment causes increased necrosis in cardiac fibroblasts. Cells were treated with sunitinib (0.1–10µM) in the presence of serum for 18 h. Cell

viability was determined by PI and AnV staining. (A) Representative flow cytometry dot plots with double Annexin V-APC/PI staining for cells treated with sunitinib.

(B) Histograms detailing the percentage of (i) healthy (ii) early apoptotic (iii) late apoptotic and (iv) necrotic cells following sunitinib treatment. Results are expressed

as mean ± S.E.M (n = 3, *p < 0.05).

Live cell imaging revealed that both sunitinib and imatinib
significantly increased mitochondrial superoxide production
in CFs. This is evident at all concentrations tested and the
fold-changes observed following TKI treatment were markedly
higher than that observed with the mitochondrial complex III
inhibitor Antimycin A, which was used as a positive control
for increased superoxide production (Figures 7A(i),(ii)).

Sunitinib resulted in considerably higher fluorescence than
imatinib (Figures 7B(i) vs. 7C(i)), again suggesting the
increased potency and cardiotoxic potential of sunitinib
when compared with imatinib. Interestingly, when CFs were
pre-treated with the CaMKII inhibitor KN-93, sunitinib-
mediated superoxide production was significantly reduced
(Figure 8A). Moreover, in cells treated with 10µM imatinib,
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FIGURE 4 | Imatinib treatment does not cause apoptosis or necrosis in cardiac fibroblasts. Cells were treated with imatinib (0.1–10µM) in the presence of serum for

18 h. Cell viability was then determined by PI and AnV staining. (A) Representative flow cytometry dot plots with double Annexin V-APC/PI staining for cells treated

with sunitinib. (B) Histograms detailing the percentage of (i) healthy (ii) early apoptotic (iii) late apoptotic and (iv) necrotic cells following imatinib treatment. Results

are expressed as mean ± S.E.M (n = 3).

KN-93 pre-treatment completely abolished imatinib-induced
mitochondrial superoxide production (Figure 8B).

DISCUSSION

In the current study we have evaluated the effects of sunitinib
and imatinib on both phenotype and function of adult rat CFs to
gain insight into possible mechanisms underlying the cardiotoxic
profiles of both drugs in the non-contractile fibroblasts of the
heart. Effects on cell phenotype, viability, intracellular Ca2+

release and mitochondrial superoxide production were assessed

and, for the first time, a potential role for CaMKII activation via
oxidation as an underlying mechanism of action of sunitinib in
CFs was highlighted. Interestingly, but unsurprisingly, sunitinib
and imatinib exerted differential effects on CFs and this may
provide an indication of the broader cardiotoxic potential of
each drug.

Initial characterization of CFs was performed using
immunocytochemistry and this revealed distinct vimentin
staining of CFs with low levels of SMCa and altered distribution
of vWF confirming results from previous studies (27, 28).
Importantly, the distinction between CFs and MFs was
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FIGURE 5 | Sunitinib increases Angiotensin II—induced Ca2+ mobilization in cardiac fibroblasts. (A) Effect of increased AngII concentrations (0.01–10µM) on

intracellular Ca2+ mobilization (B) Representative trace of Ca2+ mobilization in response to 0.3µM AngII stimulation (C) Effects of increasing concentrations of

sunitinib (0.001–1µM) on AngII induced Ca2+ mobilization. Sunitinib in the absence of Ang II is also shown. Results shown are mean data from one experiment,

representative of five other experiments. (D) Comparison of maximal (1µM) sunitinib Ang II-induced Ca2+ mobilization vs. control. (E) Effects of increasing

concentrations of imatinib (1–10µM) on AngII induced Ca2+ mobilization. (F) Effects of TKI-treatment on peak agonist-induced Ca2+ mobilization. Calcium

mobilization was determined by measuring fluorescence at Ex:494/Em:525 nm. Results are expressed as mean ± S.E.M of 6 biological replicates, *p < 0.05.

highlighted with a clear difference in phenotype and SMCa
staining across the two (Figure 1A). Treatment of CFs with
sunitinib and imatinib at relatively low concentrations (1–
10µM) and in the presence of serum enabled a realistic
assessment of the potential for these drugs to affect CF
phenotype and performance in the clinical setting. Previous
investigations have often used much higher concentrations
of drugs which may not be clinically relevant (29) and very
few studies have assessed the effects on CFs (11). Sunitinib
induced clear alterations in cell phenotype and viability at
concentrations as low as 1µM whereas imatinib effects were
less pronounced and phenotypic changes only started to become
evident at a 10-fold higher concentration. This pattern was
maintained when the effects of both drugs on cell viability were
studied in more detail. Using MTT assays and FACS analysis, a
sunitinib-induced reduction in viability was observed at 3 and
10µM with significant levels of necrosis occurring at 10µM
(Figures 2, 3). There were no significant effects of imatinib at any

of the concentrations tested (Figures 2, 4). These observations
fit with the differences observed in cardiotoxicity reported for
these drugs in the clinic (29–31). Differences in % viability
were detected across MTT and flow cytometry and this reflects
the differences in sensitivity between both assays. Importantly,
imatinib did not induce any measurable change in viability
assessed via either assay.

Previous work by our group has highlighted that acute and
chronic treatment of guinea pigs with sunitinib and imatinib
can alter the expression and/or activity of CaMKII measured
in ventricular cardiac homogenates (22). CaMKII is well-
established as a pivotal molecule in cardiac physiology regulating
cellular processes such as excitation-contraction coupling,
cellular mechanics and energetics (32, 33). CaMKII is also
recognized as an important mediator of pathological signaling
and remodeling in disease (34, 35). As well as a recognized role
in cardiomyocyte physiology and pathophysiology, a role for
CaMKII in CF dysfunction has also been highlighted (27). The
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FIGURE 6 | Sunitinib treatment increases ox-CaMKII expression in cardiac fibroblasts. Following the indicated treatments with either sunitinib or imatinib, CaMKIIδ

expression or CaMKII activation via phosphorylation or oxidation was determined via quantitative immunoblotting (A) CaMKIIδ expression, normalized to GAPDH

(B) Phos-CaMKII expression, normalized to CaMKIIδ (C) Ox-CaMKII expression, normalized to CaMKIIδ (D) Representative immunoblot showing CaMKIIδ expression

and CaMKII activation following TKI treatment. Results are expressed as mean ratios protein: GAPDH ± S.E.M and are normalized to control (n = 3, *p < 0.05).

possibility that sunitinib and/or imatinib might alter CaMKII
activity in CFs has not previously been explored but this could
be a central factor contributing to the underlying mechanism
of cardiotoxicity. In particular, given the contribution that
CFs have to extracellular matrix deposition and to cardiac
myocyte function, detrimental effects on CF viability by TKIs
could impact directly upon cardiac contractility leading in
particular to impaired diastolic function. Interestingly, sunitinib
was able to increase AngII-mediated intracellular Ca2+ release
and this trend was evident at all concentrations of sunitinib
tested (0.001–1µM), becoming significant at 1µM. Lower
concentrations were used in these experiments to closely mirror
plasma concentrations that are seen in patients (24, 36) and
to investigate whether intracellular signaling (in the form of
Ca2+ release) may be more sensitive to drug-induced effects
than those effects observed phenotypically and functionally.
Although imatinib appeared to increase intracellular Ca2+, this
effect was not significant even up to 10µM imatinib. This raises
the potential that sunitinib (and possibly imatinib) may have
for exacerbating Ca2+-activated responses. The contribution
that excess Ca2+ release has toward apoptosis and necrosis
is well-documented (37, 38). Sustained CaMKII activation
is a central feature of these pathological processes and the
enzyme is initially activated in response to increased intracellular
[Ca2+]. CaMKII can also be activated by post-translational
modifications downstream of Ca2+/calmodulin binding. This
can include autophosphorylation, oxidation, S-nitrosylation and

O-GlcNAcylation. All of these modifications can occur during
sustained and pathological activation (39). Here, for the first time,
we have investigated the ability of both sunitinib and imatinib
to induce either phosphorylation or oxidation of CaMKII. As
well as the possibility that both drugs may activate CaMKII
via elevations in intracellular Ca2+, data shown here suggest
that sunitinib can also cause oxidation of CaMKII in CFs
(Figure 6). Oxidation of CaMKII is able to alter the Ca2+

sensitivity of the enzyme enabling activation at low intracellular
[Ca2+] and sustaining activity in the absence of Ca2+/calmodulin
(40, 41) and this may be a means by which the cardiotoxic
effects of CaMKII are harnessed by certain anti-cancer drugs.
This mode of activation of CaMKII may be a distinguishing
feature in differences in mechanism of action between the
two TKIs although this would require further investigation.
Interestingly, CaMKII has been linked to activation of a regulated
form of necrosis, termed necroptosis (33). Necroptosis can be
triggered via activation of receptor-interacting protein (RIP3)
which has CaMKII as a substrate, and it has been shown that
disruption of either RIP3 or CaMKII can significantly reduce
cell death (42). Here we have shown that sunitinib can induce
necrosis (we have not assessed necroptosis) and can activate
CaMKII. It is possible that the two processes are linked in
the mechanism of action of sunitinib-induced cardiotoxicity
in CFs.

Since increased oxidation of CaMKII was evident following
sunitinib treatment, we investigated whether either sunitinib
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FIGURE 7 | Sunitinib and imatinib treatments both cause increased mitochondrial superoxide production in cardiac fibroblasts. (Ai) Histogram showing superoxide

production assessed via fluorescence intensity in antimycin A and vehicle treated CFs (Aii) Representative images of MitoSOX Red analysis of antimycin A and vehicle

treated samples. (Bi) Superoxide production assessed via fluorescence intensity in sunitinib treated CFs (Bii) Representative images of MitoSOX Red analysis of

sunitinib treated samples. (Ci) Superoxide production assessed via fluorescence intensity in imatinib treated CFs (Cii) Representative images of MitoSOX Red analysis

of imatinib treated samples. Scale bar 100µm. Results shown are mean data from one experiment (n = 10), representative of two other experiments (*p < 0.05).

or imatinib treatment could result in increased levels of
mitochondrial superoxide. Although the role of ROS in cardiac
pathophysiology remains unclear, ROS have been implicated
in a variety of processes that affect cardiac function, both
contractile and non-contractile processes (43, 44). While ROS
have been implicated in the pathogenesis of anthracycline
induced cardiotoxicity, there is less evidence of the effects
of ROS in TKI-induced cardiotoxicity, particularly relating
to effects on non-contractile cells of the heart. Importantly,
current evidence suggests that anti-oxidant therapy does not offer
cardioprotection against anthracycline-induced cardiotoxicity
(5). Therefore, a better understanding of how ROS production
may be mediated by anti-cancer agents and relate to cardiotoxic
effects is required. Here we have shown that both sunitinib

and imatinib can induce significant increases in mitochondrial
superoxide in CFs following 18 h treatment and this occurs across
all concentrations tested (1–10µM) (Figure 7). Interestingly,
when we pre-treat CFs with a CaMKII inhibitor (KN-
93) and repeat TKI treatment at the highest concentrations
of TKI tested (10µM), the effects of both sunitinib and
imatinib on mitochondrial superoxide production are abrogated
(Figure 8). It is likely that KN-93 will inhibit global CaMKII
in the CF and this may explain why we see an effect on
imatinib induced superoxide production in the absence of any
quantifiable CaMKII activation in this study. These results
highlight that interventions interfering with CaMKII targeting
to the mitochondria or with CaMKII oxidation are worthy
of further study. Methionine sulfoxide reductase A (MsrA)
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FIGURE 8 | KN-93 reduces mitochondrial superoxide production in both sunitinib and imatinib treated cardiac fibroblasts. (Ai) Superoxide production assessed via

fluorescence intensity in sunitinib treated CF in the presence (+) or absence (−) of 5µM KN-93. (Aii) Representative images of MitoSOX Red analysis of sunitinib

treated samples in the presence (+) or absence (−) of KN-93. (Bi) Superoxide production assessed via fluorescence intensity in imatinib treated CF in the presence

(+) or absence (−) of KN-93. (Bii) Representative images of MitoSOX Red analysis of imatinib treated samples in the presence (+) or absence (−) of KN-93. Scale bar

100µm. Results shown are mean data and images from one experiment where the same control (−) presented previously for non-KN 93 treatment has been used as

a reference comparison for control (+) (n = 10). Imatinib and sunitinib treatments from the same experiment have been presented separately for clarity and are

representative of two other experiments (*p < 0.05).

can reduce oxidized CaMKII and could be a promising target
to limit TKI-induced oxidative stress (40). It is possible that
sunitinib-induced effects on CaMKII oxidation and superoxide
production are not mutually exclusive and one may exacerbate
the other driving toxicity (Figure 9). These mitochondrial events
are already known to be a central feature of myocardial
disease (45).

Recent work using transgenic mice and computational
modeling has shown that myocardial infarction surgery causes
significant elevation of mitochondrial CaMKII along with
left ventricular dilatation. Pathological remodeling is reversed
in mice with genetic mitochondrial CaMKII inhibition (46).
The significance of mitochondrial targeted CaMKII activation
and inhibition in the switch between normal function and
pathological consequences is striking and is pertinent to the
results presented in the current study.

CONCLUSION

For the first time we have demonstrated differential cardiotoxic
effects in adult CFs in response to sunitinib and imatinib at
low, clinically relevant concentrations of each drug. We have
shown that sunitinib is capable of mediating an increase in
agonist-induced [Ca2+]i and can activate CaMKII via oxidation.
Both drugs lead to significant elevation of mitochondrial
superoxide production and this is reversed in the presence of
CaMKII inhibition. The implications of these results suggest
that TKI-mediated cardiotoxicity could be reduced or reversed
via targeted CaMKII inhibition. Development of CaMKII
inhibitors to target heart disease is already ongoing. The
use of more targeted CaMKII inhibitors in the treatment of
anti-cancer drug cardiotoxicity could be an additional niche
area for the pharmaceutical industry and fundamentally, could
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FIGURE 9 | A proposed mechanism for sunitinib-induced mitochondrial dysfunction in adult cardiac fibroblasts. Schematic showing proposed sunitinib-induced

events at the level of the mitochondria in CFs. Sunitinib treatment may exert direct effects on mitochondrial superoxide production that can then result in CaMKII

oxidation. Sunitinib-induced increases in CaMKII oxidation and activation can then go on to cause elevated superoxide production so a positive feedback loop may

exist exacerbating the cardiotoxic effects. The combination of elevated CaMKII oxidation and increased superoxide production ultimately causes toxicity at the level of

the mitochondria and can contribute to CF cell death.

represent a new and important therapeutic approach in the field
of cardio-oncology.
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Since the approval of the first immune checkpoint inhibitor (ICI) 9 years ago, ICI-therapy

have revolutionized cancer treatment. Lately, antibodies blocking the interaction of

programmed cell death protein (PD-1) and ligand (PD-L1) are gaining momentum as

a cancer treatment, with multiple agents and cancer types being recently approved for

treatment by the US Food and Drug Administration (FDA). Unfortunately, immunotherapy

often leads to a wide range of immune related adverse events (IRAEs), including several

severe cardiac effects and most notably myocarditis. While increased attention has

been drawn to these side effects, including publication of multiple clinical observational

data, the underlying mechanisms are unknown. In the event of IRAEs, the most

widely utilized clinical solution is administration of high dose corticosteroids and in

severe cases, discontinuation of these ICIs. This is detrimental as these therapies are

often the last line of treatment options for many types of advanced cancer. In this

review, we have systematically described the pathophysiology of the PD-1/PD-L1 axis

(including a historical perspective) and cardiac effects in pre-clinical models, clinical

trials, autoimmune mechanisms, and immunotherapy in combination with other cancer

treatments. We have also reviewed the current challenges in the diagnosis of cardiac

events and future directions in the field. In conclusion, this review will delve into this

expanding field of cancer immunotherapy and the emerging adverse effects that should

be quickly detected and prevented.

Keywords: cardio-oncology, immunotherapy, PD-1—PDL-1 axis, immune check inhibitor (ICI), immune related

adverse effects

INTRODUCTION

Immunotherapy is an emerging avenue for targeting cancer, particularly for difficult to treat
cancers, like melanoma and non-small cell lung cancer (1). As a target for one type of ICI,
some tumor cells express PD-L1 on their surface to evade detection by T-cells, which have the
corresponding receptor PD-1 (Figure 1A). Monoclonal antibodies designed against PD-1 and
PD-L1 are used to block that interaction, allowing for T-cell activation, ultimately leading to
tumor cell death (Figure 1B). However, PD-L1 is also expressed by other, non-immune cells to
maintain self-tolerance (Figure 1A) (2). There have been a wide range of different IRAEs, which
are often reversible and associated with treatment response in most patients. More severe forms
of IRAEs have been recorded, mostly with combined ICI medications. These IRAEs have led to
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FIGURE 1 | Mechanisms of tumor evasion, immunotherapy, and cardiac autoimmunity in relation to immune checkpoints. (A) T-cells can receive inhibitory signals

from CTLA-4 and PD-1/PD-L1 that tumor cells can also take advantage of. However, the pathways are also used to maintain self-tolerance. (B) T-cell activation can

occur with co-stimulation from MHC/TCR and B7/CD28 interactions and immune checkpoint inhibitors. While these T-cells can be used to kill tumor cells, this therapy

may come at the expense of immune-related adverse events, such as against cardiac cells.

the discontinuation of therapy in nearly 40% patients (2). Skin
and gastrointestinal reactions are common but one of the most
severe side effects is myocarditis. While the rate of early onset
myocarditis in clinical trials was rare (<1% incidence at the time
of FDA approval), the frequency increased with combination
immunotherapy (2–4). There have also been reports of several
other cardiotoxic effects, including pericarditis and myocardial
infarction (4). Drobni et al. (5) reported a three-fold increased
risk of atherosclerotic cardiovascular events with ICI use. While
steroids are commonly used in the management of IRAEs,
immunosuppressive agents are indicated for severe or steroid-
refractory cases. Still, based on the severity of symptoms, IRAEs
can lead to delay or discontinuation of ICI therapy (6). As these
ICIs are being increasingly utilized in cancer patients, the rate of
myocarditis has also increased (7).

Despite the rise of ICI-induced myocardial diseases, there is a
gap in knowledge related to the pathological mechanisms. Several
pre-clinical studies have attempted to model the clinical findings
but produced discrepant results. Although PD-1 knockout mice
display different cardiomyopathies (8, 9), cardiac inflammation
has been difficult to model in animals with only PD-1/PD-L1
antibodies. In this review, we will cover the basic pathophysiology
of PD-1/PD-L1 blockade, pre-clinical models, early clinical
trials, recent combination therapy protocols, and proposed
autoimmune mechanisms for these pathologies. Finally,

we will conclude with current challenges diagnosing these
cardiac events.

Basic Pathophysiology of PD-1/PD-L1 Axis
The PD-1 receptor was discovered in a screen of genes associated
with apoptosis and found to be inducible on T- and B-cells (10,
11). In a knockout mouse, the animals developed autoimmune
effects that varied in organs and mouse strains (12). Nishimura
et al. predicted that PD-1 suppresses the immune system for
self-tolerance. The ligand PD-L1 was found by Dong et al.
(13) to negatively regulate T-cells. However, the ligand was not
elucidated to interact with the PD-1 receptor until later by
Freeman et al. (14) Along with the other ligand PD-L2 (15), these
groups found PD-L1 displayed on antigen presenting cells (APC)
and tumor cells (16, 17).

Functionally, tumor cells can evade immune detection by
displaying PD-L1 on the surface of their cells via “innate” and
“adaptive” responses (18). Ongoing studies are also investigating
PD-L1 expression as a predictor of ICI efficacy or future tumor
relapse. Innate, constitutive expression differs from adaptive,
downstream effects of inflammatory cytokines. While some
cancer cell lines, such as melanoma, often do not constitutively
produce PD-L1 in vivo, expression is stimulated significantly by
interferon-γ (IFN-γ) and with interleukin-1α (IL-1α) and IL-27
(19). These cytokines influence expression via distinct signaling

Frontiers in Cardiovascular Medicine | www.frontiersin.org 2 February 2021 | Volume 8 | Article 61965028

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Xu et al. Immunotherapy: Cardiotoxicity Pre-clinical/Clinical Studies

pathways that may work synergistically and allow for tumor
resistance to immunotherapy treatments.

By blocking this PD-1/PD-L1 interaction through ICIs,
immune cells (such as cytotoxic T-cells) are allowed to attack
tumor cells. In that regard, immune cell infiltration in the tumor
microenvironment may affect the efficacy of immunotherapy
(20). Some tumors have little to no immune infiltration, which
may be due to lack of immune cell trafficking to the site (21). PD-
L1 is often upregulated in tumors in response to inflammation in
an attempt to neutralize the immune cell response. As a result,
the infiltrating immune cells exhibit a phenotype of decreased
function, including expression of negative regulators like PD-1,
where T-cells are present but have reduced cytotoxic function
(21). Overall, there are many interactions between the tumor and
immune cells that either enhance or hinder ICI therapy.

The PD-1/PD-L1 axis has progressed rapidly from its
discovery to cancer treatment. By employing the immune system
against tumor cells, this innovative therapy can be utilized for
a number of cancer types. However, IRAEs and autoimmune
events were observed even early on in pre-clinical experiments.

Early Pre-clinical and Clinical Studies
Subsequent work on the PD-1 receptor found that knockout
had varying effects based on the background of the mice.
Interestingly, PD-1 knockout in C57BL/6 mice displayed a
normal phenotype (22). However, in a BALB/c knockout,
Nishimura et al. (12) observed dilated cardiomyopathy, reduced
cardiac function, and antibody deposition on cardiomyocytes.
Further images from Okazaki et al. (8) showed mouse serum
cross-reactivity against rat tissue cardiac troponin I (cTnI).
Administration of cTnI antibodies to wild-type mice also led to
decreased ejection fraction (EF) and increased calcium current
in vitro.

In the more autoimmune susceptible MRL mouse strain,
PD-1 knockout led to fatal myocarditis and the formation of
autoantibodies against cardiac myosin (9). The MRL mouse
phenotype simulates disease in the same tissues as humans
with lupus, except the mice lack overt heart disease, increasing
the importance of this finding (23). This could explain
why ICI therapy is poorly tolerated by patients with pre-
existing autoimmune diseases (3). However, patients with these
conditions are excluded from clinical trials and the benefits
vs. risks should be considered with an individual’s disease
progression (24). With the MRL mice, Wang et al. (9) proposed
that mouse fatalities were due to congestive heart failure as a
result of heart dilation. They also found T-cells in the heart and
PD-L1 expressed on cardiomyocytes.

In contrast, Grabie et al. (25) found that endothelial PD-
L1 expression was upregulated in their induced model of
CD8+ T-cell-mediated myocarditis. Blockade of PD-L1 led to
increased cardiac inflammation and circulating cTnI. PD-L1 has
been found in non-immune cells and the expression in either
cardiomyocytes or endothelial cells supports self-tolerance and
the progression of cardiotoxic IRAEs.

Yet due to strain variability in mice, the low rate of
myocarditis, and lack of diagnostic modalities in both animals
and patients, it is difficult to induce and detect these adverse

cardiac effects in pre-clinical models. Additionally, humans and
mice are exposed to different antigens, limiting the ability to
model IRAEs. In response, an option is to lower immune self-
tolerance in mice through genetic modifications (26).

In clinical trials, the occurrence of myocarditis in clinical
trials was rare but may be underestimated from lack of routine
diagnostic imaging and cardiac monitoring. In an early analysis
of ICI-induced myocarditis, 46% of patients also experienced a
major adverse cardiac event (MACE), including cardiac arrest
or death. Many cases had abnormal electrocardiogram, increased
levels of cardiac troponin, and reduced left ventricular EF below
50% (27). Clinical biopsies and autopsies have confirmed cases
of immunotherapy-related myocarditis and observed T-cells (27)
and macrophages infiltrated in the heart (3). Similarly, in a
mouse model, PD-1 blockade significantly increased cytotoxic
T-cells in the myocardium (28). In another mouse study, PD-
1 antibodies influenced macrophage infiltration and subsequent
M1 polarization (29). However, translational discrepancies
between mouse models and the clinical presentation of IRAEs
hinder mechanistic research and possible therapeutic options.
Finally, in this review, we will investigate the adverse effects of
multimodality treatment and autoimmune mechanisms.

Autoimmune Side Effects in Combination
With Radiation Therapy
Radiation and immunotherapy have been separately utilized
to treat cancer, but both have limiting side effects on several
organs, including the heart. As with other cancer treatments,
immunotherapy with radiotherapy is being investigated as a
more efficacious treatment option than monotherapy. Although
the combination of radiation and immunotherapy is not
currently common in practice, it may become more prevalent
as ICIs gain more use as front-line treatment options.
Some researchers have studied the cardiac side effects of
immunotherapy in subsets of patients who underwent prior
radiation exposure. While the disease response to ICI was found
to be better in irradiated patients, ICI-related pulmonary toxicity
was significantly higher in this cohort. The cardiotoxic potential
of such combination therapy warrants further studies (30).

Animal and clinical studies show synergistic efficacy of
combination therapy with radiation and ICIs (28, 30, 31).
Researchers have also observed an abscopal effect where the
treatment is potent against even non-irradiated tumor cells
(30, 31). Other data supported that ablative radiation has
anti-tumor effects dependent on cytotoxic T-cells (32). While
this combination therapy may enhance anti-tumor effects (31),
it comes at the risk of cumulative cardiotoxicity. Combined
with radiation, PD-1 blockade appears to exacerbate radiation-
initiated cardiac inflammation (28). Cumulative cardiotoxicity
and inflammation have been observed in mouse models with
thoracic irradiation and PD-1 blockade (33). However, radiation
targeted to the lungs and PD-1 antibody did not cause mortality,
suggesting cardiac inflammation as the primary mediator (28).
Radiation-induced heart disease has been characterized with
fibrosis and acute production of inflammatory cytokines (34) and
can be compounded with ICI-induced cardiac dysfunction.
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The presence of PD-L1 on non-immune cells is associated
with self-tolerance from immune cells (2). Previous work has
shown that PD-L1 can be induced in vitro on cardiomyocytes (35)
and endothelial cells (36) with the addition of IFN-γ, although
untreated cardiomyocytes did not have detectable levels of PD-L1
while endothelial cells had constitutive expression. In the study
investigating cardiomyocytes, Seko et al. proposed IFN-γ may
be produced by infiltrating immune cells in viral myocarditis.
Radiotherapy itself may cause cardiac inflammation, including
immune cell infiltration. In their model of viral myocarditis,
PD-1 blockade increased myocardial inflammation and IFN-γ
expression (35).

Autoimmune Side Effects With
Combination Immunotherapy
The FDA first approved Ipilimumab in 2011 (anti-cytotoxic T-
lymphocyte associated protein-4 or CTLA-4). Since accepting
Pembrolizumab and Nivolumab in 2014 (anti-PD-1) and
Atezolizumab in 2016 (anti-PD-L1), these ICIs have seen
expanded use in more cancer types (37–40). The agency also
approved a combination immunotherapy with Ipilimumab and
Nivolumab in 2015 (41). This specific combination of ICIs
has been shown to be more efficacious than monotherapy
in several clinical trials for melanoma, non-small cell lung
cancer, and colorectal cancer (42–45). While the use of multiple
immunotherapy agents has gained traction, it often comes at the
expense of additional toxicity. In an analysis on Vigibase of ICI
case reports from global WHO data, Wei et al. (46) reported that
combination blockade against CTLA-4 and PD-1/PD-L1 had an
increased rate of myocarditis than monotherapy alone (1.22%
vs. 0.54%).

Combination therapy appeared to induce IFN-γ and tumor
necrotic factor (TNF-α) production in mouse cardiac tissue
(28). Furthermore, older treatments with CTLA-4 blockade had
higher rates of IRAEs and the combination of PD-1 and CTLA-4
inhibition led to increased myocarditis cases (27). In contrast to
the PD-1/PD-L1 axis, CTLA-4 is expressed on activated T-cells
and leads to downstream deregulation of T-cell function. Du
et al. (47) proposed that anti-CTLA-4 therapy and IRAEs have
distinct mechanisms of action and showed that within the tumor
microenvironment, CTLA-4 blockade locally decreases Tregs and
allows other T-cells to elicit their effects. In contrast, IRAEs
may be caused by activation and expansion of autoreactive
T-cells in lymphoid organs. CTLA-4 knockout causes severe
myocarditis, inflammation of numerous organs, and early death
(48). Additionally, CTLA-4 and PD-1 utilize distinct mechanisms
of the Akt pathway, which can function for synergistic tumor
regulation and IRAEs (49).

Du et al. (47) were able to differentiate the mechanisms of
CTLA-4 immunotherapy and adverse effects by administering
Ipilimumab in a humanized CTLA4 knock-in mouse. When this
model included PD-1 antibody, severe IRAEs were observed,
including inflammation of many organs. The researchers
observed dilated cardiomyopathy, myocarditis, and elevated
serum cTnI. The combination treatment amplified the severity of
autoimmune reaction with more autoreactive T-cells and Tregs.

Recently, Wei et al. (46) created a mouse model with
heterozygous CTLA-4 loss and PD-1 knockout to model clinical
myocarditis, which displayed cardiac electrical abnormalities,
myocardial inflammation, and increased mortality. Interestingly,
they used Abatacept (a recombinant CTLA-4 and IgG fusion
protein) to rescue the inflammation and prevent mortality in
mice. However, the clinical utility of this approach will warrant
further studies, especially considering its unknown effects on
tumor growth.

Combination therapy against both PD-1 and PD-L1 can also
have negative consequences. Liu et al. (50) observed fulminant
cardiotoxicity from sequential PD-1 and PD-L1 blockade in a
patient with lung adenocarcinoma. A similar treatment protocol
in mice showed an increased anti-tumor effect but at the expense
of myocardial injury and lesions. Other studies have observed
increased expression of PD-L1 in injured cardiomyocytes in
attempts to attenuate T-cell infiltration following inflammation
(3, 51). In response, Liu et al. proposed that concurrent or
subsequent blockade of PD-L1 after injury may exacerbate
inflammation and lead to fulminant myocarditis.

Mechanisms of Autoimmunity and
Potential Autoantigens
Previously, patients with prior autoimmune diseases were not
included in immunotherapy clinical trials. Retrospective studies
have shown that there is a similar or slightly higher rate of IRAEs
with these patients, although the effects are often manageable
without the need to end ICI treatment (52–54). Current ongoing
clinical trials (NCT03816345) will aid in elucidating the safety
of immunotherapy (specifically Nivolumab) with a larger sample
size and patients with a spectrum of autoimmune diseases.

In a mouse model, experimental autoimmune myocarditis
(EAM) was induced by injecting a fragment of cardiac
myosin to induce inflammation (55). Tsuruoka et al. observed
more severe adverse effects with subsequent PD-1 blockade,
including increased immune cell infiltration and expression of
interleukins, collagen, and PD-L1. However, cardiac function
was not significantly changed. In contrast, concurrent PD-1
antibody administration appeared to decrease CD4+ cell counts
and there were no changes in the expression of previously
observed genes. As the authors concluded, this data may support
that prior autoimmune deficiencies can affect the presence of
subsequent IRAEs.

At present, there are also different proposed mechanisms
as to whether T-cell reactivity to antigens or autoantibody
formation play a role in IRAEs (24). While the presence of
immune cell infiltration, most often T-cells, is confirmation
of myocarditis, previous animal and clinical data also support
the role of autoantibodies. Another hypothesis is a “shared”
antigen between cardiomyocytes and tumor cells that stimulates
the T-cell infiltration of the myocardium (56). In addition,
autoreactive T-cells (some sensitive to cardiac antigens) may be
unintentionally released into the periphery from maturation in
the thymus (57).

Elevated cardiac troponin levels in serum are a common
biomarker for myocardial injury and cardiac troponin T (cTnT)
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was previously found to be elevated in a majority of ICI-induced
myocarditis cases (27). Interestingly, autoantibodies against
cTnT were observed in a patient with fatal Pembrolizumab-
mediated myocarditis (58). Two further patient samples of
ICI-mediated myocarditis displayed deposition of IgG in
foci and the presence of autoimmune-related Th17 cells
(59). In one of those patients, there was also an increased
expression of autoimmunity-associated genes and serum
presence of an immunogenic cTnI peptide and IgG against that
sequence. However, not all cases of ICI-mediated myocarditis
have observed similar IgG deposition. Bockstahler et al.
proposed a potential mechanism where self-tolerance is
abrogated by PD-1/PD-L1 blockade. Subsequent tissue
damage releases self-antigens, such as cardiac troponin or
myosin from cardiomyocytes. The authors hypothesized that
antigen presentation by dendritic cells and inflammatory
cytokines can lead to increased self-reactive CD4+ T-cells.
These cells can then differentiate to Th17 effector cells,
thereby decreasing Tregs and supporting the formation
of autoantibodies.

Based on observations of IgG deposition against cTnI and
cardiomyocytes in previous mouse models, Bockstahler et al.
(59) injected mice with immunogenic cTnI peptide to create
a model of EAM. Similar to patient samples, there were
leukocyte infiltration and fibrosis in the myocardium. While
autoimmune mechanisms involving self-antigens and antibodies
are being investigated, modified mouse models are being
developed to resemble patient presentation. In addition, new
multimodality treatment protocols are utilized in clinical settings
and simulated in animals with often synergistic positive and
negative effects.

DISCUSSION

At present, ICI-related myocarditis is difficult to detect
in patients, even with serial testing of cardiac troponin
levels. cTnT was previously found to be elevated in a
majority of ICI-induced myocarditis cases (27). However,
in a study of ICI-treated non-small cell lung cancer cases,
most patients with detectable cTnI concentration could be
linked to a pre-existing heart disease. One patient had no
previously diagnosed heart disease and was hypothesized to
have benign, Nivolumab-induced myocarditis (60). In their
conclusion, Sarocchi et al. supported the use of cardiac
troponin testing with an emphasis on baseline conditions and
pre-existing disease.

In contrast, many cases do not display decreased LVEF but
a recent study observed decreased global longitudinal strain
(GLS), with or without preserved EF, that correlated with
MACE (61). While endomyocardial biopsies are definitive
(but invasive) confirmations of myocarditis, cardiac magnetic
resonance imaging (MRI) and strain analysis (calculated from
MRI) could also be used to detect abnormalities (62). As ICIs
are gaining more utility in a number of cancer types, there
will be a growth in the patient population being treated and

TABLE 1 | Diagnostic considerations for ICI-induced myocarditis and cardiotoxic

events.

1. Assessment of risk factors Prior cardiovascular events and risk factors for

atherosclerotic coronary artery disease

2. Biomarker analysis • Baseline and serial cardiac troponin I

• B-type natriuretic peptide

3. Diagnostic testing and imaging • Electrocardiogram for abnormal PR, QRS

and QTc intervals, and evidence of atrial and

ventricular arrhythmias

• Echocardiogram to assess cardiac function

and myocardial wall motion

• Cardiac MRI for increased T2-signal intensity,

and abnormal early and late gadolinium

signal intensity in contrast-enhanced MRI

• Tagged cine MRI for strain analysis

4. Endomyocardial biopsy • Tissue edema

• Lymphocyte and macrophage infiltration

therefore the cases of myocarditis. It will be necessary to increase
screening procedures and research into the pathophysiology
of such adverse side effects. Sensitive cardiac troponin tests
can detect initial, subtle changes in the heart but abnormalities
should be further investigated with diagnostic imaging, as
shown in Table 1 (63). Echocardiogram can detect regional wall
motion abnormalities or decreased systolic function; however,
these abnormalities are detected only in a subset of patients
(27). Cardiac MRI is superior to echocardiography, allowing
tissue characterization of myocardial edema, inflammation,
and fibrosis. Because ICI-related myocarditis could lead to
the discontinuation of immunotherapy, tissue diagnosis from
an endomyocardial biopsy is still recommended whenever
feasible (64).

Another obstacle to characterizing these adverse side effects
is the lack of robust animal models. PD-1 knockout mice have
shown variable phenotypes but some of the seminal work on the
PD-1/PD-L1 axis observed a range of autoimmune and cardiac
defects. Currently, multimodality treatment options have gained
traction for cancer therapy butmay also have synergistic, negative
side effects. While these side effects are being investigated
in clinical trials, radiation and combination immunotherapy
protocols could also be utilized in animal models. Based on
the clinical experience, a combination immunotherapy treatment
could better exhibit ICI-inducedmyocarditis in an animal model.
There is also the utility of genetic models, including recent
advancements by Wei et al. (46) to create a CTLA-4 and PD-
1 genetically altered mouse model which showed myocarditis
in a similar pattern as seen in patients. Overall, the diagnosis,
pathology, and treatment of IRAEs is complex and requires more
research as immunotherapymatures into a more common cancer
treatment option.
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Purpose: Doxorubicin-related heart failure has been recognized as a serious

complication of cancer chemotherapy. This paper describes a cardiovascular safety

pharmacology study with chronic dosing of doxorubicin in a non-human primate model

designed to characterize the onset and magnitude of left ventricular dysfunction (LVD)

using invasive and non-invasive methods.

Methods: Cynomolgus monkeys (N = 12) were given repeated intravenous injections

of doxorubicin over 135 days (19 weeks) with dosing holidays when there was

evidence of significantly decreased hematopoiesis; a separate group (N = 12)

received vehicle. Arterial and left ventricular pressure telemetry and cardiac imaging

by echocardiography allowed regular hemodynamic assessments and determination of

LVD. Blood samples were collected for hematology, clinical chemistry, and assessment

of cardiac troponin (cTnI) and N-terminal pro b-type natriuretic peptide (NT-proBNP).

Myocardial histopathology was a terminal endpoint.

Results: There was variable sensitivity to the onset of treatment effects, for example

25% of doxorubicin-treated animals exhibited LVD (e.g., decreases in ejection fraction)

following 50–63 days (cumulative dose: 8–9 mg/kg) on study. All animals deteriorated

into heart failure with additional dosing 135 days (total cumulative dose: 11–17

mg/kg). Reductions in arterial pressure and cardiac contractility, as well as QTc interval

prolongation, was evident following doxorubicin-treatment. Both cTnI and NT-proBNP

were inconsistently higher at the end of the study in animals with LVD. Measurements

collected from control animals were consistent and stable over the same time frame.

Minimal to mild, multifocal, vacuolar degeneration of cardiomyocytes was observed

in 7 of 12 animals receiving doxorubicin and 0 of 12 animals receiving vehicle.
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Conclusions: This repeat-dose study of doxorubicin treatment in the cynomolgus

monkey demonstrated a clinically relevant pattern of progressive heart failure.

Importantly, the study revealed how both telemetry and non-invasive echocardiography

measurements could track the gradual onset of LVD.

Keywords: doxorubicin, macaca fascicularis, heart failure, QTc interval prolongation, echocardiography, telemetry,

troponin

INTRODUCTION

Doxorubicin (Adriamycin) has been a common treatment for
cancer since its introduction in the 1960s. It is well-known that
treatment is associated with cardiotoxicity which can progress
to congestive heart failure (CHF) (1). This concern limits the
use of doxorubicin in human patients. An early paper stated the
core concerning issue: “The morbidity and mortality rates related

to anthracycline-induced cardiotoxicity will continue to increase
because of several factors: significant cardiac injury, which occurs
even with low-dose therapy and commonly occurs with therapeutic
doses; the use of monitoring techniques that are often insensitive
to subclinical cardiac damage; lack of effective cardio protection;
and late-onset ventricular impairment occurring in asymptomatic
patients years after uncomplicated anthracycline treatment” (2).
These concerns persist to this day.

The mechanism underlying the cardiovascular toxicity may
be related to the generation of reactive oxygen species (ROS)
but it is well-appreciated that the toxicity is multifactorial and
includes effects stemming from mitochondrial impairment and
disruptions of myocyte calcium handling (3–5). The toxicity is
also strongly linked to the generation of secondary metabolites,
which can vary among the anthracyclines (6). More recently,
there has been a growing concern with delayed-onset degradation
of cardiac function (8). While the damage to the heart is

TABLE 1A | Doxorubicin dosing schedule indicating dosing levels on specific dosing days, dosing holidays, and indication of when animals were euthanized due to

deteriorating cardiovascular function.

NHP# Doxorubicin dose (mg/kg IV) and treatment day

1 8 15 22 29 36 43 50 57 63 70 78 86 92 99 106 113 120 127 135

104928 2 2 2 1 1 1 1 1 1 1 1 1 1

104929 2 2 2 1 1 1 1 1 1 1

104930 2 2 2 1 1 1 1 1 1 1 1 1 1

104931 2 2 2 1 1 1 1 1 1 1 1 1 1

104932 2 2 2 1 1 1 1 1

104933 2 2 2 1 1 1 1 1 1 1 1 1 1 1

104934 2 2 2 1 1 1 1 1 1 1

104935 2 2 2 1 1 1 1 1 1 1 1 1 1 1

104936 2 2 2 1 1 1 1 1 1 1

104937 2 2 2 1 1 1 1 1 1 1 1 1 1

104938 2 2 2 1 1 1 1 1 1 1

104939 2 2 2 1 1 1 1 1 1 1

Gray box: dosing holiday; black box: unscheduled sacrifice. The study concluded on day 135.

There were no unscheduled sacrifices in the control group.

thought to be immediate, a patient’s compensatory mechanisms
may delay the onset of clinically detectable changes for years
(7). With lifetime doxorubicin doses of 400–450 mg/m2, a
heart failure incidence of 5% (10% in older patients) can be
expected (8). Additionally, the combination of doxorubicin with
other cancer therapies (e.g., trastuzumab) augments the risk of
cardiotoxicity (9).

While clinical diagnostic tests are poor predictors of long-
term prognosis, they are used to diagnose and document the
extent of functional changes as cardiac injury progresses. ECG
changes such as QTc prolongation emerge during development
of sequelae to treatment (10). Likewise, measurements of
cardiac function derived from echocardiography such as ejection
fraction and fractional shortening as well as indices of diastolic
function are decreased in the patients who develop heart disease
following treatment with doxorubicin (11). Recent papers from a
consortium of pharmaceutical companies highlighted the utility
of measurements of left ventricular endpoints (e.g., dP/dtmax, an
index of cardiac contractility) as a biomarker of cardiac function
(12, 13).

The clinical manifestation of doxorubicin-related
cardiotoxicity has been modeled in several; preclinical species
such as rats, mice, rabbits, and dogs (14–18). The dosages and
dosing intervals used varied considerably across the studies.
With regard to higher species like the non-human primate,
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TABLE 1B | Plasma levels of doxorubicin (dox) at 8 and 24 h after intravenous dosing.

Day 1 Day 36 Day 78 Day 113

8 h 24 h 8 h 24 h 8 h 24 h 8 h 24 h

Dox (ng/ml) 31.6 ± 5.7 15.8 ± 3.5 16.5 ± 4.2 8.0 ± 1.6 19.0 ± 5.5 9.1 ± 2.7 16.4 ± 3.5 6.3 ± 1.3

All values are means ± SD (N = 12; except day 113 was N = 6).

TABLE 2 | Cumulative dose estimation for each animal treated with doxorubicin.

NHP# Total dosea mg/kg Mean dosing phase weightb (kg) Total dosec (mg) Dose/body surface aread (mg/m2)

104928 16 5.4 86 192

104929 13 4.6 53 156

104930 16 4.9 79 192

104931 16 4.5 72 192

104932 11 5.3 58 132

104933 17 4.5 77 204

104934 13 4.9 63 156

104935 17 5.4 92 204

104936 13 4.7 61 156

104937 16 5.9 94 192

104938 13 8.9 116 156

104939 13 8.8 114 156

Average (SD) 14.5 ± 2.0 5.6 ± 1.6 81 ± 20 174 ± 24

aTotal dose is a sum of each dose (mg/kg) administered to an individual animal during the dosing phase.
bMean body weight was calculated for all body weight intervals in the dosing phase for each individual animal.
cEstimated total cumulative dose is the total dose (mg/kg) administered multiplied by the mean body weight (kg) for each individual animal.
dThe dose per body surface area was determined by multiplying the total dose (mg/kg) administered to individual monkeys by a species-specific mass constant, km. For monkeys, the

km was 12 kg/m2 (24).

Cumulative dose levels were dependent on number of doses given which was limited by tolerability.

three evaluations of doxorubicin were conducted. One early
study used cynomolgus monkeys treated with doxorubicin (1
mg/kg monthly) for 26 months (19). Although clinical signs of
congestive heart failure were observed in the majority (8/10)
of animals, no quantitative measurements of cardiac function
were collected. In a second study (reported in abstract form),
a different doxorubicin dose regimen (2 mg/kg/week for 3
weeks followed by 1 mg/kg/2 weeks until evidence of cardiac
dysfunction occurred) was used in cynomolgus monkeys,
although the magnitude of echocardiography changes was
not stated (20). Lastly, Takayama et al. (21) demonstrated
that doxorubicin (1 mg/kg/every 4 weeks for 114 months)
administration caused myocardial structural changes related to
heart failure, but no functional measurements were collected
from those animals.

Given the important role and value of non-human primate
in cardiovascular safety assessments for new therapeutics (22),
and the lack of nonclinical information on the sensitivity of non-
human primate to doxorubicin-induced cardiovascular toxicity,
we characterized the effect of this clinically relevant anticancer
therapeutic in the cynomolgus monkey to better understand the
translational value of this animal model. In this study, serial
measures of cardiac function were examined in cynomolgus
monkeys given repeated doses of Dox. Assessments included
telemetry collection of electrocardiograms, hemodynamics,

circulating levels of cTnI and echocardiography. The study used
a dose regimen based on prior literature that was intended to
produce progressive decreases in left ventricular systolic function
while endeavoring to avoid non-cardiovascular toxicities (e.g.,
leukopenia) also associated with doxorubicin treatment.

METHODS

The effects of doxorubicin treatment on measures of cardiac
function were characterized in cynomolgus monkeys over an
observation period of up to 135 days. The study was performed
at Covance Laboratories, Inc. (Madison, WI).

Animal Care and Treatment
Male cynomolgus monkeys (Macaca fascicularis) of Chinese
origin obtained from Covance Research Products, Inc. (2–12
years old; 3–12 kg), were housed in stainless steel cages. Animals
selected for this study were based on age (planned retirement
from the colony) and expiring telemetry battery life. Care and
use of animals was as specified by United States Department
of Agriculture Animal Welfare Act (9 CFR, Parts 1, 2, and
3) and as described in the Guide for the Care and Use of
Laboratory Animals (23). Animals were individually or socially
housed indoors in species-specific housing at an Association

Frontiers in Cardiovascular Medicine | www.frontiersin.org 3 February 2021 | Volume 8 | Article 58714936

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Engwall et al. Doxorubicin Heart Failure Cynomolgus Monkey

FIGURE 1 | Hematology changes. Changes in white blood cell counts (A) and Hematocrit (B) over the course of the study.

for Assessment and Accreditation of Laboratory Animal Care-
accredited facility. All research protocols were approved by the
Covance Institutional Animal Care andUse Committee (IACUC)
prior to dose administration. Certified Primate Diet (#5048,
PMI, Richmond, IN) was provided daily in amounts appropriate
for the age and size of the animals. Animals had ad libitum
access to water (automatic watering system or bottle), were
maintained in standard housing conditions (12:12 h light:dark
cycle; 20◦ −26◦C; 30–70% humidity) and had enrichment
opportunities, e.g., food treats, fresh fruit, toys, and social
interaction. A veterinary medical treatment plan was developed
(pre-study) to provide supportive care based on clinical
observations, clinical pathology data, hemodynamic findings,
and/or echocardiography findings, including the management
of pain and suffering (euthanasia). Palliative and prophylactic

procedures were based upon consensus agreement between the
study director and attending laboratory animal veterinarian.
Terminal procedures included scheduled (day 135; last day
of study) or unscheduled (due to morbidity or poor health)
euthanasia by deep anesthesia by ketamine/sodium pentobarbital
injection and exsanguination. Final blood samples (vena cava)
were collected on all animals (when possible) and a complete
macroscopic examination was performed at necropsy. Heart
tissues (right and left ventricular free walls and ventricular
septum) were collected, processed and embedded in paraffin for
evaluation by light microscopy.

Animals had been previously instrumented ∼1.5 years before
the start of the study with telemetry units from Data Science
International (DSI). Either D70-PCT (13 animals) or D70-PCTP
(11 animals) units were used for collection of electrocardiograms
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TABLE 3 | Summary of echocardiographic and telemetry measurements following doxorubicin treatment in cynomolgus monkey.

Day of study

Parameter Treatment 0 15-18 36-39 56-63 91-92 Final

Ejection fraction Vehicle 0.82 ± 0.08 0.79 ± 0.04 0.82 ± 0.05 0.80 ± 0.06 0.82 ± 0.05 0.80 ± 0.06

Doxorubicin 0.84 ± 0.07 0.80 ± 0.05 0.79 ± 0.10 0.76 ± 0.06 0.67 ± 0.16* 0.48 ± 0.12

Fractional shortening Vehicle 0.42 ± 0.08 0.38 ± 0.04 0.41 ± 0.05 0.39 ± 0.06 0.40 ± 0.06 0.39 ± 0.06

Doxorubicin 0.43 ± 0.07 0.39 ± 0.05 0.39 ± 0.09 0.35 ± 0.05* 0.30 ± 0.11* 0.18 ± 0.06

LVDs (cm) Vehicle 1.04 ± 0.19 1.09 ± 0.14 1.08 ± 0.13 1.14 ± 0.17 1.11 ± 0.19 1.15 ± 0.18

Doxorubicin 0.98 ± 0.20 1.10 ± 0.19 1.13 ± 0.21 1.20 ± 0.20 1.39 ± 0.37 1.64 ± 0.25

LV contractility (dP/dtmax) Vehicle 2,309 ± 477 2,859 ± 872 2,815 ± 816 3,304 ± 1,019 2,866 ± 955 2,746 ± 693

Doxorubicin 2,710 ± 894 2,368 ± 702 2,531 ± 745 2,706 ± 923 2,088 ± 417 1,812 ± 360

QTc (msec) Vehicle 276 ± 27 277 ± 29 276 ± 25 269 ± 25 267 ± 28 271 ± 25

Doxorubicin 299 ± 26 324 ± 25* 321 ± 26* 313 ± 27* 331 ± 32* 350 ± 49

Heart rate (bpm) Vehicle 106 ± 11 120 ± 23 116 ± 19 114 ± 19 115 ± 21 111 ± 19

Doxorubicin 112 ± 17 113 ± 17 121 ± 17 115 ± 20 133 ± 25 138 ± 28

Mean BP (mm Hg) Vehicle 70 ± 12 76 ± 13 76 ± 14 76 ± 13 73 ± 13 75 ± 15

Doxorubicin 76 ± 13 77 ± 15 77 ± 16 75 ± 17 69 ± 18* 66 ± 20

All values are means ± SD (N = 12). Final = last available measurement prior to scheduled or unscheduled sacrifice.
*Statistically different from vehicle treated animals (p < 0.05). As Final was on different days for different animals, no statistical assessment is denoted.

(ECG), body temperature, blood pressure, and left ventricular
pressure (LVP) measurements. All animals had been used
previously in multiple cardiovascular pharmacology studies
but had not been administered any test article for at least
2 weeks prior to study start. The animals used in this
study were scheduled for termination due to the duration of
their instrumentation.

Doxorubicin Dose Regimen
Male animals were randomly divided into vehicle (N = 12,
average: 6.37 kg) and doxorubicin-treatment (N = 12, average:
5.74 kg) groups. The vehicle group contained seven PCT-
implanted monkeys (arterial pressure and ECG) and five PCTP-
implanted monkeys (arterial and left ventricular pressures and
ECG). The doxorubicin group contained six PCT-implanted
monkeys and six PCTP-implanted monkeys. Animals were
administered weekly intravenous administrations (1 mL/kg) of
either sterile saline or 2 (or 1) mg/kg doxorubicin followed by a
2 mL/kg sterile saline flush. Animals administered doxorubicin
were given a temporary dosing holiday when neutrophil counts
were <1,000/µL. Dosing holidays were also put in place when
there was echocardiographic evidence of systolic heart failure
(Fractional Shortening ≤ 18%) (Table 1).

Telemetry
Data Sciences International (DSI) Dataquest R© OpenART R©

telemetry equipment was used to generate and acquire the
data input. This system transferred the data to a PONEMAH
Physiology Platform analysis system. The arterial pressure and
body temperature raw signal were digitized at a sampling rate
of 250Hz; the left ventricular pressure (LVP) and ECG were
digitized at a sampling rate of 500Hz. Pre-treatment baseline
measurements of ECG and blood pressure measurements were
collected for a 24-h period ∼1 week prior to dosing (study day

−6). To avoid procedure related disruption of the cardiovascular
data, on-study telemetry data was collected continuously with a
logging rate of 60 s from ∼46 to 67 h post-treatment (∼21 h).
Cardiovascular data were monitored on a weekly basis for the
remainder of the study (denoted as days 1, 8, 16, 22, 29,
36, 43, 50, 57, 63, 70, 78, 92, 99, 106,113, 120, and 127).
Telemetry units failed during the study for 3 animals (I04923
(vehicle) I04937 and I04932 (doxorubicin) on days 30, 37, and
72, respectively. During dosing holidays, data was collected at
times approximating those used for dosing days. Telemetric data
were reduced into 1-h time bins for analysis. The QT interval
was corrected for heart rate (RR interval) using an individual
animal correction formula [QTc = QT + [IACF ∗ (750-RR)],
where RR is denoted in msec]. The IACF was derived from a
plot of the QT vs. RR interval values collected in at baseline for
each animal.

Echocardiography
All echocardiography measurements were done with ketamine
anesthesia. Principal measurements included left ventricular
internal dimensions during diastole and systole, interventricular
septal thickness, and left ventricular free wall during diastole
from the M-mode. The aortic dimension (diastole) and
left atrial dimension (diastole) were measured using a two-
dimension image. The primary endpoints used for assessing
cardiac function were fractional shortening and ejection
fraction and were calculated using the left ventricular
measurements. Two baseline measurements (days −4
and −1) of echocardiographic parameters were collected
prior to the start of dosing. Echocardiographic endpoints
were collected on an approximately biweekly basis for the
remainder of the study (days 18, 25, 39, 56, 67, 77, 91, 105, 116,
and 127).
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FIGURE 2 | Echocardiography endpoints. Changes in fractional shortening

(A), ejection fraction (B), and left ventricular systolic diameter (C) over the

course of the study. *Statistically different from vehicle treatment.

Blood Sample Analysis
Blood was collected for hematology and clinical chemistry
parameters, cardiac biomarkers of acute myocyte damage (cTnI)
and heart failure (NT-proBNP), and doxorubicin exposure.
Generally, blood was collected from all animals (unanesthetized;
femoral vein) twice during the pre-study acclimation period and
then at weekly intervals during the treatment phase starting on
day 2. Plasma samples were prepared and analyzed in accord
to protocol for each endpoint. On four study days, additional

blood samples were acquired to measure plasma doxorubicin
levels after the initial 2 mg/kg dose (day 1; 8 and 24 h) and
following 1 mg/kg (days 36, 78, and 113; 8 and 24 h). The
following instruments/methods were used for clinical pathology
analysis: hematology: Advia 2120 or 120; coagulation: Stago
(Parsippany, NJ); clinical chemistry: Roche Analytics Modular
Chemistry Analyzer (Indianapolis, IN); NT-proBNP: ALPCO
(human kit BI-20852W) ELISA (Salem, NH); cTnI: Immulite,
BeckmanCoulter, Brea, CA.

Statistical Analysis
Telemetry data were divided into analysis blocks based on
photoperiod (light and dark cycles). Circadian changes in heart
rate and blood pressure are readily observed in non-human
primates and reflect changes in autonomic tone. Data collected
by telemetry were analyzed for dosing phase data only. The
variance-covariance structure used in the analysis was the one
providing the smallest Akaike Information Criterion out of
the two: Compound Symmetry and Heterogeneous Compound
Symmetry. Because the days were not equally spaced throughout
the study period, the Autoregressive (1) and Heterogeneous
Autoregressive (1) variance-covariance structures were not
investigated. For each analysis block separately, a repeated-
measures ANOVA (Baseline + Treatment + Day + Treatment
x Day) was conducted. Baseline was the average for each animal
from the pre-dose (Study Day −7) data collection period. If
the main effect, Treatment, was significant and the Treatment
x Day interaction was not significant, the data were averaged
and analyzed across all the days; if the Treatment x Day
interaction was significant, the data were analyzed at each
day separately. A significance level of 0.05 was used for all
testing. Echocardiography data was analyzed separately using
a simple two-tailed t-test at for each collection and assuming
unequal variance.

RESULTS

Doxorubicin Treatment, Tolerability, and
Overt Clinical Signs
Over the 135 experimental days, NHP received weekly injections
of doxorubicin to induce heart failure, and the control group
was given vehicle in the same manner. All doxorubicin-treated
animals required dosing holidays (of various durations) due
to treatment-related reductions in white blood cell counts
(e.g., no treatment on days 22, 29, 43, 57, etc.; Table 1A), an
indication of drug-induced bone marrow toxicity. Following
three consecutive doses of 2 mg/kg, the dose was lowered
to 1 mg/kg for the remainder of the study to minimize
bone marrow effects and other clinical effects associated with
doxorubicin. This dosemodification improved tolerability and all
12 doxorubicin-treated animals survived through study day 100.
Plasma levels of doxorubicin were proportionally lower following
the dose reduction to 1 mg/kg (Table 1B). The cumulative
doxorubicin dose per animal ranged from 11 to 17 mg/kg,
or 132–204 mg/m2 when expressed per body surface area
(Table 2). Following day 100, 10 animals underwent unscheduled
euthanasia (N = 1 on days 103, 105,107, 109, 114; N = 2
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TABLE 4A | Relationship between contractile function, cardiac biomarkers, QTc interval and myocyte injury in NHP treated chronically with doxorubicin.

NHP# Dox (mg/kg) Telemetry unit type Functional effect or endpoint impacted*

dP/dT Max EF QTc interval cTnI NT-pro-BNP Cardiac injury

104928 16 BP + LVP Minimal (U)

104929 13 BP + LVP (S)

104930 16 BP + LVP Mild (U)

104931 16 BP + LVP Minimal (S)

104932 11 BP + LVP Mild (U)

104933 17 BP + LVP (U)

104934 13 BP ND (U)

104935 17 BP ND (U)

104936 13 BP ND Mild (U)

104937 16 BP ND ND Mild (U)

104938 13 BP ND (U)

104939 13 BP ND Minimal (U)

*Cardiac contractility (dP/dtmax derived from LVP):>10% reduction= red; <10%= green. Ejection fraction (EF):>10% reduction= red;<10%= green. QTc interval:>10% prolongation

= red; <10% prolongation = green. Troponin (cTnI): ≥2 samples with signal (>0.05 ng/ml) = red; 1/0 samples with signal = green. Natriuretic peptide (NT-pro-BNP): ≥2 samples with

signal (>0.05 ng/ml) = red; no signal = green. Cardiac injury: presence of vacuolation = red; no vacuolation = green.

S, Scheduled sacrifice; U, Unscheduled sacrifice.

ND, not determined due to lack of LVP instrumentation or ECG failure.

TABLE 4B | Relationship between contractile function, cardiac biomarkers, QTc interval and myocyte injury in NHP treated chronically with Vehicle.

NHP# Dose (mg/kg) Telemetry unit type Functional effect or endpoint impacted*

dP/dT Max EF QTc interval cTnI NT-pro-BNP Cardiac injury

104916 0 BP + LVP (S)

104917 0 BP + LVP (S)

104918 0 BP + LVP (S)

104919 0 BP + LVP (S)

104920 0 BP + LVP (S)

104921 0 BP ND (S)

104922 0 BP ND (S)

104923 0 BP ND ND (S)

104924 0 BP ND (S)

104925 0 BP ND (S)

104926 0 BP ND (S)

104927 0 BP ND (S)

*Cardiac contractility (dP/dtmax derived from LVP): >10% reduction = red; no effect (<10%) = green. Ejection fraction (EF): >10% reduction = red; no effect (<10%) = green. QTc

interval: >10% prolongation = red; no effect (<10% prolongation) = green. Troponin (cTnI): ≥2 samples with signal (>0.05 ng/ml) = red; 1/0 samples with signal = green. Natriuretic

peptide (NT-pro-BNP): ≥2 samples with signal (>0.05 ng/ml) = red; no signal = green; excluded as signal was observed at baseline (pre-dose phase) = gray. Cardiac injury: presence

of vacuolation = red; no vacuolation = green.

S, Scheduled sacrifice; U, Unscheduled sacrifice.

ND, not determined due to lack of LVP instrumentation or ECG failure.

No histopathological evidence of cardiac injury was seen in any of the vehicle treated animals and all were sacrificed as scheduled.

on day 123; N = 3 on day 130) for moribund condition
(4/10) and/or compromised heart function (10/10) (Table 1).
All doxorubicin-treated monkeys euthanized at an unscheduled
or scheduled interval demonstrated systolic heart failure (e.g.,
reduced fractional shortening, ejection fraction, and increased
left ventricular systolic dimensions).

Multiple clinical observations were noted for doxorubicin-
treated monkeys compared with controls throughout the dosing
phase. These included: dry and discolored skin (10/12), low

food consumption (12/12), red/orange discolored urine (10/12),
vomitus (6/12), and non-formed/liquid/discolored feces (3/12).
The overall incidence of effects was relatively low given the
number of animals and duration of the study. The observations
of dry and/or discolored skin correlated to increased incidence
of scabs, broken skin, and sores. In the second half of the
study (days 61–135), observations of declining animal health
and moribund status included hunched posture, squinted eyes,
pale skin, hypoactivity, decreased reactivity to stimuli, labored
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FIGURE 3 | Hemodynamic changes. Changes in heart rate (A), Mean Blood Pressure (B), and Pulse pressure (C) averaged over the day (1) and night (2) time frames

over the course of the study.

respirations, recumbent posture, coughing, and feeling cold
to touch.

Hematology data indicated that doxorubicin caused profound
reductions in white blood cell counts (Figure 1A), in particular
neutrophil levels. At baseline (pre-dose), the normal neutrophil
count ranged from 5.1–7.5× 103/µL, but after three consecutive
doses of 2 mg/kg, doxorubicin lowered the average count to 670
× 103/µL (study day 18); the onset of neutropenia triggered
the temporary suspension of treatment. In addition, doxorubicin
caused minimal to mild reductions in red cell mass (i.e., red
blood cell count, hemoglobin concentration), and hematocrit

(Figure 1B) during the dosing phase. These hematological effects
were attributed to bone marrow dysfunction, were reversible
and recovered to near normal levels following the dosing
holiday period.

Onset of Heart Failure: Echocardiography
Endpoints
The key cardiovascular effects of doxorubicin are shown in
Table 3 and Figures 2A–C. At baseline, all echocardiographic
parameters (FS%, EF%, and left ventricular systolic diameter)
were not significantly different. However, the final collected
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FIGURE 4 | Measurements of indices of cardiac contractility. Changes in dP/dtmax during the day and night cycle times (A1,A2), and dP/dtmin (B1,B2) averaged

over the day and night time frames over the course of the study.

measurements from each animal indicated heart failure as
all indices were significantly different in the doxorubicin-
treated animals compared to baseline value or compared to
vehicle. The earliest echocardiographic alteration associated with
doxorubicin was decreased left ventricular systolic function (FS%
and EF%), followed by an increase in the left ventricular systolic
dimension (Figures 2A–C). Systolic dysfunction was noted in
two doxorubicin-treated monkeys as early as days 39–56 but was
clearly evident in 3/12 monkeys by day 67. Between study days
67 and 127, all doxorubicin-treated monkeys exhibited systolic
failure [reduced fractional shortening (Figure 2A), ejection
fraction (Figure 2B) and increased left ventricular systolic
diameter (Figure 2C)]. Over the last four assessment intervals
(Study Days 91, 105, 116, and 127), mean fractional shortening
progressively decreased by 26–54%, and mean ejection fraction
progressively decreased by 18–39% in doxorubicin-treated
monkeys compared with time-matched controls.

Onset of Heart Failure: Telemetry
Endpoints
Along with the decrease in cardiac contractility, doxorubicin
progressively lowered mean arterial pressure (Table 4). Mean
arterial pressure was significantly lower in the light and dark
cycles from Study Days 43 through 127 by 7–17 mmHg (−10 to

−23%) (Figures 3B1,B2). Arterial pulse pressure (the difference
between systolic and diastolic pressure) was significantly lower
by 4–9 mmHg (−11 to −24%) in doxorubicin-treated monkeys
beginning around Study Days 78–92 through the end of the
dosing phase (Figures 3C1,C2), indicating a decrease in arterial
stiffness. Doxorubicin had no effect on left ventricular end
diastolic pressure (data not shown). Beginning on Study Day
92 through the end of the dosing phase, dP/dtmin values were
lower in the dark cycle by 881–1,125 mmHg/s (−35 to −43%)
in doxorubicin-treated animals compared with controls, with
statistical significance noted at most time points; a similar pattern
and magnitude was evident in the light cycle but did not
reach statistical significance (Figure 4, Table 4). The dP/dtmax
values trended lower in doxorubicin-treated monkeys by 665–
824 mmHg/s (−26 to −30%) in the light cycle from Study Days
92 through 127; a similar pattern was evident in the dark cycle
beginning on Study Day 99 but with a smaller magnitude.

Doxorubicin treatment had no effect on sinoatrial (PR
interval) or ventricular (QRS interval) conduction times
(data not shown), but significantly and progressively cause
delayed ventricular repolarization (QTc intervals) that was
observed during the day and night data collection time frames
(Figures 5A,B). The QTc interval was significantly (>10ms)
prolonged from baseline in doxorubicin-treated monkeys after
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study day 50. During the dark cycle, the QTc interval was
prolonged by 41–104ms (14–37%; days 50–127). During the light
cycle, the QTc interval was prolonged by 38–74ms (14–27%; days
70–127). Heart rate was mildly higher after day 90 by 11–19 bpm
(9–17%) (Table 4, Figures 3A1,A2, 5A–D).

Cardiac Biomarkers
Troponin (cTnI) levels were increased slightly above baseline
values in 8/12 animals administered doxorubicin at one or
more intervals. Most of the increases occurred after day 60
of the dosing phase (Figures 6A,B). In the control group,
cTnI levels were consistently low (< 0.05 ng/mL) with only a
single excursion above 0.2 ng/mL (day 35). Based on qualitative
assessment, the surgical insertion and sustained presence of a
transmural left ventricular pressure catheter had no impact on
cTnI levels.

Two vehicle treated animals had elevated NT-proBNP over
the course of the study (including pre-dose) with no other
indication of heart failure (e.g., normal EF%) and that data was
therefore excluded. NT-proBNP was increased (>1 ng/mL) in
several treated animals (8/12) over the course of the study while
only one of the remaining ten vehicle treated animal exceeded
1 ng/mL (Figures 7A,B). There was no evidence of any impact of
the instrumentation on the NT-proBNP levels.

Like cTnI, NT-Pro-BNP levels where elevated in some
doxorubicin-treated animals after day 60, a time frame that
coincided with onset of heart failure. Plots of final biomarker
levels vs. EF% and FS% was created to examine the relationship
of cardiac biomarkers level with the degree of heart failure, but
no clear correlation was observed (Figures 8A,B).

Myocardial Histopathology
Minimal (three of 12 animals) to mild (four of 12 animals),
multifocal, vacuolar degeneration of cardiomyocytes was
observed in seven of 12 animals receiving doxorubicin and
zero of 12 animals receiving vehicle (Tables 4A, 4B, Figure 9).
Cytoplasmic vacuolation of cardiomyocytes was observed more
often in animals that were euthanized in a moribund condition
compared with those that survived to scheduled termination.
Light microscopic evidence of cytoplasmic vacuolation of
cardiomyocytes was consistently associated with elevation of
cTnI (six of seven NHP with cardiac injury), however, elevation
of cTnI was not uniformly associated with cardiac injury
(Table 4B: see NHP #104933 and 104935).

DISCUSSION AND CONCLUSIONS

This study successfully documented the time course of LVD
following chronic treatment with doxorubicin, which clearly
indicates that heart failure can be recapitulated in the
cynomolgus monkey. Left ventricular contractile function was
assessed with both direct measurement of left ventricular
pressure and echocardiography, and telemetry measurements
were used to monitor hemodynamics and cardiac conduction
and repolarization over the course of the study. Cardiac
biomarkers were also tracked to monitor cardiac damage (cTnI)
and ventricular wall stress (NT-proBNP). Finally, cardiac tissues

FIGURE 5 | QTc changes. Changes in QTc averaged over the day (A) and

night (B) time frames over the course of the study. Changes in QTc from

baseline averaged over the day (C) and night (D) time frames over the course

of the study.
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FIGURE 6 | Cardiac Troponin. Changes in individual animal cTnI in control (A) a treated (B) animals over the course of the study. Filled markers denote animals

equipped with LVP catheters.

were examined to determine the incidence of histopathological
changes. The integrated use of these cardiovascular endpoints
highlight their utility and value in detecting drug-induced LVD
and heart failure in this species and validates their use for
cardiovascular safety assessment.

Echocardiography is a common clinical method used to
measure doxorubicin-related cardiotoxicity, which has a slow
onset time in human (25–27). the current study confirms
that long-term treatment with doxorubicin caused cardiac
dysfunction in all treated animals, and myocyte degeneration
(confirmed by histopathology) was observed in a portion of
cynomolgus monkeys, as in humans (28). The progressive nature

of doxorubicin-induced heart failure with reduced ejection
fraction (and fractional shortening) in monkeys (EF: 20–25%) is
consistent with clinical phenotype and delayed onset observed in
patients (25–27, 29).

In our study, reductions in ejection fraction and fractional
shortening were also reflected by trends toward decreases
in left ventricular dP/dtmax (decreased inotropy) and
dP/dtmin (decreased lusitropy) (Figure 4). LVP telemetry is
an invasive method but it is a sensitive technique for the
continual measurement of cardiac contractility in free-moving
unanesthetized animals (12). Thus, it avoids the confounding
influence of anesthetic sedation and/or restraint that is required
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FIGURE 7 | NT-proBNP. Individual animal NT-proBNP measurements in control (A) a treated (B) animals over the course of the study. Filled markers denote animals

equipped with LVP catheters.

to perform echocardiography in monkeys. The lack of functional
or biomarker differences between the animals instrumented
for blood pressure only vs. blood and ventricular pressure
instrumentation suggests that a transmural ventricular catheter
did not impact the negative inotropic response to doxorubicin.
Doxorubicin has been shown to decrease left ventricular
contractility in other species (dogs) both acutely (17) and
after chronic treatment (30). The changes in cardiac function
were accompanied by enlargement of left ventricular systolic
diameter. The increase in left ventricular diameter during
systole in this study is consistent with the observed decrease in
ejection fraction and fractional shortening. Interestingly, the left
ventricular diastolic diameter did not markedly increase in the
same time frame, and therefore the decrease in function was
not accompanied by signs of cardiac hypertrophy as has been
reported with other models (7, 31).

Troponin release (cTnI) is a marker of cardiac myocyte
damage and is useful clinically for diagnosing cardiac damage
resulting from myocardial infarction. Previous studies in rats
(14, 32) and dogs (33) have demonstrated doxorubicin-related
cTnI increases. However, in this study, while individual animals
had sporadic increases in cTnI, there were no consistent changes.
The incidence and magnitude of increases in cTnI was greater
toward the end of the study, concurrent with changes indicating
decreased cardiac function. It is possible that the gradual onset
of the compromise in cardiac function did not cause sufficient
ongoing myocyte damage to result in sustained increases in
cTnI. The limits of detection for the assay used in this study
have been superseded by newer high- and ultra-high sensitivity
assays and it is possible that more consistent treatment-
related small changes in cTnI could be detected by those
assays (32, 34).
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FIGURE 8 | Correlation of cTnI (A) and NT-proBNP (B) levels with Fractional

Shortening measurements at the final echocardiography measurement for

each animal. Red circles denote animals equipped with LVP catheters.

Naturetic peptides (BNP and NT-proBNP) are considered to
be the “gold standard” for diagnosis of heart failure in the clinic
(35, 36) with NT-proBNP preferred by some due to a longer
persistence in the blood. NT-proBNP has been used clinically to
predict cardiac damage associated with anthracycline treatment
(37). In this study, two control animals had consistently elevated
NT-proBNP levels for much of the study (however levels were
reduced at the end of the study). As these animals had normal left
ventricular function over this time frame, the underlying reason
for this elevation is unknown and has been excluded. Both cTnI
and NT-proBNP were occasionally but not consistently higher at
the end of the study in animals with LVD. The reason for the
lack of good correlation is not known. NT-proBNP has rarely
been measured in the NHP though increases have been reported
in animals treated with an immune checkpoint inhibitor (38).
The observed progressive increase in QTc in the treated animals
is likely due to structural changes in the myocardium (minimal
to mild degeneration of cardiomyocytes) of affected animals.
Similar changes have been observed in human clinical studies
with doxorubicin and other cancer therapeutics. However,
treatment-related QTc increases have been observed with no

FIGURE 9 | Representative photomicrographs of heart tissue from (A) a

Vehicle treated animal with normal myocardium; and (B) Doxorubicin treated

animals with multifocal, cytoplasmic vacuolar degeneration of cardiomyocytes

(arrows). Bar equals 50 microns.

concomitant changes in ejection fraction (10, 39). The underlying
mechanisms for theQTc change, which are specifically not related
to direct or indirect hERG channel blockade (40) are unclear, but
likely reflect electric remodeling and loss of repolarization reserve
secondary to doxorubicin-induced heart failure.

Blood pressure decreased slightly, and heart rates tended
to increase in treated animals after week 43. Although the
mechanism of these changes is not clear, they may be related to
the changes in sympathetic tone concurrent with the decline in
cardiac function.

Other studies have demonstrated that doxorubicin can
cause detrimental effects to mitochondria and the sarcoplasmic
reticulum (41). This histopathological analysis in this study was
limited to light microscopy, where there was only minimal to
mild vacuolation of cardiomyocytes (seven of 12 treated animals).
Overall, based on the study results, dramatic cardiovascular
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functional changes seen in the doxorubicin-treated animals were
not accompanied by severe histopathological changes.

The original dose selected, 2 mg/kg/week, caused bone
marrow toxicity that resulted in progressively decreased
neutrophil counts. A dosing holiday for all the animals
allowed the neutrophil counts to recover. The subsequent 1
mg/kg every other week dosing regimen spared neutrophil
counts but was insufficient to degrade cardiac function.
An increase in dose to 1 mg/kg/week resulted in generally
progressive decreases in ejection fraction and fractional
shortening. There was also evidence of variable response
to treatment in that some animals required additional
dosing holidays (due to decreased neutrophil counts)
while others tolerated the weekly dosing schedule until
study termination.

This study demonstrated the ability to detect progressive
changes in cardiac function related to heart failure using
telemetry and echocardiography in the cynomolgus monkey
administered clinically relevant levels of the anthracycline
oncology agent doxorubicin. This study demonstrated the
utility and sensitivity of serial echocardiography to detect
decreases in cardiac function. These echocardiographic
changes were generally accompanied in more than half
of the doxorubicin treated animals by changes in clinical
biomarkers such as cTnI and NT-proBNP concentrations and
occasional histopathological lesions. This type of adaptive
study design, where doses were modified based on monitored
clinical pathology endpoints is potentially more relevant for
study of the impact of interventions designed to ameliorate
toxicity related to anthracycline treatment which has been
advocated by others (42). This required flexibility illustrates
the difficulty of modeling the clinical liability of late or delayed
decreases in cardiac function with a standard preclinical
study design. The cardiac liability is only replicated with a
dosing paradigm that avoids overt toxicity while maintaining

a high enough dose to produce cardiac toxicity. The serial
measurements of cardiac function presented here provided a
unique documentation of the progressive decreases in cardiac
function during heart failure in the NHP after repeated
administration of doxorubicin.
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Cardiac arrest occurred in an 85-year-old female administered osimertinib for

advanced lung cancer expressing epidermal growth factor receptor (EGFR) mutations.

Electrocardiogram (ECG) recorded at recurrence of spontaneous circulation showed

sinus rhythm associated with mild QT prolongation (QTc = 455ms) to which silent

myocardial ischemia and coadministration of itraconazole and herbal drug causing

hypokalemia (2.1mEq/L) may have contributed. Discontinuation of osimertinib,

itraconazole and herbal drug, potassium supplementation and percutaneous

coronary intervention alleviated QT prolongation (QTc = 432ms). Osimertinib is

the third-generation tyrosine kinase inhibitor lengthening QT interval, and careful

monitoring of ECG, serum potassium and drugs coadministered during chemotherapy

including osimertinib are highly required.

Keywords: cancer, herbal drug, osimertinib, QT prolongation, cardiooncology

INTRODUCTION

Cardiovascular complications of anticancer drugs are the main interest within the field
of cardiooncology (1). Osimertinib, a third-generation tyrosine kinase inhibitor (TKI), is
a first-line therapy for patients with cancer expressing epidermal growth factor receptor
(EGFR) mutations. This anticancer drug has adverse effects including cardiotoxicity such
as coronary tonus elevation and QT prolongation in electrocardiogram (ECG), because
vascular and cardiac potassium channels are regulated largely by EGFR tyrosine kinase
(2). However, osimertinib-induced QT prolongation leading to the possible development
of Torsades de Pointes (TdP) has received less attention (3). We herein describe a
case of 85-year-old female patient with EGFR driver mutant lung cancer treated with
osimertinib, which lengthened QT interval causing abortive sudden cardiac death (SCD).

49

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2021.655808
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2021.655808&domain=pdf&date_stamp=2021-03-19
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:maruyama@artsci.kyushu-u.ac.jp
https://doi.org/10.3389/fcvm.2021.655808
https://www.frontiersin.org/articles/10.3389/fcvm.2021.655808/full


Kondo et al. Case Report: QT Prolongation and Osimertinib

CASE DESCRIPTION

An 85-year-old female was conveyed by ambulance to the
emergency room of our hospital due to cardiac arrest. She had
lost her consciousness at 15:15 after she visited the outpatient
clinic of another hospital for the treatment with advanced lung
cancer (adenocarcinoma: cT2aN1M1b, Stage IVB). Bystander
resuscitation was started immediately after the cardiac arrest,
and emergency call was requested at 15:18. Ambulance crews
confirmed cardiac arrest at 15:28, and she restored spontaneous
circulation at 15:34 after the first discharge of public automated
external defibrillator (AED). When she admitted to our hospital
by ambulance at 15:40, her body temperature was 36.2◦C,
consciousness level in Glasgow Coma Scale was E1V1M1, and
reflex to light was prompt. Blood pressure was 154–103 mmHg,
pulse was regular, and its rate was 81 bpm. No abnormal physical
findings were found. She had been started administration of
oral osimertinib (40mg once daily) as a first-line therapy of
lung cancer after confirming EGFR mutation (T790M), oral
itraconazole (200mg once daily) for prevention of opportunistic
fungal infection and crude herbal anticancer drug used in
Chinese traditional medicine (TJ-48). She had no complaint of
chest oppression or syncope nor family history of unexpected or
abortive SCD in her relatives.

Laboratory examination on admission included serum
chemistry showing total protein 5.8 g/dL, albumin 3.2 g/dL, CK
215 IU/L (CK-MB 19 IU/L), CRP 0.3mg/dL, BNP 348.5 pg/mL,
troponin T (TnT) 0.01 ng/mL, Na 139mEq/L, Ca 9.2mEq/L, and
K 2.1mEq/L. Hematology indicated mild anemia (hemoglobin
of 10.3 g/dl) associated with white blood cell and platelet
counts of 8,500/µL and 25.1 × 104/µL, respectively. ECG
showed sinus rhythm, left axis deviation, flat or inverted T
waves observed in II, III, aVF, V5−6, and QT prolongation
(grade I), i.e., QT interval corrected by heart rate (QTc =

QT/RR0.5) was 455ms (Figure 1A). Chest X-ray showed
cardiomegaly and chest computed tomography demonstrated
bilateral pleural effusion (Figures 2A,B). Ejection fraction
was 64% on echocardiogram. Chemotherapeutic regimen
including osimertinib, oral itraconazole and herbal medicine
(TJ-48) were discontinued, and supplementation of potassium
was started. Considering possible ischemic T wave changes
(Figure 1A), coronary angiogram was performed. Stenotic
lesion (99%) was found in the right coronary artery (segment
1) and collateral circulation supplied from left anterior
descending artery was observed (Figures 3A,B). Percutaneous
coronary intervention (PCI) was completed successfully
by stent implantation at the culprit lesion (Figures 3C,D).
QTc interval after the successful PCI and restoration of
hypokalemia (K of 4.0mEq/L) was 432ms (Figure 1B), and
she discharged on foot 33 days after admission without
any neurological sequelae of cardiac arrest. Administration
of osimertinib (40mg once daily) was resumed in the
hospital where she had been started chemotherapy under
the monitoring of ECG and serum potassium concentration
while coadministration of itraconazole and herbal drug
was interrupted.

DISCUSSION

Osimertinib is an oral, third-generation TKI as an emerging
therapeutic modality in various cancers with EGFR T790M
mutation (2). One of the obstacles for wide use of this
promising anticancer agent is QT prolongation. QT interval
is lengthened as a result of ventricular potassium current
reduction and late sodium current augmentation (4). Bian
et al. (5) reported a first case of 85-year-old male patient
with advanced non-small cell lung cancer associated with TdP
induced by oral osimertinib (80mg once daily) and concomitant
intravenous moxifloxacin, a broad-spectrum fluoroquinolone
antibiotics known to lengthen the QT interval (QTc of 484ms).
Hypokalemia (2.94mEq/L), impaired left ventricular ejection
fraction (41%) and coadministration of moxifloxacin were
concluded to underlie the development of TdP. They lost
this case and hence cautioned cardio-oncologists to identify
cancer patients at high risk of QT prolongation leading to the
development of TdP (5). Cancer development and apoptosis
is governed by driver mutation of signal transduction process
mediated by several growth factor receptor including EGFR
which is linked to many potassium channels, i.e., Kv1.3
(6), Kv10.1 (7), Kv4.3 (8), and Kir2.3 (9) are modulated
by EGFR kinase via phosphorylation of tyrosine in their
specific residues. These potassium channels regulate vascular
tonus and QT interval in ECG. Therefore, EGFR-TKI shows
variable cardiotoxicity including vascular constriction and QT
prolongation. Although the serum concentration of osimertinib
was not monitored, and genetic testing of hereditary long
QT syndrome was not performed in this case, careful
ECG monitoring is essential for cancer patients under the
chemotherapy including osimertinib (10).

QT interval is regulated strictly by many factors including
basic heart rate, electrolytes, body temperature, sex hormones,
and so on. Therefore, key factor of QT prolongation in this
case is not determined easily. This case is an 85-year-old
female patient, and old woman per se is a risk factor of QT
prolongation (1). Oral itraconazole, a representative antifungal
agent, is known to elevate the serum concentration of osimertinib
due to competitive metabolism mediated by cytochrome P450
3A4 (CYP3A4). Chronic myocardial ischemia requiring PCI
and hypokalemia (2.1mEq/L) caused partly by Chinese herbal
drug may have also contributed to the QT prolongation.
Osimertinib causes coronary tonus elevation induced by vascular
constriction mediated by inhibition of vascular EGFR (10),
which may have aggravated silent myocardial ischemia in this
case. Chinese traditional medicine of TJ-48 is used widely in
Japan under the adjuvant anticancer therapeutic strategy as
in this case. This herbal medicine is reported to enhance the
efficacy of chemotherapy and to attenuate the adverse effects
and complications of anticancer treatment (11). However, long-
term use of Chinese herbal medicines is sometimes associated
with hypokalemia caused by pseudoaldosteronism that is evoked
by licorice contained in many herbal medicines. Although the
incidence of hypokalemia induced by the administration of TJ-
48 is not reported, such incidence by other Chinese medicine
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FIGURE 1 | Twelve-lead electrocardiogram (ECG) on admission (A) and before discharge (B). QTc interval was 455ms (A) and 432ms (B), respectively. Herat rate

correction of QT interval was performed by Bazett’s formula.

FIGURE 2 | Chest X-ray on admission (A) and chest computed tomography during hospitalization (B).

ranges from 6.6% (TJ-54) to 33% (TJ-9 and TJ-68) according to
the Japanese Adverse Drug Report Database (12).

Considering the serum chemistry (normal CK-MB isozyme
and negative TnT test) and echocardiographic left ventricular
wall motion, cardiac arrest caused by acute coronary syndrome

was unlikely. Silent myocardial ischemia is associated with QT
prolongation caused by electrical instability and sympathovagal
imbalance (13), and QT prolongation per se is responsible for
SCD whatever the causes to prolong QT intervals are (14). Well-
developed collateral circulation may have made coronary artery
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FIGURE 3 | Right coronary angiogram showed severe (99%) stenotic lesion in segment 1 (A). Collateral circulation from left anterior descending artery was visualized

(B). Stent implantation was performed (C) and right coronary angioplasty was completed (D).

disease silent in this case (Figures 3A,B). This case description
includes limitations, i.e., ECG was not retrieved from AED,
serum TnT was assayed only once, and serum concentration
of osimertinib was not assayed. In spite of these limitations,
cardiac arrest in this case was supposed to be due to possible
development of TdP based on several predisposing factors
lengthening QT interval. Because defibrillation by means of
public AED restored her spontaneous circulation, and recurrence
of cardiac arrest was prevented after normalization of QT interval
by elective PCI, discontinuation of causative drugs and potassium
supplementation. Although QT prolongation in this case was
grade I, this interval was measured at rest and supine position.
QT interval dynamicity is accentuated by daily physical activity
(15), and the relation between sudden increase in QT interval and
the development of TdP is open to debate. This case taught us the
necessity of collaboration between oncologists and cardiologists
in the earlier clinical course of cancer patients.

CONCLUSIONS

We have described an 85-year-old female patient with EGFR-
mutant advanced lung cancer treated with standard regimen of
osimertinib, which underlay in part grade I QT prolongation
causing abortive SCD. Reversible factors promoting QT
prolongation were removed after admission and this patient
was discharged safely. Although osimertinib-induced QT
prolongation is mild to moderate (grade I or II) and not frequent
(3–10%) in AURA study and FLAURA trial to verify the safety
and efficacy of osimertinib (16, 17), TdP may be induced
by standard dose of osimertinib, when multiple risk factors
to lengthen QT interval are incidentally overlapped. Careful
ECG monitoring and appropriate management of risk factors
lengthening QT interval such as interacting drugs, electrolyte
imbalance and cardiac ischemia during chemotherapy including
osimertinib are highly required.
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Doxorubicin causes cardiotoxicity and exercise intolerance. Pre-conditioning exercise

training seems to prevent doxorubicin-induced cardiac damage. However, the

effectiveness of the cardioprotective effects of exercise training concomitantly with

doxorubicin treatment remains largely unknown. To determine whether low-to-

moderate intensity aerobic exercise training during doxorubicin treatment would prevent

cardiotoxicity and exercise intolerance, we performed exercise training concomitantly

with chronic doxorubicin treatment in mice. Ventricular structure and function were

accessed by echocardiography, exercise tolerance by maximal exercise test, and cardiac

biology by histological and molecular techniques. Doxorubicin-induced cardiotoxicity,

evidenced by impaired ventricular function, cardiac atrophy, and fibrosis. Exercise

training did not preserve left ventricular ejection fraction or reduced fibrosis. However,

exercise training preserved myocardial circumferential strain alleviated cardiac atrophy

and restored cardiomyocyte cross-sectional area. On the other hand, exercise training

exacerbated doxorubicin-induced body wasting without affecting survival. Finally,

exercise training blunted doxorubicin-induced exercise intolerance. Exercise training

performed during doxorubicin-based chemotherapy can be a valuable approach to

attenuate cardiotoxicity.

Keywords: exercise, cardiac function, speckle tracking, doxorubicin, cardiotoxicity, fatigue

INTRODUCTION

Doxorubicin (Doxo) is an antineoplastic agent widely used to treat various cancer types over the
last decades. Its clinical applications, however, are hampered by several adverse side effects. It affects
healthy organs and systems as well (1), by inducing cardiotoxicity (2) and contributing to tiredness
and exercise intolerance, also reported as cancer-related fatigue (3, 4).

Previous studies demonstrated that Doxo-induced cardiotoxicity is a dose-dependent
phenomenon, defining safety ranges for Doxo in preventing heart failure (HF) (5–7). However,
Doxo treatment remains prevalently associated with ventricular dysfunction, characterized by
a reduction of left ventricular (LV) ejection fraction (EF) > 10% from baseline or displaying

54

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2021.605993
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2021.605993&domain=pdf&date_stamp=2021-04-01
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:igomesdossantos@mgh.harvard.edu
https://doi.org/10.3389/fcvm.2021.605993
https://www.frontiersin.org/articles/10.3389/fcvm.2021.605993/full


Gomes-Santos et al. ExTr and Doxo-Induced Cardiotoxicity

LVEF < 50% (5, 7). Although clinically overt cardiotoxicity
occurs in ∼6% of cancer patients, at least one in seven
patients will present subclinical cardiotoxicity, and 1 out of
10 will experience an adverse cardiovascular event (8). This
borderline impairment of ventricular function may not reach
the minimum guideline-levels for starting a pharmacological
intervention during cancer treatment, but it might account for
the high incidence of cardiovascular morbidity and mortality
observed in previously treated patients, even several years after
defeating cancer (9, 10). Hence, finding strategies to prevent
Doxo-related adverse effects are highly desirable.

Exercise training (ExTr) has been suggested as a non-
pharmacological approach against Doxo-induced cancer-related
fatigue and cardiotoxicity (1, 11–15). Several studies have
consistently demonstrated a protective role of ExTr when
performed before chemotherapy in preclinical models. However,
it remains unknownwhether ExTr performed concomitantlywith
Doxo-based treatment prevents cardiotoxicity (15). Considering
the adherence to ExTr programs in cancer patients declines
as the dose of ExTr intensity increases (16), we tested the
hypothesis that a low-to-moderate intensity aerobic ExTr
program during Doxo treatment would prevent cardiotoxicity
and exercise intolerance.

METHODS

Animal Care and Experimental Protocol
All animals care and procedures were conducted following the
National Council for the Control of Animal Experimentation
(CONCEA) and approved by the Institutional Scientific
Committee of the Heart Institute (InCor-HCFMUSP) and the
Ethics Committee on Animal Use (CEUA) of the University
of São Paulo Medical School (FMUSP). Eight-week-old male
C57BL/6J mice were enrolled in the study. Mice were evaluated
for exercise capacity and LV structure and function and then
assigned into three groups: Control (no exercise, saline-treated,
n = 12), Doxo (no exercise, treated with doxorubicin, n = 20)
and Doxo + ExTr (exercise-trained, treated with doxorubicin, n
= 20). They were kept in a temperature-controlled room with
a 12:12-h light-dark cycle and free access to a standard diet
and water. The animals were euthanized by cervical dislocation
under deep anesthesia. The heart was dissected to separate right
ventricle (RV), left ventricle (LF), and septum, allowing the
assessment of RV hypertrophy using Fulton’s index (RV/LV
+ S). Heart and Lungs were weighted for determination of
absolute (wet tissue, in mg) or relative (normalized by tibia
length, mm) mass. Heart samples (LV) were then snap-frozen
in liquid nitrogen and stored at −80◦C for biochemical and
histological analysis.

Echocardiography
The LV evaluations were performed using a preclinical
ultrasound system (Vevo 2100 Imaging System, Visual Sonics,
Canada), and mice were sedated with 5% isoflurane and kept
under anesthesia by continuous administration of 1–1.5% of
isoflurane with 1 L/min 100% O2 to maintain light sedation
throughout the procedure. Transthoracic echocardiography was

performed using a 40-MHz transducer positioned on the mice
shaved chest with contact gel, and images were stored on
cine loops at the time of the study using a digital Two-
dimensional B mode with short-axis views at the level of
the papillary muscle. LV dimensions were measured in the
B-mode, in the 2-dimensional parasternal long-axis view.
All the analyses were conducted according to the American
Society of Echocardiography guidelines (17). Strain analysis was
based on speckle tracking technique (18), which uses acoustic
backscatter on 2D grayscale ultrasound images (two-dimensional
cinematic images) as tissue marker, allowing the quantification
of myocardial deformation along the longitudinal, radial, and
circumferential axes, according to myocardial fiber orientation.
The parasternal long-axis view provided a longitudinal and radial
strain and strain rate. Circumferential and radial strain and strain
rates were obtained from the parasternal short-axis view. Both
long- and short-axis views are divided automatically into six
segments for speckle tracking throughout the cardiac cycle and
their average provided global (longitudinal, circumferential, and
radial) parameters.

Determination of Exercise Capacity and
Prescription of Exercise Training
Maximal running capacity tests were performed at baseline and
at the end of the experimental protocol on a mouse running
treadmill, providing parameters of exercise tolerance (running
time, in s and running performance, in J) and proper exercise
prescription, as described previously (19). The ExTr program
consisted of a continuous, low-to-moderate aerobic ExTr (∼40–
50% ofmaximal exercise capacity at 0% grade, 40min per session,
4 days per week for 5 weeks).

Doxorubicin Treatment
Doxorubicin was obtained from the Cancer Institute, University
of São Paulo Medical School (ICESP-HCFMUSP) pharmacy.
Doxo was administered once a week via intraperitoneal injections
of 5 mg/kg for 5 weeks (20). Saline groups received 0.9% saline
injection on the same volume of Doxo-treated groups (0.1mL).
Mice were not subjected to ExTr on the day of Doxo or saline
injections, neither for the following 2 days.

Western Blot
Protein expression levels were analyzed by immunoblotting.
Frozen samples from LV were homogenized in Tris-HCl
buffer (100mM Tris-HCl, 50 nM NaCl, 1% Triton, pH 7.4)
and protease/phosphatase inhibition cocktail (1:100, Sigma-
Aldrich, USA). After centrifugation (10,000 × g, 4◦C, 10min),
we recovered the supernatant and added a loading buffer
(Laemmli 1:1, Sigma-Aldrich, USA). Samples (30 µg) were
then transferred to SDS-PAGE in 10% acrylamide gels and
submitted electrophoresis and then electrically transferred to
a nitrocellulose membrane (BioRad Biosciences, USA). The
membranes were incubated in a blocking solution (5% BSA,
10mM Tris-HCl, pH 7.6, 150mM NaCl, e 0.1% Tween
20) for 3 h in room temperature, then overnight in 4◦C
with primary antibodies. The primary antibodies binding
was detected using secondary antibodies with peroxidase
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activity, reaction detected by chemiluminescence (Amersham
Biosciences, USA), and visualized by autoradiography. Mouse
monoclonal anti-GATA4 (Santa Cruz sc-25310, 1:500), rabbit
polyclonal anti-SOD1[Cu-Zn] (Abcam ab16831, 1:2,000), rabbit
polyclonal anti-SOD2[Mn] (Abcam ab13533, 1:5,000) and
mouse monoclonal anti-SOD3[EC] (Abcam ab80946, 1:1,000)
total expression levels were normalized by a housekeep gene
(mouse monoclonal anti-ß-actin, Santa Cruz sc-47778), and
rabbit monoclonal anti-phospho-ERK1/2 [Thr202/Tyr 204] (Cell
Signaling #4377, 1:1,000) as ratio to total rabbit monoclonal
anti-ERK1/2 (Cell Signaling #4695, 1:1,000). We also analyzed
GATA4 in the cytosolic and nuclear fractions. The cytosolic
and nuclear fractions were obtained by an extraction kit
(NER-PER, ThermoFisher Scientific, EUA). We used Image-
J (National Institute of Health, USA) software to quantify
immunoblots density.

Histological Analysis
Cross-sectional rings of the mid-left ventricles were frozen in
nitrogen-cooled isopentane. Then, samples were serially sliced
into 10-µm cross-sections from the proximal to the distal
region using a cryostat (Micron HM505E, Zeiss, Germany).
The fiber cross-sectional area (CSA) was evaluated in transverse
cardiomyocytes, stained with Griffonia simplicifolia lectin (1 h
at room temperature), and imaged at 40x magnification. CSA
of adjacent cardiomyocytes from at least three slides per

mice, n = 2 mice per group were pooled, averaging ∼300
cardiomyocytes per group. Collagen deposition was quantified in
cardiac sections stained with Picrossirius Red, and imaged under
40x objective. The images were thresholded, and the interstitial
collagen fractional area was averaged from at least five fields
per slide, n = 5 mice per group, and expressed as a percentage.
Images were acquired using a Leica Quantimet 520 (Cambridge
Instruments, UK), and analyzed with Image J (National Institute
of Health, USA).

Statistical Analysis
Results are expressed as Mean ± SEM. Statistical analyses were
performed using GraphPad Prism software. Kaplan-Meier plots
were generated and a log-rank test performed to compare
exercise time tolerance curves. Endpoints were compared by one-
way ANOVA with Tuckey’s multiple comparison tests or Student
t-test to detect group differences. We used linear regression for
correlative analysis. In all cases, we considered as significant
a P ≤ 0.05.

RESULTS

Doxo-Induced LVEF Reduction Is Not
Prevented by ExTr
We first conducted a maximal exercise capacity test to
properly prescribe ExTr, as well as echocardiography to set

TABLE 1 | Physical characteristics, ventricular morphology and function, and effort tolerance at baseline.

Co Doxo Doxo + ExTr P-value

Bodyweight, g 23.6 ± 0.43 23.3 ± 0.46 23.1 ± 0.2 0.66

HR, bpm 437 ± 24 387 ± 26 365 ± 31 0.93

Left ventricular morphology

LVEDD, mm 3.61 ± 0.09 3.60 ± 0.08 3.58 ± 0.11 0.49

LVESD, mm 2.44 ± 0.14 2.54 ± 0.15 2.43 ± 0.22 0.89

IVS, mm 0.77 ± 0.01 0.76 ± 0.03 0.79 ± 0.02 0.63

LVPW, mm 0.69 ± 0.03 0.64 ± 0.02 0.69 ± 0.02 0.32

Systolic function

LVEF, % 60.1 ± 4.92 56.0 ± 5.29 59.6 ± 7.05 0.61

LVFS, % 32.4 ± 3.29 29.5 ± 3.55 32.8 ± 4.82 0.49

LVEDV, µL 55.3 ± 3.61 54.9 ± 3.03 54.4 ± 3.63 0.81

LVESV, µL 22.3 ± 3.27 24.4 ± 3.38 23.3 ± 4.83 0.58

CO, mL/min 14.6 ± 1.80 11.4 ± 1.05 11.4 ± 1.72 0.17

SV, µL 33.0 ± 3.25 30.4 ± 2.96 31.1 ± 3.26 0.85

Diastolic function

Mitral E velocity, mm/s 478 ± 57.9 574 ± 46.5 481 ± 59.9 0.99

Mitral A velocity, mm/s 200 ± 36.8 269 ± 39.1 201 ± 20.4 0.49

Mitral E/A ratio 2.78 ± 0.44 2.31 ± 0.32 2.20 ± 0.20 0.47

Exercise tolerance

Running distance, m 665 ± 41.3 603 ± 52.3 621 ± 27.5 0.66

Running performance, J 154 ± 11.6 140 ± 11.8 143 ± 6.14 0.98

n = 8–11 Control, n = 8–9 Doxo, n = 7–9 Doxo + ExTr. One-Way ANOVA.

CO, cardiac output; HR, heart rate; IVS, interventricular septal wall thickness; LVEDD, left ventricular end-diastolic diameter; LVEDV, left ventricular end-diastolic volume; LVESV, left

ventricular end-systolic volume; LVEF, left ventricular ejection fraction; LVESD, left ventricular end-systolic diameter; LVPW, left ventricular posterior wall thickness; LVSF, left ventricular

stroke fraction; SV, stroke volume.
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FIGURE 1 | Experimental design. Doxorubicin was administered weekly (5

mg/kg i.p. for 5-wk), concomitantly with low-to-moderate intensity aerobic

exercise training (40–50% maximal exercise capacity for 40min, 4 days per

week), or follow-up. Co, control (n = 12); Doxo, doxorubicin (n = 20); Doxo +

ExTr, doxorubicin + exercise training (n = 20); ExTr, exercise training.

baseline cardiac parameters (displayed in Table 1). We then
applied a Doxo treatment previously established (Figure 1)
(20), exposing mice to an accumulated dose of 25 mg/kg.
Echocardiography confirmed Doxo-induced cardiotoxicity,
characterized by reduced cardiac output (CO) and LVEF
(Table 2 and Figures 2A,B). LVEF reduced 26% with Doxo
alone, and 22% under Doxo + ExTr in comparison to Control
(Figure 2B). Under conventional echocardiography, ExTr was
not able to prevent Doxo-induced LV dysfunction expressed by
CO and LVEF (Figures 2A,B), LV fractional shortening (FS),
and stroke volume (SV) (Table 2).

The Myocardial Circumferential Strain Is
Preserved With ExTr
Speckle tracking analysis indicated that Doxo significantly
affected the circumferential SAX strain (Figure 2C) and strain
rate (SR) (Figure 2E). Those are quantifications of how much
the myocardium has deformed in every cycle and at what
velocity, respectively. They represent the vector of strain and SR
of six regional segments (Figures 2D,F, schematic localization
of each segment in Figure 2G). Cardiac strain analysis showed
that ExTr prevented the deleterious effects of Doxo in the
SAX circumferential strain and SR (Figure 2). ExTr brought
the posterior wall (PW), inferior free wall (IFW), and posterior
septum (PS) toward normal ranges, therefore normalizing
global parameters of circumferential strain and SR in SAX
(Figures 2C–G). This suggests a benefic effect of ExTr on
regional myocardial contractility.

ExTr Prevents Doxo-Induced
Cardiopulmonary Atrophy
Pathological analysis indicated Doxo induced atrophy of cardiac
and pulmonary tissue (Table 2 and Figure 3). Cardiac mass
(Figure 3A), left ventricle (Figure 3B), and lung (Figure 3C)
relative mass were reduced with Doxo, as well as Fulton’s
index (Figure 3D). ExTr partially alleviated Doxo effects on
these parameters. Histological analysis showed Doxo reduces
the cross-sectional area of cardiomyocytes (Figure 3E), further
confirming cardiac atrophy. Importantly, ExTr sustained a
normal cardiomyocyte area. Doxo also induced a ∼3-fold
increase in myocardial fibrosis that was not prevented by ExTr
(Figure 3F). Cardiac levels of the GATA4, a transcription factor
that is associated with compensatory response to cardiac injury

in the adult heart (21), was significantly reduced under Doxo
treatment. ExTr did not restore GATA4 expression, but it
attenuated Doxo effects (Figure 4A). As the activity of GATA4 is
mainly coordinated by its translocation and nuclear activation,
we determined the protein expression levels specifically in the
nucleus and in the cytosol. Despite a visual trend toward the
reduction of nuclear translocation by Doxo and restoration by
ExTr, no statistical significance was observed in the differential
expression of GATA4 (Figure 4B). ExTr trend to increase
phosphorylated-to-total ERK ratio to Doxo group (Figure 4C).
No differences were found in the protein expression levels of
the different isoforms of superoxide dismutase (SOD) enzymes
(Figures 4E–H).

ExTr Exacerbates Doxo-Induced Body
Wasting
Doxo induced body wasting, and ExTr exacerbated it
(Figure 5A). However, ExTr did not affect survival under
doxo treatment (Figure 5B). One explanation is ExTr might
have increased caloric expenditure, as we did not observe
changes in food intake among groups (data not shown). This is
also supported by the fact that ExTr partially preserved brown
adipose tissue (BAT) (Figure 5C), but not white (WAT) fat
depots mass (Figure 5D), reduced under Doxo treatment. No
changes were observed in skeletal muscle mass (Figure 5E).

ExTr Blunts Effort Intolerance Induced by
Doxo Treatment
Wequantified running capacity (Figure 6), as it predictsmaximal
oxygen uptake and cardiopulmonary performance (22). We
observed a strong trend toward the reduction of running
distance under Doxo treatment, in comparison to baseline levels
(Figure 6A). Running performance (a more sensitive method
that takes bodyweight in consideration) showed an almost 40%
decline induced by Doxo in comparison to the Co group
(Figure 6B). ExTr was able to increase the distance covered
from baseline in 37%, completely preventing Doxo-induced
impaired running performance (Figures 6A,B, respectively).
Comparing Doxo-treated groups alone, all mice subjected
to ExTr sustained exercise for significantly longer periods
than Doxo-treated only (Figure 6C). Interestingly, we found a
significant negative correlation between running performance
and SAX circumferential strain rate (Figure 6D).

DISCUSSION

Anthracycline-based chemotherapies are widely used to treat
oncologic patients, but it is associated with strong adverse effects,
as cardiotoxicity and cancer-related fatigue. As standard care
improved, patients are now more likely to survive cancer (23).
Hence, strategies to alleviate treatment side effects, prevent the
development of co-morbidities, and enhance the quality of life
are needed.

Although the role of ExTr to prevent Doxo-induced cardiac
dysfunction has been consistently demonstrated in preclinical
models, the vast majority of these studies started weeks or

Frontiers in Cardiovascular Medicine | www.frontiersin.org 4 April 2021 | Volume 8 | Article 60599357

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Gomes-Santos et al. ExTr and Doxo-Induced Cardiotoxicity

TABLE 2 | Physical characteristics, ventricular morphology, and function after 5 weeks of saline or doxorubicin treatment.

Co Doxo Doxo + ExTr P-value

Bodyweight, g 25.3 ± 0.71 21.3 ± 0.61* 19.2 ± 0.43* < 0.001

HR, bpm 414 ± 13 416 ± 30 389 ± 26 0.65

Wet cardiac mass, mg 102.1 ± 2.63 75.2 ± 2.48* 81.1 ± 4.75* < 0.001

Wet LV, mg 81.7 ± 2.19 62.0 ± 2.31* 65.9 ± 3.64* < 0.001

Wet lung, mg 209.1 ± 9.17 157.3 ± 12.6* 170.8 ± 12.4* 0.007

Left ventricular morphology

LVEDD, mm 3.81 ± 0.16 3.59 ± 0.13 3.51 ± 0.12 0.33

LVESD, mm 2.57 ± 0.14 2.83 ± 0.14 2.74 ± 0.13 0.44

IVS, mm 0.82 ± 0.04 0.71 ± 0.03 0.73 ± 0.03 0.16

LVPW, mm 0.71 ± 0.03 0.67 ± 0.03 0.67 ± 0.02 0.59

Systolic function

LVFS, % 32.8 ± 1.66 21.3 ± 1.93* 22.3 ± 1.72* < 0.001

LVEDV, µL 63.9 ± 6.00 54.7 ± 4.64 52.2 ± 4.32 0.25

LVESV, µL 25.2 ± 3.35 31.2 ± 3.60 29.0 ± 3.56 0.48

SV, µL 38.7 ± 3.22 23.5 ± 2.05* 23.2 ± 1.52* < 0.001

Diastolic function

Mitral E velocity, mm/s 431 ± 32.5 433 ± 41.1 390 ± 38.6 0.66

Mitral A velocity, mm/s 227 ± 23.6 201 ± 65.9 208 ± 31.5 0.89

Mitral E/A ratio 2.01 ± 1.85 3.35 ± 1.12 2.16 ± 0.39 0.27

Speckle-tracking

LAX Longitudinal strain, % −11.8 ± 1.57 −17.9 ± 2.50 −15.5 ± 2.13 0.75

LAX Longitudinal SR, 1/s −5.1 ± 1.04 −6.67 ± 1.14 −7.46 ± 0.89 0.18

LAX Radial strain, % 19.4 ± 3.13 30.8 ± 4.83(0.09) 30.2 ± 2.64(0.09) 0.04*

LAX Radial SR, 1/s 6.57 ± 1.45 8.87 ± 1.25 9.01 ± 0.74 0.28

SAX Radial strain, % 32.6 ± 2.96 25.9 ± 3.52 26.3 ± 2.97 0.23

SAX Radial SR, 1/s 8.58 ± 0.97 7.82 ± 0.50 8.36 ± 0.72 0.84

n = 7–12 Control, n = 6–9 Doxo, n = 6–11 Doxo+ExTr. *P ≤ 0.05 vs. Control by One-Way ANOVA and Tukey’s multiple comparisons test.

CO, cardiac output; HR, heart rate; IVS, interventricular septal wall thickness; LAX, long axis view; LVEDD, left ventricular end-diastolic diameter; LVEDV, left ventricular end-diastolic

volume; LVESV, left ventricular end-systolic volume; LVEF, left ventricular ejection fraction; LVESD, left ventricular end-systolic diameter; LVPW, left ventricular posterior wall thickness;

LVSF, left ventricular stroke fraction; SAX, short axis view; SR, strain rate; SV, stroke volume; TL, tibia length.

even months before either an acute (bolus administration of
an accumulated dose of Doxo) or chronic treatment (fractioned
dose along time) [find an overview in (24)]. This approach may
be relevant to investigate potential mechanisms, but it might
not reflect the pathophysiological events observed in the clinical
practice. That because a cytotoxic chemotherapy treatment
usually starts as soon as possible after diagnosis, limiting the
available window for ExTr pre-conditioning.

Some authors analyzed ExTr concomitantly with Doxo, by
applying short-term protocols. However, a short treatment
period does not allow enough time to the deterioration of
systolic function, as expected with chronic Doxo administration
(25). Other accessed ventricular function after a wash-out
period (12, 20). However, this approach is more likely to
favor recovery (26) and, hence, does not necessarily reflect
Doxo-induced cardiotoxicity during cancer treatment. The
same problem occurs to studies modeling rehabilitation, with
ExTr beginning once the cardiomyopathy is established (11),
rather than recapitulating a cancer survivorship context.
We designed this study to model an ExTr program that
started concomitantly with chronic cytotoxic treatment with
Doxo-based chemotherapy. The synergistic effect of ExTr on the

anti-tumoral activity of Doxo has been previously demonstrated
(25, 27). Moreover, tumors per se can induce ventricular
dysfunction (28–30). Therefore, we decided to study non-tumor
bearing mice.

The pathophysiology of Doxo-induced cardiotoxicity is
complex, and several distinct mechanisms have been established
[see (5) for concise review]. On the other hand, chronic and
late effects are seemingly related to transcriptional activity
abnormalities (20), and the transcription factor GATA4 has
been mechanistically implicated (2, 31). In postnatal hearts,
GATA4 is essential for cardiomyocyte survival after injury or
stress (21). Hence, by inhibiting GATA4, Doxo blunts the
cardiac capacity of responding to injury, triggering apoptosis,
and autophagy, therefore leading to cardiac atrophy. So far,
there is no commercially available pharmacological treatment
targeting GATA4. However, studies from our group and others
(32, 33) demonstrated that ExTr modulates GATA4, potentially
indicating a mechanism for ExTr-induced cardioprotection
to Doxo.

ExTr imposes a higher cardiac workload, inducing
angiogenesis and hypertrophy of cardiomyocytes, and
GATA4 triggers this physiological process (21, 32, 33).
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FIGURE 2 | Exercise training alleviates Doxo-induced cardiac dysfunction. Doxo impairs CO (A) and LVEF (B). However, speckle tracking showed ExTr preserved

SAX cardiac contractility, both in the Circ strain (C,D) and strain rate (E,F), expressed as a final vector from strain (B) and strain rate (D) of different cardiac segments

(D,F). AFW, anterior free wall; AS, anterior septum; CO, cardiac output; Circ, circumferential; IFW, inferior free wall; LW, lateral wall; LVEF, left ventricular ejection

fraction; PS, posterior septum; PW, posterior wall; SAX, short axis). Conceptual analysis of speckle tracking on (G). n = 6–11 per group. Group abbreviations as in

Figure 1. *P ≤ 0.05.

However, overexpression of GATA4 is also associated
with decompensated cardiac hypertrophy, as it occurs in
neuroendocrine overactivation-induced HF (33). On the other
hand, in diabetes-induced cardiac atrophy, a similar phenotype
observed in response to Doxo, GATA4 activity is reduced (32).
Importantly, ExTr brings the activity of GATA4 back to normal

physiological ranges in both situations. Hence, one would
expect that, if ExTr prevents Doxo-induced cardiotoxicity, it
would be by sustaining the transcriptional activity of GATA4
(24). In our study, ExTr alleviated but was not able to restore
the expression levels of GATA4 (Figures 4A,B,D). This might
explain why ExTr did not prevent Doxo-induced reduction of
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FIGURE 3 | ExTr alleviates Doxo-induced cardiopulmonary atrophy. Doxo induces cardiac (A), left ventricle (B), and lung (C) mass atrophy (normalized by tibia length

and expressed in mg/mm), which is alleviated by ExTr. Fulton’s index (RV/LV + S) reduces with Doxo and is partially preserved by ExTr (D). ExTr prevents

cardiomyocyte atrophy induced by Doxo (E). Doxo increases cardiac collagen deposition that is not prevented by ExTr (F). Group abbreviations as in Figure 1. N =

8–11 (A–D), >500 cardiomyocytes pooled from n = 2–3 (E) and n = 5 (F) per group. *P ≤ 0.05.

FIGURE 4 | Molecular markers of Doxo-induced cardiotoxicity. Cardiac protein expression of GATA4 analyzed by densitometry and normalized against β-actin (A) and

its nuclear/cytosol ratio (B); the ratio of pERK-to-total-ERK (C) and representative blots (D); protein levels of the antioxidant enzyme superoxide dismutase isoforms 1

(E), 2 (F), or 3 (G) and its representative blots (H). GATA4, GATA binding protein 4; ERK, extracellular signal-regulated kinases; pERK, phosphorylated ERK; SOD,

superoxide dismutase. Group abbreviations as in Figure 1. n = 5–8 per group. *P ≤ 0.05.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 7 April 2021 | Volume 8 | Article 60599360

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Gomes-Santos et al. ExTr and Doxo-Induced Cardiotoxicity

FIGURE 5 | ExTr exacerbates Doxo-induced body wasting. Doxo induces body wasting, which is exacerbated by ExTr (A), although without negatively affecting

survival (B). Doxo affects fat depots mass, reducing both BAT (C) and WAT (D) adipose tissue. ExTr attenuates BAT mass wasting, but not WAT. No changes were

found in skeletal muscle mass (E). BAT, brown adipose tissue; WAT, white adipose tissue. Group abbreviations as in Figure 1. n = 12–20 per group (A,B) or n = 8–10

(C–E). *P ≤ 0.05.

LVEF (Figure 2B). We cannot exclude the possibility that ExTr
favors the regain of ventricular function over time, perhaps
even rescuing GATA4 activity. The main explanation for the
attenuated GATA4 response to ExTr relies on DNA machinery
to function. Doxo is a non-selective inhibitor of topoisomerase
(20, 34), an essential enzyme for cell replication and DNA
promoting activity. Once topoisomerase is inhibited, it impairs
the binding of a transcription factor to the promoter region
(34), leading to cardiotoxicity (20). It is likely that, in an “acute”
phase [i.e., right after the treatment termination (35)], Doxo still
inhibits GATA4 transcriptional activity, preventing ExTr to exert
a major early-phase protective effect.

A great deal of studies implicated the increased oxidative stress
(ROS) in Doxo-induced cardiotoxicity (36). ExTr is known to

reduce cardiac ROS in cardiovascular diseases (13). Here, we
assessed the protein levels of SOD as surrogate markers of anti-
oxidative capacity, as these are the main enzymes to convert
superoxide radicals into hydrogen peroxide and oxygen. As in
previous reports, Doxo did not change the expression of SOD in
the heart (12). However, in our study, ExTr alone was not able
to enhance SOD activity as well. We did not directly measure
cardiac ROS generation. Hence we cannot rule out the possibility
that ExTr alleviates ROS, which could also explain the modest
ExTr effect on myocardial contractility.

Doxo provoked myocardial strain and strain rate
abnormalities, analyzed by the speckle tracking technique
(37–40). This technique has demonstrated superiority to
detect cardiac abnormalities—especially subclinical—over the
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FIGURE 6 | ExTr blunts Doxo-induced effort intolerance. Effort tolerance, determined maximal running capacity, shows Doxo total running time from Baseline trend to

impair (A), and running performance (B) and total running time (C) were reduced. Interestingly, the better the cardiac contractility (strain rate), the higher is exercise

capacity (D) among Doxo-treated groups. J, joule; SAX, short axis. Group abbreviations as in Figure 1. n = 10–12 per group. *P ≤ 0.05.

conventional echocardiography, as myocardial strain reduction
is frequent in cancer patients and precedes LVEF reduction that
cannot be anticipated by other parameters (37). In our study,
we observed a significant impairment of circumferential strain
and strain rate in the SAX, which was abrogated by ExTr. We
further analyzed each of the six segments that compose the
final strain vector (Figures 2C–F). As can be observed, ExTr
trends toward bringing reduced myocardial strain under Doxo
back to normal ranges. Surprisingly, Doxo did not change LV
longitudinal strain or radial strain. Longitudinal strain has
been used for the early detection of LV impairment in a variety
of cardiac diseases. Moreover, longitudinal strain changes are
prognostic of cardiotoxicity in patients (41). One possibility
is that longitudinal, radial, and circumferential strains change
at a different rate (42). By measuring only at one-time point,
we might have missed eventual changes in some parameters.
Besides, endocardial fibers are mainly longitudinaly oriented,
while mid-wall are more circumferential oriented (43). Thus,
orientation and local geometry might respond differently to
exercise-induced hemodynamic stress. Stewart and collaborators
demonstrated that acute exercise transiently reduces longitudinal
strain globally (44). In contrast, this intervention only causes
reduction in the apical portion of the circumferential strain. ExTr
induces physiological modification of cardiac geometry toward
cavity expansion in response to repeated bouts of transient
hemodynamic overload (45, 46). In our study, we did not
find significant changes in cavity size or fibrotic depots. These
findings suggest that the LV morphology is differently affected
by ExTr under Doxo administration. Circumferential strain in
the short axis is more sensitive in identifying LV remodeling
(47), which seems to explain why circumferential strain was

more sensitive than other strain parameters in our study. Finally,
one should consider differences among species. Circumferential
strain seems to represent more similar LV contractility patterns
in mice and humans (48), which enhances the translational
findings of our study. Notably, the circumferential strain is
pointed out as more relevant to the cardio-oncology population,
by its superior sensitivity to detect patients under higher risk of
developing Doxo-induced cardiotoxicity (38). Certainly, regional
changes along time and in response to different stimuli is an
interesting topic for further studies.

The myocardial strain has also been demonstrated to precede
recovery in other cardiovascular diseases. Investigating mice
after myocardial infarction, speckle tracking analysis detected
that improvements in cardiac strain occurred before regaining
of LVEF functionality (38). In our model, we observed both a
reduction of myocardial strain and LVEF under Doxo influence.
ExTr normalized this parameter. Whether myocardial strain
normalization by ExTr indicates a future full recovery of Dox-
induced LVEF dysfunction remains to be determined.

Exercise prompts physiological stress to the cardiovascular
system and, by doing so, provide an informative assessment
of cardiovascular function (38). McKillop and coworkers, more
than three decades ago, demonstrated that, by adding exercise
response to a prediction model based on LVEF, the sensitivity
nearly doubled, reaching 100% chance to detect Doxo-induced
cardiotoxicity compared to resting LVEF alone (49). Others also
suggested the inclusion of exercise tests as an important tool,
especially to avoid underestimation of subclinical dysfunction
(49, 50) or to distinguish from pre-existent coronary artery
disease (51). Indeed, ongoing clinical trials are investigating
whether exercise intolerance and cancer fatigue can predict
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cardiotoxicity and cardiovascular events in the next decade
(NCT02791581, ClinicalTrials.gov). Here, we showed that ExTr
improved exercise capacity, preventing Doxo-induced exercise
intolerance and, hence, counteracting cancer-related fatigue.
Interestingly, a significant correlation between myocardial
contractility and exercise capacity was observed (Figure 6D).
Of note, exercise capacity is a predictor of survivorship
across different types of cancer, some of them traditionally
treated with Doxo (52–54). Hence, our study suggests that
ExTr improves cardiovascular fitness and counteract Doxo-
induced cardiotoxicity.

Study Limitations
We studied male mice as it has been reported a protective role
of the female sex in Doxo-induced cardiotoxicity (53). Hence,
the implications of the present study may offer limited insights
for the female population. The fact that we narrowed down our
molecular analysis to specific, previously selected pathways, may
have limited the strength of our mechanistic conclusions. Also,
we studied low-to-moderate intensity aerobic exercise. However,
it is possible that higher exercise dose would elicit superior effects
(15, 55).

CONCLUSION

Our findings suggest that low-to-moderate intensity aerobic
ExTr program performed concomitantly with Doxo treatment
does not prevent Doxo-induced LVEF reduction but attenuates
cardiac atrophy, preserves myocardial strain, and enhances
exercise tolerance. Therefore, ExTr can be a valuable approach
to alleviate Doxo-induced cardiotoxicity.
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Purpose: To explore the utility of phosphorus magnetic resonance spectroscopy (31P

MRS) in identifying anthracycline-induced cardiac toxicity in patients with breast cancer.

Methods: Twenty patients with newly diagnosed breast cancer receiving

anthracycline-based chemotherapy had cardiac magnetic resonance assessment

of left ventricular ejection fraction (LVEF) and 31P MRS to determine myocardial

Phosphocreatine/Adenosine Triphosphate Ratio (PCr/ATP) at three time points:

pre-, mid-, and end-chemotherapy. Plasma high sensitivity cardiac troponin-I (cTn-I)

tests and electrocardiograms were also performed at these same time points.

Results: Phosphocreatine/Adenosine Triphosphate did not change significantly

between pre- and mid-chemo (2.16 ± 0.46 vs. 2.00 ± 0.56, p = 0.80) and pre- and

end-chemo (2.16± 0.46 vs. 2.17± 0.86, p= 0.99). Mean LVEF reduced significantly by

5.1% between pre- and end-chemo (61.4 ± 4.4 vs. 56.3 ± 8.1 %, p = 0.02). Change in

PCr/ATP ratios from pre- to end-chemo correlated inversely with changes in LVEF over

the same period (r = −0.65, p = 0.006). Plasma cTn-I increased progressively during

chemotherapy from pre- to mid-chemo (1.35 ± 0.81 to 4.40 ± 2.64 ng/L; p = 0.01) and

from mid- to end-chemo (4.40 ± 2.64 to 18.33 ± 13.23 ng/L; p = 0.001).

Conclusions: In this small cohort pilot study, we did not observe a clear change in mean

PCr/ATP values during chemotherapy despite evidence of increased plasma cardiac

biomarkers and reduced LVEF. Future similar studies should be adequately powered to

take account of patient drop-out and variable changes in PCr/ATP and could include T1

and T2 mapping.
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INTRODUCTION

Anthracyclines are widely used in the treatment of breast cancer
and are well-recognized to carry increased risk of cardiotoxicity
(1–3). This can occur as an early, acute manifestation, or
many years after treatment as late onset cardiomyopathy (4,
5). It is increasingly apparent that there may be a chronic
subclinical phase associated with low grade cardiac injury
with no apparent clinical impact on the contractile function
of the heart (6). This period may remain latent for many
years with the patient remaining asymptomatic and with
apparently normal cardiac function. Identification of early and
subtle cardiac dysfunction during this period could provide a
window of opportunity for therapeutic intervention if those
at risk or those experiencing this low-grade decline could
be accurately identified. Recent studies have suggested that it
might be possible to detect subclinical cardiac dysfunction using
echocardiographic strain measurements of the left ventricle and
that such changes might predict future risk of developing cardiac
dysfunction (7, 8). Other studies have suggested that plasma
levels of cardiac troponin could also provide a useful marker
of early and ongoing cardiac injury following anthracycline
treatment (9, 10).

Left Ventricular Ejection Fraction (LVEF), assessed by a
variety of imaging methods, is recognized as insensitive for the
detection of early anthracycline-induced cardiomyopathy (11).
The widely used values for a clinically relevant decline in ejection
fraction associated with clinical symptoms of heart failure, or
an asymptomatic decrease in LVEF of 10% to <55% (10, 12)
represent a relatively late manifestation of cardiac toxicity. In
some cases, by the time a reduction in LVEF occurs the patient
may have irreversible cardiac damage. As cancer survival rates
increase there is a clear need not only to identify early markers
of anthracycline myocardial toxicity but also to explore new
techniques that could potentially identify baseline characteristics,
pre-chemotherapy, that might predict the likelihood of
developing subsequent cardiotoxicity. An accurate method of
identifying, and possibly even predicting, early cardiac toxicity
could aid oncologists in optimizing chemotherapy treatment
whilst limiting the short and long-term cardiotoxic effects of
these agents.

This study explores the potential utility of phosphorus
magnetic resonance spectroscopy (31P-MRS) acquired using
a clinical 3T MR system to identify early anthracycline-
induced cardiac toxicity and baseline predisposition to cardiac
injury. This technique measures the phosphocreatine/adenosine
triphosphate concentration ratio (PCr/ATP), which reflects
cardiac cellular energetics. The normal range of PCr/ATP is
approximately 1.8–2.2, whereas decreased PCr/ATP is associated
with a drop in available energy reserve in the heart, associated
with many forms of heart failure (13, 14).

Conventional cardiac investigations of electrocardiogram
and ultra-high sensitivity plasma cardiac troponin-I (cTn-
I) have also been applied. To our knowledge PCr/ATP
has not previously been used sequentially to assess cardiac
injury in breast cancer patients before, during, and
after chemotherapy.

METHODS

Ethics Statement
This study was approved by the South East Scotland Research
Ethics Committee (14/SS/1041) and all participants gave full
written informed consent.

Study Population and Recruitment
Twenty female breast cancer patients with no prior exposure
to anthracyclines scheduled to receive anthracycline-based
chemotherapy either in the adjuvant or the neoadjuvant setting
were recruited from the Breast clinic at the South East Scotland
Cancer Center over a period of 18 months. The combination
chemotherapy regimens were either six cycles of adjuvant FEC-
80 [Fluorouracil, Epirubicin (80 mg/m3), cyclophosphamide],
or three cycles of FEC [Fluorouracil, Epirubicin (100 mg/m3),
cyclophosphamide] followed by three cycles of Docetaxel (FEC-
T). Four patients had a history of hypertension: two treated
with ramipril and two with bendroflumethiazide (Table 1).
None of the patients had coronary heart disease, diabetes,
hypercholesterolemia, or heart failure at baseline.

The mean time between each scan was 7 weeks (range 6–
12 weeks) and was designed flexibly to allow for the oncology
team to defer or postpone the next chemo-treatment for clinical
reasons including chemotherapy-related side effects including
nausea, fatigue, and general malaise.

Thirteen healthy volunteers (48.8 ± 11.2 years, range 31–60)
with no background medical conditions and on no medications
underwent a single MRI imaging protocol and a single 31P
MRS as described for patients. Phosphocreatine/Adenosine
Triphosphate Ratios and left ventricular ejection fraction
were calculated for each volunteer. Scanning was repeated
for three of these normal subjects to assess repeatability of
measurements. The maximum difference between repeated
PCr/ATP measurements and repeated LVEF measurements for
volunteers defined the cut-off above which a real change
could be assumed to occur in patients between pre- to mid-
chemotherapy, mid- to end-chemotherapy, and pre- to end-
chemotherapy. Volunteers did not undergo ECG or plasma
troponin measurements and did not undergo sequential repeat
MR scans.

High Sensitivity Cardiac Troponin-I (cTn-I)
Measurements
Blood samples were taken immediately prior to the first and
fourth chemotherapy cycles and within 2 weeks of completion of
the sixth chemotherapy cycle. Plasma Cardiac Tn-I wasmeasured
using a high sensitivity assay (ARCHITECT STAT Troponin I
assay; Abbott Laboratories). This assay has a limit of detection
of 1.2 ng/L, with a coefficient of variation of 23% at the limit
of detection (1.2 ng/L) and <10% at 6 ng/L (15). The upper
reference limit, determined by the manufacturer as the 99th

centile of samples from 4,590 healthy individuals, is 16 ng/L
in women (15). As part of clinical follow-up, cTn-I was also
measured within 3 months of completion of chemotherapy in
patients where values increased above the normal range (0–16
ng/l) at any time point during chemotherapy.
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TABLE 1 | Patient population clinical characteristics and treatment regimens.

Patient Age range (years) Smoking history BMI Menopausal status Hyper-tension Chemo-therapy Trastuzumab Cancer side Radiotherapy

1 60–70 No 28 Post No FEC-T No R Yes

2 60–70 No 31 Post No FEC No R Yes

3 40–50 No 24 Pre No FEC-T No R No

4 50–60 No 31 Post No FEC80 No L Yes

5 40–50 Yes 28 Pre No FEC-T No R Yes

6 50–60 No 38 Post No FEC-T No L Yes

7 30–40 No 24 Pre No FEC-T No L No

8 50–60 Yes 32 Post No FEC-T No L Yes

9 60–70 No 26 Post Yes* FEC80 No R Yes

10 50–60 No 25 Pre No FEC-T No R Yes

11 30–40 No 28 Pre No FEC80 No L Yes

12 50–60 No 30 Pre No FEC-T No R Yes

13 50–60 Yes 24 Post No FEC-T Yes L Yes

14 40–50 No 36 Pre No FEC-T No R Yes

15 50–60 No 35 Post Yes* FEC-T No L Yes

16 40–50 No 23 Pre Yes** FEC80 No R Yes

17 50–60 No 27 Post Yes** FEC80 No L Yes

18 40–50 No 26 Pre No FEC-T Yes L+R Yes

19 30–40 Yes 30 Pre No FEC-T No L Yes

20 50–60 No 32 Pre No FEC-T No L Yes

Cardiac history of any of angina, hypertension, previous myocardial infarction, heart failure. Chemotherapy regimen: FEC80—six cycles of Fluorouracil, Epirubicin (80 mg/m3 ),

cyclophosphamide. FEC-T—three cycles of Fluorouracil, Epirubicin, (100 mg/m3), cyclophosphamide followed by three cycles of docetaxel.
*Hypertension treated with ramipril.
**Hypertension treated with Bendroflumethiazide.

FIGURE 1 | 31P-MRS spectrum acquisition. An example of the voxel

positioning for 31P-MRS acquisition spectrum, the spectrum acquired at the

mid-septum, denoted by the red square, is analyzed. An example of a 31P MR

spectrum is also shown (B) with resonances corresponding to

phosphocreatine (PCr), γ, β, and α adenosine triphosphate (ATP), and

2,3-diphosphoglycerate (2,3 DPG) labeled.

Cardiac Magnetic Resonance Imaging
(CMRI)
Participants attended the Edinburgh Imaging QMRI facility at
three time points: pre-, mid-, and end-chemotherapy. Mid-
chemotherapy was defined as between cycles 3 and 4 and
end-chemotherapy was within 27 ± 19 days of completing
cycle 6. On each occasion participants were positioned head

first supine in a 3T Verio MR scanner (Siemens Healthineers,
Erlangen, Germany) between anterior and posterior parts of
an 8-element cardiac 31P receive array coil (Rapid Biomedical,
Rimpar, Germany).

Phosphorus Magnetic Resonance
Spectroscopy
The 31P MRS protocol used for this study has been described in
detail elsewhere (16). In brief the total MR protocol acquisition
time including positioning, set-up and acquisition of cine MR
imaging to calculate ejection fraction and MRS was 60min. 31P
MR spectra were acquired over 30min using a 3D UTE-CSI
pulse sequence (TR/TE = 1,000/∼0.6ms, FOV = 350 × 350 ×

350 mm3, 22 × 22 × 10 CSI matrix). A flip angle (α) of 30◦

was applied to the mid-septum of the myocardium. Voxels were
carefully planned so that one full voxel was aligned with the
mid-septum. Figure 1 shows an example of the planning of the
voxel positioning. While spectra are acquired from each voxel,
that acquired from the mid-septum voxel (denoted by the red
square in Figure 1) is the spectrum used for analysis. The 31P
MRS acquisition was not ECG gated.

Analysis of the 31P spectra was carried out using a
custom Matlab implementation of AMARES (17) and was
analyzed by two independent observers blinded to the time-
point of analysis. This analysis quantifies the amount of
phosphocreatine (PCr) and adenosine triphosphate (ATP)
present in the cardiac spectrum as a concentration ratio
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(“PCr/ATP”). The PCr/ATP ratio was corrected for saturation
effects and blood contamination. Phosphocreatine/Adenosine
Triphosphate Ratios were calculated for each of the three
time-points.

Left Ventricular Ejection Fraction
A series of Cardiac Magnetic Resonance (CMR) cine images
were acquired from base to apex in the short axis plane using
the system’s integrated body coil (TrueFISP sequence: TR/TE =

85.8/1.45ms, α = 50◦, FOV = 400 × 338 mm2, matrix = 256
× 205, Grappa acceleration factor = 3, slice thickness = 8mm).
Two independent operators subsequently calculated the LVEF
from these images using QMass R© software (Medis, Leiden, The
Netherlands). This was carried out for images acquired at each
time point.

We used the definition of the Cardiac Review and Evaluation
Committee (CREC) supervising Trastuzumab trials which
defined cardiotoxicity as a decrease in LVEF of 5 points to
<55% with accompanying signs or symptoms of heart failure,
or a decline of 10 points to <55% without heart failure signs or
symptoms (10, 12).

Electrocardiograms
A 12-lead ECG was acquired at each of the three time points
immediately prior to each MRI scan. These were reported
by a Cardiologist and any abnormalities grouped by ST
segment change, left ventricular hypertrophy and changes in the
QT interval.

Statistical Analysis
All statistical analysis was carried out using Minitab 17 Statistical
Software (Minitab 17 Statistical Software (2010), State College,
PA: Minitab, Inc.). Data were analyzed using paired Student’s t-
tests or one-way ANOVA as appropriate. Associations between
various parameters were assessed using Pearson’s Coefficient.
Significance was accepted at p ≤ 0.05.

The mean PCr/ATP ratio for age-matched female healthy
controls was 1.75 ± 0.59 (range 1.11–2.18, n = 13). In three
healthy volunteers with repeat measurements of PCr/ATP the
difference in values between scans were 0.58, 0.53, and 0.20.
This was consistent with other published work suggesting that
a change in PCr/ATP of 0.5, with 95% confidence, could be
detected with a sample size of nine patients using a similar
protocol as that used in patients with heart failure (18). However,
since we could not accurately predict the change in PCr/ATP
associated with the anthracycline regimes used in our patients
we recognized that, taking drop-out into account, we might not
be adequately powered to detect a smaller change in PCr/ATP
even with the proposed 20 patients agreed with our ethical
review board.

RESULTS

Patient Characteristics
All participants were women with median age 51 (range 31–
67 years) and median body mass index 28 (range 23–36). Six
patients (30%) received FEC80, fourteen (70%) received FEC-T

FIGURE 2 | Left ventricular ejection fraction in healthy volunteers and in breast

cancer patients during chemotherapy. Healthy volunteer left ventricular

ejection fraction (LVEF, blue, n = 13) and sequential LVEF in patients (black)

pre- (n = 20), mid- (n = 15), and end-chemotherapy (n = 19) acquired by

cardiac magnetic resonance (CMR) imaging [box and whiskers plot, values are

mean ± SD, and 95% confidence intervals, *P = 0.02 for change from pre-to

end chemo in patients (paired t-test)].

chemotherapy, and eighteen (90%) received radiotherapy. Two
patients treated with the FEC-T received Trastuzumab from the
mid-chemo time point. Ten patients had left sided tumors and
one had left and right sided tumors. Nine participants were
post-menopausal.

All participants attended their pre-chemotherapy MRI scan
while five were unable to attend the mid-chemotherapy scan due
to inter-current illness and one was unable to attend the final
end-chemotherapy MRI scan.

Cardiac Magnetic Resonance Imaging
(CMR)
The mean LVEF for healthy volunteers was 63.6 ± 4.5% with
range 57.6–74.3%. Differences in repeated measurements of
LVEF for three volunteers were 0.5, 0.6, and −0.5%, indicating
a very high degree of repeatability.

Left ventricular ejection fraction was calculated for all 20
participants prior to chemotherapy, 15 at mid-chemotherapy,
and 19 at end-chemotherapy.

The mean (± standard deviation) LVEF at pre-, mid-, and
end-chemotherapy was 61.6 ± 4.4, 60.5 ± 5.2, and 56.3 ± 8.1%
respectively (Figure 2). There was a significant decrease in LVEF
between pre- and end-chemotherapy (p = 0.02). There was no
significant difference in LVEF between patients receiving FEC80
(n = 5) and those receiving FEC-T (n = 12) at mid (57.7 ±

5.6 vs. 61.9 ± 4.7%, respectively, p = 0.14) or end-chemo time-
points (55.9 ± 3.9 vs. 56.5 ± 9.6%, respectively, p = 0.94). Left
ventricular mass did not change significantly between pre-chemo
and end-chemo (83.2± 11.9 vs. 82.0± 10.7g; p= 0.78).
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In total, six patients experienced a significant decrease in LVEF
according to agreed criteria (10). Three symptomatic patients
(with breathlessness) experienced a 5% decrease in LVEF from
pre- to mid-chemo. Two of these patients had no further change
in LVEF from mid- to end-chemo and one had a significant
increase. Three additional patients experienced a decrease of
10% in LVEF from mid- to end-chemo. One patient, receiving
FEC-T, became symptomatic during treatment with associated
ankle swelling and breathlessness associated with a 30% fall
in LVEF between pre- and end-chemo to 30.5%. This patient
responded rapidly to low dose diuretics and fluid restriction and
was assessed by the cardiology team with full recovery of cardiac
function within 2 weeks.

Cardiac Energetics Assessed by 31P-MRS
31P MR spectra were successfully acquired for 19 breast cancer
patients pre-chemotherapy, 11 at mid-chemotherapy, and 17
end-chemotherapy. Missing scans were due to inter-current
illness or technical issues for one participant at the pre-
chemotherapy scan, four mid-chemotherapy, and two end-
chemotherapy. An example patient 31P spectrum is shown
in Figure 1. There was no significant difference in the mean
PCr/ATP ratio between healthy controls and patients at the pre-
chemo time point (1.94 ± 0.42 vs. 2.16 ± 0.46, respectively, p =

0.11).
For the patient cohort there was no significant difference

in mean sequential values for PCr/ATP ratio comparing pre-,
mid-, and end-chemotherapy time-points. However, there was a
significant negative correlation between the change in PCr/ATP
from pre- to mid-chemotherapy and the subsequent change in
PCr/ATP from mid- to end chemotherapy (r =−0.68, p= 0.04).
The mean change in the PCr/ATP ratio at mid- and at end-
chemotherapy relative to the mean baseline value is plotted in
Figure 3.

Plasma High Sensitivity Cardiac Troponin-I
Plasma cardiac cTn-I-I levels (ng/L) were low-normal (<5 ng/L)
in all patients at baseline prior to starting chemotherapy and
increased progressively by mid-chemo with a further rise at the
time of the last chemo cycle (Figure 4). The threshold cTn-I level
for identifying acute coronary syndrome (ACS) in women in our
center is 16 ng/L and is based on the 99th upper centile of the
normal range for a large sample of patients (15). In our study,
while all participants showed a small but significant rise in mean
cTn-I value between baseline andmid-chemo (1.35± 0.81 to 4.40
± 2.64 ng/L, p = 0.0001) none of these values exceeded the ACS
threshold (16 ng/L). By end-chemo there was a further significant
increase in mean plasma cTn-I (4.40± 2.64 to 14.84± 8.73 ng/L,
p= 0.0001) with six cTn-I values above the ACS threshold. These
six patients, and a further three patients with borderline normal
cTnI levels at end-chemo, were invited back 2–3 months after
end of chemotherapy for longer term follow-up with repeat blood
cTn-I. In all cases cTn-I had returned to normal level (mean ±

SD, 1.55± 0.88 ng/L).
The specific type of chemotherapy regime had no impact on

cTn-I levels. At mid-chemotherapy cTn-I was not significantly
higher in patients receiving FEC-T compared to FEC80 (5.0 ±

FIGURE 3 | PCr/ATP ratio in healthy volunteers and in breast cancer patients

during chemotherapy. Myocardial PCr/ATP ratio (box and whiskers plot) in

healthy volunteers (blue) and in breast cancer patients (black) pre, mid, and at

end of chemotherapy [p = 0.80 for pre-chemo vs. mid-chemo and p = 0.99

for pre to end chemo (one-way ANOVA with Tukey multiple comparison test)].

FIGURE 4 | Plasma cardiac troponin levels during chemotherapy in breast

cancer patients. High sensitivity cardiac troponin-I levels pre-, mid-, and

end-chemotherapy [box and whiskers plot, **indicates P < 0.001 for change

from pre-chemo (paired t-test)] and at 2–3 months follow-up in patients with

values above the normal range at end-chemo (n = 9).

2.9 vs. 3.0 ± 0.89 ng/L, respectively, p = 0.12) or at end-chemo
in patients receiving FEC80 compared to those receiving FEC-
T (18.3 ± 12.0 vs. 13.2 ± 6.7 ng/L, respectively, p = 0.24). As
expected, the side of the cancer had no impact on cTn-I levels
at any of the time points studied (end-chemo: left 15.1 ± 8.1 vs.
right 15.5± 10.1, p= 0.92).
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Electrocardiograms (ECG)
There were no significant changes in PR interval or QRS duration
during chemotherapy. There was a small but significant increase
in the corrected QT interval (QTc) from 422 ± 15 to 438 ±

13ms (p = 0.0001) with most of this increase occurring between
baseline and mid-chemo. Overall, no patient showed an increase
of QTc of >60ms or a QTc above 500 ms.

Exploratory Analysis of Possible
Association Between LVEF, PCr/ATP, QT
Interval, and Cardiac Troponin-I
A significant negative correlation was found between the change
in PCr/ATP ratio and the change in LVEF from pre-chemo
to end-chemo (r = −0.65, p = 0.006, Supplementary Figure).
A significant negative correlation was also found between the
change in PCr/ATP ratio from pre- to end-chemotherapy and
the change in LVEF frommid- to end-chemotherapy (r =−0.77,
p = 0.002). There was no apparent association between cTn-I
and LVEF or PCr/ATP any of the time points. There was also no
association found between changes in the corrected QT interval
in the electrocardiogram and changes in cTn-I or changes in the
QT interval and changes in LVEF. There was no apparent effect
of trastuzumab treatment on cTn-I levels.

In total, six patients displayed cTn-I values above the
normal range at the end-chemo timepoint. When examining
each of these patients on an individual basis, no clear
relationship was observed between cTn-I and baseline clinical
data, including pre-existing hypertension or smoking history,
LVEF or PCr/ATP ratio.

DISCUSSION

This study has explored the applicability of PCr/ATP ratio,
measured using 31P MRS, to detect early anthracyclines-induced
cardiac injury in a pilot cohort. The widely accepted cellular
mechanism underlying anthracycline-induced cardiac toxicity
is based on generation of reactive oxygen species (ROS)
resulting from mitochondrial damage associated with elevated
intracellular iron (19). Such damage to mitochondria is likely
to cause early perturbations in high energy phosphates within
cardiomyocytes and hence is the rationale for assessing 31P-
MRS in this clinical setting. In addition, cardiotoxicity associated
with breast cancer treatment is categorized as either type I,
associated with irreversible cardiomyocyte death, or type II due
to reversible cardiomyocyte dysfunction (9). Impaired cardiac
energetics could represent a possible underlying mechanism for
type II toxicity.

We compared PCr/ATP ratio with other markers of
cardiotoxicity including high sensitivity plasma cardiac Tn-
I, ECG parameters, and cardiac magnetic resonance imaging
assessment of LVEF.While these conventional factors suggested a
progressive cardiotoxic effect of chemotherapy there was no clear
signal in the PCr/ATP ratio data. The possible reasons for this
are discussed.

Cardioprotection during chemotherapy has been
demonstrated using ACE inhibitors (20), statins (21), angiotensin

receptor antagonists (22), but not metoprolol (22). Dexrazoxane
has been shown to reduce cardiac troponin release during
anthracycline based chemotherapy (23). Only two patients in our
study received ACE inhibitors for management of high blood
pressure and hence background drug therapy is unlikely to have
impacted our findings. Allopurinol (24) andmetformin (25) have
also been shown to affect cardiac energetics and these possibly
merit further study using 31P-MRS to assess their mechanism of
action during chemotherapy.

Patient specific factors such as age and physical fitness are
also known to affect PCr/ATP ratio. Jakovljevic et al. (26) found
that PCr/ATP ratio was significantly reduced in older compared
to younger women. They also found that older women who
are physically active maintained high PCr/ATP ratios similar
to younger sedentary women. Genetic factors are also known
to play a part in susceptibility to cardiotoxicity in response to
chemotherapy (27). Therefore, physical activity, pre-treatment
levels of physical fitness, and genetics could provide intrinsic
protection during chemotherapy, potentially impacting on the
effects of chemotherapy on PCr/ATP.

While we observed a significant decrease in LVEF between pre
and end chemotherapy by approximately 5% we also observed
a negative association between changes in PCr/ATP ratio and
LVEF between pre- and end-chemotherapy. This finding is not
consistent with studies in dilated cardiomyopathy (unrelated to
anthracyclines) where low PCr/ATP ratios were associated with
reduced LVEF (28, 29) and while this was a pilot study, we
had predicted a fall in PCr/ATP ratios in line with or perhaps
preceding a fall in LVEF. The reasons for this are not clear. There
is possibly a more complex relationship between energetics and
LVEF in the setting of anthracycline chemotherapy compared
to other forms of cardiomyopathy or the relatively modest
reduction in mean LVEF of 5% was not sufficient to reveal a
measurable change in PCr/ATP ratio during the course of the
chemotherapy regimen. A further reason for the lack of clear
change in PCr/ATP ratio is the possibility of a type 2 statistical
error. Since the number of patients clinically well enough to
have a 31P-MRS scan at mid-chemo time point fell from 20 to
11, this small number was at the predicted limit to allow us
to detect a significant change in PCr/ATP ratio. Furthermore,
this mid-chemo time point was important in that all 20 patients
had been receiving anthracyclines over the previous 6 weeks
in the run up to this mid-point scan. Thereafter, most patients
(14) switched to docetaxel for the last three chemo-cycles thus
diminishing our chances of detecting an effect on the final scan.
It is therefore possible that cardiac energetics recovered in the 14
patients treated with Docetaxel for the final three chemo cycles.
In addition, the relatively low cumulative dose of anthracyclines
used may have limited cardiotoxicity.

Overall, the fall in LVEF, increase in QT interval on ECG and
the rise in cardiac troponin together suggest that there was some
degree of cardiac toxicity in our cohort. The very slight fall in
PCr/ATP ratio at mid-chemo, while non-significant, is therefore
highly intriguing and merits further study addressing the issues
highlighted in our pilot. Furthermore, the sensitivity of 31P-MRS
scans could be significantly improved by using higher magnetic
field strengths (7T) (30, 31).

Frontiers in Cardiovascular Medicine | www.frontiersin.org 6 April 2021 | Volume 8 | Article 65364871

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Macnaught et al. Cardiac Energetics During Anthracycline Chemotherapy

CONCLUSIONS

This study investigated 31P MRS in assessing cardiac energetics
of breast cancer patients undergoing chemotherapy in a pilot
cohort. Our findings have highlighted the challenges of serial
cardiac imaging studies during complex chemotherapy regimens
and outlined a pathway by which this technique could be
further explored to establish its potential for detection of
cardiac energetics during chemotherapy. Future studies should
take account of a potentially high level of patient drop-out,
background factors that could influence cardiac PCr/ATP ratio,
such as age, physical fitness, and regular medications, and should
seek to improve sensitivity using 7T MRI. Future studies could
include assessment of Trastuzumab on 31P MR myocardial
imaging and changes in T1 and T2 mapping.
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Anti-cancer treatment regimens can lead to both acute- and long-term myocardial

injury due to off-target effects. Besides, cancer patients and survivors are severely

immunocompromised due to the harsh effect of anti-cancer therapy targeting the bone

marrow cells. Cancer patients and survivors can therefore be potentially extremely

clinically vulnerable and at risk from infectious diseases. The recent global outbreak of

the novel coronavirus severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

and its infection called coronavirus disease 2019 (COVID-19) has rapidly become a

worldwide health emergency, and on March 11, 2020, COVID-19 was declared a

global pandemic by the World Health Organization (WHO). A high fatality rate has

been reported in COVID-19 patients suffering from underlying cardiovascular diseases.

This highlights the critical and crucial aspect of monitoring cancer patients and

survivors for potential cardiovascular complications during this unprecedented health

crisis involving the progressive worldwide spread of COVID-19. COVID-19 is primarily

a respiratory disease; however, COVID-19 has shown cardiac injury symptoms similar to

the cardiotoxicity associated with anti-cancer therapy, including arrhythmia, myocardial

injury and infarction, and heart failure. Due to the significant prevalence of micro- and

macro-emboli and damaged vessels, clinicians worldwide have begun to consider

whether COVID-19 may in fact be as much a vascular disease as a respiratory disease.

However, the underlying mechanisms and pathways facilitating the COVID-19-induced

cardiac injury in cancer and non-cancer patients remain unclear. Investigations into

whether COVID-19 cardiac injury and anti-cancer drug-induced cardiac injury in cancer

patients and survivors might synergistically increase the cardiovascular complications

and comorbidity risk through a “two-hit” model are needed. Identification of cardiac

injury mechanisms and pathways associated with COVID-19 development overlapping

with anti-cancer therapy could help clinicians to allow a more optimized prognosis and

treatment of cancer survivors suffering from COVID-19. The following review will focus

on summarizing the harmful cardiovascular risk of COVID-19 in cancer patients and

survivors treated with an anti-cancer drug. This review will improve the knowledge of

COVID-19 impact in the field of cardio-oncology and potentially improve the outcome

of patients.
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INTRODUCTION

For the past 40 years, the cancer survival rate has increased
considerably due to the improvement in cancer diagnosis and
treatment (1, 2). Unfortunately, anti-cancer drug therapy of
cancer patients can lead to serious cardiac injury adverse effects,
such as hypertension, arrhythmia, stroke, and heart failure (3).
These harmful anti-cancer drug-mediated cardiac injury adverse
effects are difficult to diagnose and prevent and can appear
years after the anti-cancer treatment is completed. Regrettably,
long-term anti-cancer drug-mediated cardiac injury can lead to
increased mortality of cancer survivors (4). Anti-cancer therapy
is very harsh and can adversely affect the bone marrow cells,
which can lead to a severe immune deficiency in cancer patients
and survivors (5). In particular, a delay of the adaptive response
with antibodies is observed in cancer patients and survivors, and
this can lead to an increase in the susceptibility to develop severe
infections caused by common viruses like influenza (6, 7).

A novel coronavirus named SARS-CoV-2 causing COVID-
19 appeared in Wuhan, China, toward the end of 2019.
Within a few months, SARS-CoV-2 spread all over the world
and was declared as a global pandemic by WHO on the
March 11, 2020. Initial studies showed that COVID-19 mainly
targeted and damage the respiratory system (8–11); however,
recent studies have reported that COVID-19 can also induce
cardiovascular complications, such as dysrhythmias, venous
thromboembolic events, myocarditis, myocardial injury, acute
myocardial infarction, and heart failure (12).

The myocardial injury associated with COVID-19 could harm
cancer survivors, who are already at high risk of suffering
from an anti-cancer therapy-induced cardiac injury (13). The
possible relation and overlap between the myocardial injury
mechanism of COVID-19 and the anti-cancer therapy-induced
cardiac injury is a major cause of concern in the clinic. In this
review, we will identify cardiac injury mechanisms and pathways
during COVID-19 development and the possible comorbidity
risk through a “two-hit” model cancer patients and survivors
are facing.

ANTI-CANCER THERAPY AND CARDIAC
INJURY

Anti-cancer Drugs Associated With
Cardiac Injury
While the anti-cancer therapy options available to cancer
patients have improved over the past decades, a rise in

Abbreviations: ACE, angiotensin-converting enzyme; ACE2, angiotensin-
converting enzyme 2; Ang(1–7), angiotensin 1–7; Ang II, angiotensin II;
ARDS, acute respiratory distress syndrome; BNP, B-type natriuretic peptide;
COVID-19, coronavirus disease 2019; cTnI, cardiac troponin I; ER, endoplasmic
reticulum; ERIG, endoplasmic reticulum–Golgi intermediate compartment;
ICI(s), immune checkpoint inhibitor(s); ICU, intensive care unit; LVEF, left
ventricular ejection fraction; NF-κβ, nuclear factor kappa-light-chain-enhancer;
RAS, renin angiotensin system; RIG-I, retinoic acid-inducible gene-I; ROS,
reactive oxygen species; SARS-CoV-2, severe acute respiratory syndrome
coronavirus 2; TLR, Toll-like receptors; TMPRSS2, type 2 transmembrane serine
protease; cTnI, cardiac troponin I; cTnT, cardiac troponin T; WHO,World Health
Organization.

cardiac adverse effects as a result of anti-cancer therapy has
emerged as a considerable cause for concern in cancer survivors.
Various types of chemotherapeutic anti-cancer drugs can induce
cardiac injury (14). Some of the most potent cardiotoxic
anti-cancer drugs belong to the anthracycline group, such
as doxorubicin (3). Anthracyclines can induce cardiac injury
through different intracellular mechanisms including oxidative
stress (15), mitochondrial dysfunction, reactive oxygen species
production (16), apoptosis (17), and myofibril damage (18).
Other chemotherapy drugs responsible for cardiac complications
include taxoids, antimetabolites, immune checkpoint inhibitors
(ICIs), alkylating agents, and tyrosine kinase inhibitors (19,
20). The antimetabolite 5-fluorouracil can interfere with the
nucleic acid function (21), and 5-fluorouracil treatment can
induce arrhythmia, silent myocardial ischemia, and congestive
heart failure in cancer patients (3). Therapy with ICIs has
been associated with atherosclerosis, venous thromboembolism,
vasculitis, Takotsubo syndrome, myocarditis, and hypertension
(22–24). The alkylating agent cyclophosphamide has both
cardiotoxic and immunosuppressive adverse effects (25), and
cyclophosphamide treatment can lead to arrhythmia, cardiac
tamponade, and congestive heart failure (3, 26). The tyrosine
kinase inhibitor sunitinib inhibits ribosomal S6 kinase activity
to induce cellular apoptosis (27), and sunitinib therapy can
induce cardiomyocyte death and hypertrophy, which can
lead to hypertension or, in the severe case, to congestive
heart failure (27).

Assessment of Cardiac Injury
Anti-cancer therapy-induced cardiac injury can be assessed by
imaging techniques and various circulating myocardial injury
biomarkers. Doppler echocardiography and echocardiographic
left ventricular ejection fraction (LVEF) are non-invasive
techniques used in the clinic to detect myocardial injury (28).
Cardiac injury can also be monitored through assessment of
relevant circulating biomarkers levels, such as cardiac troponin
I (cTnI) and B-type natriuretic peptide (BNP) (29). Cardiac
damages lead to an increase in cTnI, while the rise of left ventricle
wall stress leads to increased BNP levels (29). The “gold standard”
in the clinic to determine the onset and stage of cardiac injury is a
combination of LVEF assessment and determining the circulating
levels of cTnI and BNP.

Anti-cancer Therapy Can Lead
to Immunocompromised Status
in Cancer Patients
Cancer patients treated with anti-cancer drugs are at an increased
risk of developing infections and have fatal outcomes as a result
of immunodeficiency, due to the harsh effect of anti-cancer
therapy on the bone marrow cells (30). Cancer survivors tend to
have more frequently influenza infections and acute respiratory
infections than the general population (31). Moreover, childhood
cancer survivors are more likely to develop acute respiratory
disease after influenza infection due to their weak immunity
(7). Further to this, pre-existing cardiovascular diseases can
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aggravate in high-risk cancer survivors (32). The infection-
related complications observed in cancer survivors highlight that
they are at high risk from the new COVID-19 pandemic.

NOVEL GLOBAL PANDEMIC COVID-19

SARS-CoV-2 Transmission
The novel zoonotic RNA virus SARS-CoV-2 leading to COVID-
19 is from a large family of enveloped single-stranded zoonotic
RNA viruses (9). WHO has reported over 113 million COVID-19
cases and over 2.5 million COVID-19-related deaths worldwide
(by March 1, 2021). SARS-CoV-2 is transmitted human-to-
human by indirect or direct contact through mucus membranes
(i.e., mouth, eyes, or nose). Transmission is primarily mediated
through airborne microparticles encapsulating the SARS-CoV-
2 viral inoculum being inhaled in the nasal cavity, followed by
aspiration of the SARS-CoV-2microparticles into the lung, where
SARS-CoV-2 then triggers the viral infection (33).

COVID-19 Symptoms
SARS-CoV-2 infection can induce systematic and respiratory
disorders (34). The most common symptoms of COVID-19
are high fever, consistent dry cough, and loss of smell and
taste sense (10). Several COVID-19 patients showed symptoms
of viral pneumonia, such as sore throat, fatigue, and myalgia
(11). The most serious cases of SARS-CoV-2 infections have
fatal outcomes. The period from the onset of symptoms to
death ranges from 6 to 41 days, depending on the vulnerability
of the patient (35).

COVID-19 was first considered as a respiratory disease, due
to the acute respiratory distress syndrome (ARDS). Indeed,
in critical COVID-19 cases, patients suffer from dyspnoea,
RNAaemia (i.e., detection of SARS-CoV-2 RNA in blood
serum), and hypoxemia, and ground-glass opacities have been
observed in sub-pleural regions of both of their lungs (36, 37).
However, recent studies have shown that COVID-19 can cause
inflammation-associated complications in other systems, such as
the cardiovascular, cerebral, and gastrointestinal systems (10).

COVID-19 Risk Factors
The key prognostic risk factors in patients with COVID-
19 include obesity, metabolic syndrome, diabetes mellitus,
hyperglycaemia, coagulopathy, cigarette smoking, previous
cardiovascular diseases, hypertension, previous cardiotoxic
anticancer therapies, and active cancer. Furthermore, in
cancer patients infected with COVID-19, the additional
risk factors include various active anti-cancer treatments,
such as chemotherapy, radiotherapy, and bone marrow or
stem cell transplants (24). The most consistent predictors of
poor outcomes of COVID-19 are age and gender (Figure 1).
A higher incidence of fatalities is observed in the elderly
COVID-19 patients compared to younger patients. The exact
mechanisms involved are yet to be discovered; however, the
increased prevalence of frailty and cardiovascular disease in
the elderly population is thought to be due to pre-existing
endothelial dysfunction and loss of endogenous cardioprotective
mechanisms (38). Gender also plays an important factor in

the clinical outcome following the contraction of COVID-
19. Regardless of their age, women are less susceptible to
severe infection outcomes, and fewer women are dying of
COVID-19-related complications than age-matched males.
The gender-associated difference in COVID-19 outcome is
thought to be linked to two key mediators of viral attachment
to cell membranes, namely, the angiotensin-converting enzyme
(ACE) 2 receptor (ACE2) for the spike protein of coronaviruses,
and the type 2 transmembrane serine protease (TMPRSS2),
which cleaves the spike protein and thereby facilitates the
attachment and fusion of the virus to cell membranes (39, 40).
In particular, the ACE and ACE2 expression levels and the
resulting ACE/ACE2 activity ratio are important factors for
COVID-19 infection outcome. ACE has pro-inflammatory and
pro-oxidant effects, whereas ACE2 has anti-inflammatory and
antioxidant effects (41, 42). The ACE/ACE2 activity ratio has
shown to be lower in serum samples of females compared to male
serum samples, and the lower ACE/ACE2 activity ratio could
be one of the factors that protect female COVID-19 patients
from developing severe complications (42). In older COVID-19
patients, the worse outcome has been attributed to the presence
of lower ACE2 levels compared to younger patients and thus the
subsequent upregulation of pro-inflammatory pathways through
angiotensin II (43).

COVID-19 Mechanism of Action
SARS-CoV-2 Transmission and Replication
SARS-CoV-2 is transmitted through the surface mucus
membranes in the host human cells, where the viral surface spike
protein binds to the cellular entry receptor ACE2 facilitating
viral entry into host cells (44). The cellular serine protease
TMPRSS2 cleaves the SARS-CoV-2 spike protein, thus allowing
the attachment and fusion of SARS-CoV-2 virus to the host cell
membrane and release of viral RNA in the host cell cytosol (40).
The viral RNA is translated in the endoplasmic reticulum by
the Golgi complex to produce more virions contained in double
membrane vesicles, which are released in the extracellular matrix
by exocytosis (45, 46) (Figure 2).

ACE2 Receptors Involved in Cardiac Function
ACE2 is highly expressed in lung, heart, and kidneys, and is a
key negative regulator of the renin angiotensin system (RAS)
through angiotensin II expression adjustments (47). SARS-
CoV-2 downregulates ACE2 expression by binding to ACE2
receptors (47). In a murine model, the decrease in ACE2
promoted an increase of angiotensin II level in alveolar cells,
which causes an increase of pulmonary vascular permeability
leading to pulmonary oedema and lung dysfunction (48).
Another study demonstrated that the loss of ACE2 promoted the
upregulation of hypoxia-inducible gene (i.e., BNIP3 and PAI-1)
expression in a murine model (49). All in all, the increase of
vascular permeability, hypoxia, and hyper-inflammation caused
by COVID-19 leads to ARDS, which is characterized by
pulmonary oedema (50).

The ACE2 receptors are also expressed in vascular
endothelium cells (51) and are key regulators of cardiovascular
homeostasis (52). Knockout of the ACE2 gene expression in
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FIGURE 1 | Overview of the COVID-19 risk factors and complications observed in COVID-19 patients leading to cardiac injury (figure created with Biorender.com).

murine hearts leads to an increase in angiotensin II levels and
severe diminution of cardiac contractility when compared
to wild-type mice, thus indicating that ACE2 receptors are
essential regulators of cardiac function and ACE2 loss induces
myocardial injury (49).

SARS-CoV-2 Triggered Immune Response
A viral infection is followed by the innate and adaptive responses
of the immune system. In the innate response, the viral RNA
is considered as a pathogen-associated molecular pattern and
is detected by the pattern recognition receptors. Viral RNA is
detected by the Toll-like receptors (TLR) in the endosomes,
and retinoic acid-inducible gene-I (RIG-I)-like receptors detect
the viral RNA in the cytoplasm (53). This innate response is
followed by the adaptive immune response by T-cells, which
play a key role in viral infection by regulating the balance
between the risk of autoimmunity and overactive inflammation.
CD4+ T-cells promote the production of antibodies specific
to the virus by activating T-dependent B-cells. In addition, T-
helper cells produce pro-inflammatory cytokines via the nuclear
factor kappa-light-chain-enhancer (NF-κβ) signaling pathway
and regulatory T-cells maintain the homeostasis of the immune
system. Finally, the cytotoxic CD8+ T-cells exterminate the
infected cells through antigen recognition (53–55) (Figure 3).

In patients with COVID-19, several studies have highlighted
the increase of neutrophils, leukocytes, and lymphopenia.
The neutrophil–lymphocyte ratio is a marker of systemic
inflammation due to an infection and is increased during
COVID-19 (55). In a cohort study including 452 patients in
Wuhan, China, an increase of interleukins IL-2, IL-6, IL-8, IL-
10, and NF-κβ was observed in COVID-19-infected patients
(55). IL-6 levels are increased during infection and IL-6 is a
significant modulator of the cytokine storm. Moreover, there

is a significant increase in the IL-6 levels in severe cases of
COVID-19, when compared to mild COVID-19 cases (55, 56). A
correlation between the severity of COVID-19 and the increase
of pro-inflammatory cytokines have been observed in COVID-
19 patients (57). COVID-19 damages specific tissue, which can
aggravate the cytokine production, leading to the development
of a cytokine storm, characterized by an excessive production of
pro-inflammatory cytokines and the recruitment of macrophages
and granulocytes. The cytokine storm can lead to more damage
in lung tissue, ARDS (58), and myocardial injury (59).

COVID-19 and Cardiac Injury
Cardiac complications in patients infected by SARS-CoV-2
have been reported, particularly in severe COVID-19 cases
(60, 61). Thrombotic complications, such as microvascular
thrombosis, venous thromboembolic disease, and stroke, have
been identified in severe COVID-19 cases (62). The mechanism
of action is thought to be SARS-CoV-2 invading ACE2 receptors
expressed on the surface of endothelial cells (63). The subsequent
endothelial inflammation process in COVID-19 patients induces
a dysfunction of the endothelial homeostasis, and this can lead
to severe and life-threatening (micro)thrombotic complications,
such as pulmonary embolism, deep vein thrombosis, and stroke
(64, 65). Further to this, ACE2 receptors are highly expressed in
the heart and can lead to ACE2-dependent myocardial infarction
(66). COVID-19 has also been shown to cause cardiac injury by
directly targeting the cardiac cells (67, 68).

In a cohort of 416 COVID-19 patients, cardiac injury was
determined by the assessment of serum cardiac markers levels,
including high-sensitivity troponin I, and by measurement of
abnormalities in electrocardiography readings. All cardiac injury
trials in these COVID-19 patients were similar to those observed
during myocardial ischemia. This cohort study showed a very
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FIGURE 2 | The SARS-CoV-2 pathway in the host cells. The spike protein of the virus binds to the cellular receptor angiotensin-converting enzyme 2 (ACE2) and is

cleaved by the type 2 transmembrane serine protease (TMPRSS2). This allows entry into the host cell by endocytosis. Following the entry of SARS-CoV-2, viral RNA is

released into the cytoplasm and replicated. Viral RNA is translated by the endoplasmic reticulum (ER) by Golgi complex and form the endoplasmic reticulum–Golgi

intermediate compartment (ERIG). Viral RNA enters into ERIG by budding to form novel virions. These virions are released from the infected cells by exocytosis. The

ACE2 receptor is a negative regulator of the renin angiotensin system (RAS) and converts angiotensin II (Ang II) into angiotensin 1–7 [Ang(1–7)]. The downregulation of

the RAS allows to maintain the cardiovascular homeostasis (figure created with Biorender.com).

high mortality rate of 51% among COVID-19 patients with
cardiac injury complications. The study compared biomarkers
levels and radiographic findings in 82 COVID-19 patients with
cardiac injury with 334 COVID-19 patients without cardiac
injury. According to their comparison, COVID-19 patients with
cardiac injury had a significantly higher mortality risk than
COVID-19 patients without cardiac injury (67). In another
cohort study, 7.2% of the 138 hospitalized COVID-19 patients
developed an acute cardiac injury after being infected by
SARS-CoV-2, and these patients represented 22.2% of the

COVID-19 patients admitted to the intensive care unit (ICU).
The results of this study suggest that the manifestation of
acute cardiac injury correlates to an imparted outcome in
COVID-19 patients (69).

The cardiac injury mechanisms of action involved during
COVID-19 infection remain unclear; however, it could be due
to altered expression of ACE2 receptors and involvement of
the cytokine storm (70, 71). Additionally, the myocardial injury
could be caused by cardiac stress induced by hypoxia from ARDS
(72). In two independent single-patient clinical case reports
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FIGURE 3 | Overview of the immune response to COVID-19. The proteins on SARS-CoV-2 membrane are recognized as pathogen-associated molecular pattern by

the pattern recognition receptors (PRRs), such as Toll-like receptors (TLR) and retinoic acid-inducible gene-I (RIG-I)-like receptors. This recognition leads to the

activation of T-cells, which differentiate in CD4+ T-cells, CD8+ T-cells, and T-helper cells that induce, respectively, the production of antibodies by B-cells, the deaths of

infected cells, and the cytokine production, such as interleukins IL-2 and IL-6. Moreover, SARS-CoV-2 invasion leads to the recruitment of neutrophils and

macrophage and induce a lymphopenia. The increase of neutrophils and macrophages associated with the cytokine production leads to a hyperinflammation called

the cytokine storm. This cytokine storm leads to acute respiratory distress syndrome (ARDS) and myocardial damage. Green arrows refer to activating effects, orange

arrows refer to recruitment effects, and the red lines refer to inhibiting effects (figure created with Biorender.com).

from China, the individual patients infected by SARS-CoV-
2 were hospitalized and were suffering from both pneumonia
and cardiac symptoms. The COVID-19 patients had elevated
troponin T level, abnormal echocardiography, decreased LVEF,
and elevated IL-6 levels, which could indicate a possible ongoing
cytokine storm. The prognosis of clinicians was that the patients
were suffering from fulminant myocarditis induced by SARS-
CoV-2 (73, 74). Other studies have suggested that myocarditis
represents 7% of deaths due to COVID-19 complications (75).
However, most of these reports are based on assumptions and are
not based on confirmed myocarditis diagnoses (76).

Studies have shown that COVID-19 patients suffering from
severe complications are affected by arrhythmia (69, 77). Indeed,
viral infections like COVID-19 are associated with myocardial
inflammation, which can lead to cardiac arrhythmia (70).
Other studies have observed an increase of D-dimer levels and
fibrin degradation products in COVID-19 patients, and these

features are known as indicators of disseminated intravascular
coagulation and pulmonary embolism (70, 78). A report based
on 106 pulmonary CT angiograms from COVID-19 patients
showed that 30% of the patients had acute pulmonary with
high D-dimer threshold and argued that this could be due
to an increase in the blood coagulation level following the
cytokine storm (79).

COVID-19 AND CANCER PATIENTS AND
SURVIVORS

Increased COVID-19 Complications
and Comorbidity in Cancer Patients
and Survivors
Cancer patients have an estimated two-fold increased risk of
contracting SARS-CoV-2 compared to the general population
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(80). In a cohort study of 1,590 Chinese patients suffering
from COVID-19, it was noted that 1.13% of them were
cancer patients/survivors, which is higher than the overall
0.29% cancer incidence in China. Among the 18 cancer
survivors, 4 of them had completed chemotherapy or surgery
the past month, 12 were cancer survivors in routine follow-
up, and 2 did not report their cancer history. This study
showed that COVID-19 patients with recently completed anti-
cancer therapy were those experiencing the most severe
COVID-19 complications, and some of these patients
died before the onset of COVID-19 treatment. Therefore,
recent completion of anti-cancer therapy seems to be an
important risk factor for developing severe complications during
COVID-19 infection (81).

In another study from Wuhan, China, 28 cancer patients
with COVID-19 were monitored closely for complications: 54%
of them developed severe complication, 21% were admitted to
ICU, 38% were considered to be in a life-threatening condition,
and 28% died as a result of their complication. The cancer
survivors started with developing the most common symptoms
of COVID-19 consisting of a high fever and a consistent cough;
however, the COVID-19 complications escalated quickly and
they also developed anamia and hypoproteinaemia, leading
to a reduction of immunocompetence and increasing the
risk of developing respiratory complications. The last two
symptoms, anamia and hypoproteinaemia, are not common in
COVID-19 patients without any anti-cancer therapy history.
COVID-19 patients with a previous anti-cancer therapy history
seem to develop dyspnoea at an earlier stage compared to
COVID-19 patients without previous cancer history. This study
strongly indicates that cancer patients and survivors might
have a higher risk of developing viral infection with severe
complications due to their immunocompromised status (82).
Please refer to Table 1 for an overview of comorbidities
and complications observed in COVID-19 patients suffering
from cardiac injury identified in the studies included in
this review.

Anti-cancer Drug-Induced Cardiovascular
Injury Might Increase COVID-19
Complication Risks
Certain anti-cancer drugs can cause severe cardiotoxicity
through increased fibrosis, oxidative stress, apoptosis,
and necrosis in myocardial cells, thus increasing the risk
of cardiomyopathies and heart failure. The anti-cancer
drug-induced cardiotoxicity could exacerbate COVID-19-
mediated cardiac injury and dysfunction. These drugs include
anthracyclines (83, 84), tyrosine kinase inhibitors (85, 86),
proteasome inhibitors (87), human epidermal growth factor
receptor 2 blocking antibodies (88), and ICIs (89). The
intracellular mechanisms involved during anthracycline-induced
injury in cardiomyocytes include (a) binding to nuclear and
mitochondrial DNA and interfering with replication, (b)
inhibiting the TOPO II enzyme leading to the damaged DNA
during the cell replication process, (c) disturbing the Ca2+

influx into the cell, (d) disruption of Ca2+ homeostasis in
the mitochondria leading to an increase in reactive oxygen
species (ROS) production and oxidative stress, (e) contractile
dysfunction due to decreased expression of the Ca2+ pump
SERCA2a in the sarcoplasmic reticulum, and (f) preventing the
release of iron from ferritin and facilitating the reduction of
anthracycline–Fe3+ complexes leading to ROS production. ROS
production, DNA damage, and contractile dysfunction can all
lead to cellular apoptosis (3). Figure 4 describes the molecular
mechanisms involved during anthracycline treatment-induced
injury in cardiomyocytes and link them to the SARS-CoV-2
infection pathway.

A clinical study assessed the outcome of underlying
cardiovascular complications in 138 hospitalized COVID-
19 patients in Wuhan, China, with underlying cardiac
comorbidities: 58% patients were suffering from hypertension,
22% patients had diabetes, and 25% already had a cardiovascular
disease (69). Similar findings were published in another report,
where 416 hospitalized COVID-19 patients were suffering
from co-existing cardiovascular diseases: 60% patient had
hypertension, 24% patients suffered from diabetes, 29% patient
had coronary heart disease, while 15% patients had suffered
chronic heart failure (67). According to the National Health
Commission of the People’s Republic of China, 35% of COVID-
19 patients had hypertension and 17% suffered from coronary
heart disease prior to their COVID-19 development (69). These
studies indicate that patients with myocardial injury due to
underlying cardiovascular diseases are more likely at risk to
develop severe complications as a result of SARS-CoV-2 infection
(67, 69, 71). Further to this, anti-cancer drugs can trigger late-
term cardiovascular adverse effects, such as hypertension, cardiac
dysfunction, thromboembolic events, and ischemia heart disease,
and these cardiovascular complications are considered high risk
factors of developing severe complications during COVID-19
infection in cancer survivors (90).

Cancer patients have a high risk of venous thromboembolism,
particularly cancer patients treated with pro-inflammatory
drugs and radiotherapy (91, 92). Therapy with anti-cancer
drugs has also been associated with venous thromboembolism,
which potentially could exacerbate the COVID-19-induced
intravascular coagulative damages. These anti-cancer drugs
lined with venous thromboembolism adverse effects include
anti-VEGF therapies, tyrosine-kinase inhibitors, platinum-
based drugs, proteasome inhibitors, hormonal therapy,
and immunomodulators (93). Cancer patients initiating or
continuing ICI therapy are facing a dilemma during the
COVID-19 pandemic. A potential COVID-19 infection is
characterized by mild to severe inflammation of the lungs
and other organs. Both the ICI-induced immune-related
adverse events and the COVID-19-caused inflammation include
unrestrained immune and cytokine activation; therefore, ICI
therapy could impact the course of COVID-19 and worsen
the outcome (94). Cancer patients treated with ICIs are at
increased risk of developing myocarditis, and recently, there
have been increasing reports that COVID-19 is also associated
with the development of myocarditis, with inflammatory
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TABLE 1 | Comorbidities and complications in COVID-19 patients suffering from cardiac injury identified in the studies included in this review.

References COVID-19

patients (ICU

admission %)

Male (%) Age

(median)

Comorbidities and cancer type (if specified) COVID-19 complications

Huang et al. (10) 41 (32% ICU) 73.00% 49 Diabetes (20%), Hypertension (15%), Cardiovascular

diseases (15%), Chronic obstructive pulmonary disease

(2%), Malignancy (2%), Chronic liver disease (2%).

ARDS (29%), RNAaemia

(15%), Acute cardiac injury

(12%), Secondary infection

(10%), Acute kidney injury

(7%), Shock (7%).

Qin et al. (55) 452 52.00% 58 Hypertension (29.5%), Tuberculosis (19.7%), Diabetes

(16.4%), Cardiovascular disease (5.9%), Malignant tumor

(3.1%), Chronic obstructive pulmonary disease (2.6%),

Cerebrovascular disease (2.4%), Chronic kidney disease

(2.2%), Chronic liver disease (1.3%).

–

Wichemann

et al. (62)

12 (all dead) 75.00% 73 Coronary heart disease (50%), Arterial hypertension (25%),

Chronic obstructive pulmonary disease (25%), Obesity

(25%), Diabetes (25%), Bronchial asthma (25%), Nicotine

abuse (16.7%), Atrial fibrillation (16.7%), Chronic kidney

disease (16.7%), Parkinson disease (16.7%), Peripheral

artery disease (8.3%), Granulomatous pneumopathy (8.3%),

Dementia (8.3%), Epilepsy (8.3%), Trisomy 21 (8.3%),

Non–small cell lung cancer (8.3%), Ulcerative colitis (8.3%).

Deep venous thrombosis

(58%), pulmonary embolism

(33%).

Shi et al. (67) 416 49.30% 64 Hypertension (30.5%), Diabetes (14.4%), Coronary heart

disease (10.6%), Cerebrovascular disease (5.3%), Chronic

heart failure (4.1%), Chronic renal failure (3.4%), Chronic

obstructive pulmonary disease (2.9%), Cancer (2.2%),

Hepatitis B infection (1.0%).

ARDS (23.3%), Electrolyte

disturbance (7.2%),

Hypoproteinemia (6.5%),

Anamia (3.1%), Coagulation

disorders (2.9%), Acute

kidney injury (1.9%).

Han et al. (68) 273 (5.5% ICU) 35.53% 58.95 – –

Wang et al. (69) 138 (26% ICU) 54.30% 56 Hypertension (31.2%), Cardiovascular disease (14.5%),

Diabetes (10.1%), Malignancy (7.2%), Cerebrovascular

disease (5.1%), COPD (2.9%), Chronic kidney disease

(2.9%), Chronic liver disease (2.9%), HIV infection (1.4%).

ARDS (19.6%), Arrhythmia

(16.7%), Shock (8.7%),

Acute cardiac injury (7.2%),

Acute kidney injury (3.6%).

Zeng et al. (73) 1 100.00% 63 Allergic cough for 5 years. Previous smoking history.

Decrease of the cardiac function.

Severe pneumonia, ARDS,

fulminant myocarditis,

multiple organ dysfunction

syndrome.

Hu et al. (74) 1 100.00% 37 Markers of myocardial injury elevated. Fulminant myocarditis with

cardiogenic shock and

pulmonary infection.

Liu et al. (77) 137 44.50% 57 Chronic diseases (17.5%), Diabetes (10.2%), Hypertension

(9.5%), Cardiovascular disease (7.3%), Chronic obstructive

pulmonary disease (1.5%), Malignancy (1.5%).

84% of patients have elevated C-reactive protein levels.

–

Liang et al. (81) 1,600 Cancer

patients:

61.10%

Non-cancer

patients:

57.20%

Cancer

patients:

63.1

Non-cancer

patients:

48.7

Chronic obstructive pulmonary disease, Diabetes,

Hypertension, Coronary heart disease, Cerebrovascular

disease, Viral hepatitis type B, Malignant tumor, Chronic

kidney disease, and Immunodeficiency.

Cancer types: 17 patients with solid cancers including lung

cancer and breast cancer), and 1 patient with lymphoma.

–

Zhang et al. (82) 28 (21.4% ICU) 60.70% 65 Diabetes (14.3%), Chronic cardiovascular and

cerebrovascular disease (including hypertension and

coronary heart disease) (14.3%), Chronic liver disease

(including chronic hepatitis B and cirrhosis) (7.1%). Chronic

pulmonary disease (including chronic obstructive pulmonary

disease and asthma) (3.6%).

82% of patients have elevated C-reactive protein levels.

Cancer types: Lung (25%), esophagus (14.3%), Breast

(10.7%), Laryngocarcinoma (7.1%), Liver (7.1%), Prostatic

(7.1%), Cervical (3.6%), Gastric (3.6%), Colon (3.6%),

Rectum (3.6%), Nasopharynx (3.6%), Endometrial (3.6%),

Ovarian (3.6%), and Carcinoma of testis (3.6%).

ARDS (28.6%), Pulmonary

embolism suspected

(7.1%), Acute myocardial

infarction (3.6%), Septic

shock (3.6%).

ARDS, acute respiratory distress syndrome.
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FIGURE 4 | Molecular mechanisms involved during anthracycline (Hexagonal box with “A”) treatment and SARS-CoV-2 infection in cardiomyocyte leading to injury.

Anthracycline can bind to nuclear and mitochondrial DNA and interfere with the cell replication process. The TOPO II enzyme can be inhibited by anthracycline,

leading to the damaged DNA during cell replication. Anthracycline can also disturb the Ca2+ influx into the cell. The disruption of Ca2+ homeostasis by anthracycline in

the mitochondria leads to an increase of reactive oxygen species (ROS) production and oxidative stress. Moreover, the expression of the Ca2+ pump SERCA2a in the

sarcoplasmic reticulum is decreased by anthracycline, which induces contractile dysfunction. Anthracycline can also prevent the release of iron from ferritin and

facilitate the reduction of anthracycline–Fe3+ complexes leading to ROS production. Combined, these anthracycline mechanisms lead to increased ROS production,

DNA damage, and contractile dysfunction, which leads to cellular apoptosis. Please refer to Figure 2 legend for a detailed description of the SARS-CoV-2 pathway

(figure created with Biorender.com).

cellular infiltrate similar to that seen in ICI-induced myocarditis
(95, 96).

Comorbidity Could Follow a “Two-Hit”
Model
Cancer survivors can unfortunately suffer from subclinical
myocardial injury due to adverse effect from their anti-cancer
therapy (97). A study showed that 65% of cancer survivors treated

with anthracycline ended with subclinical cardiac injury (98).
Patients treated with anthracycline may suffer from subclinical
left ventricle dysfunction, which can possibly lead to clinical
cardiomyopathy (99). The cardiac reserve can be defined as
“the increase in cardiac function from rest to peak exercise.”
In cancer survivors, anthracycline treatment reduces the cardiac
reserve, and this parameter can be used as a marker of subclinical
cardiac myocardial injury (90). Several reports have concluded
that the risk of developing cardiac dysfunction increases over
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the years after completion of anthracycline cancer treatment, and
in the most severe adverse effect cases, heart failure is observed
(100–103).

The subclinical cardiac dysfunction post-anti-cancer
treatment could potentially serve as a risk factor for COVID-
19-induced cardiac injury. Indeed, myocardial injury caused
by COVID-19 infection can worsen the outcome consequences
in patients with reduced cardiac reserve, leading to the
development of severe cardiac complications in these patients.
The cardiovascular complications from COVID-19 infection
could provoke an acceleration of the myocardial injury resulting
from anti-cancer treatment in a “two-hit” manner, as both
COVID-19 infection and anti-cancer therapy can lead to
myocardial injury (13). As mentioned previously, SARS-CoV-2
downregulates ACE2 expression by binding to ACE2 receptors
(47), and ACE2 receptors are essential regulators of cardiac
function (49). Therefore, in cancer patients and survivors that
have undertaken anti-cancer therapy, a COVID-19 infection
increases the potential for cardiac dysfunction due to the SARS-
CoV-2-induced downregulation of ACE2 receptor expression.
Further to this, the level of the cytokine storm modulator
interleukin IL-6 has shown to be increased in more severe cases
of COVID-19 compared to mild cases (55, 56). Interleukin
IL-6 is produced by tumor cells, and an elevated level of
IL-6 has been reported in various cancer types, such as lung
cancer (104), renal cell carcinoma (105), and ovarian cancer
(106). As a result of this, the elevated levels of IL-6 observed
in cancer patients and survivors can exacerbate the effect of
a potential COVID-19-mediated cytokine storm in infected
patients also through IL-6, which can lead to increased injury
in both lung (58) and myocardial tissue (59). On a positive
note, a Review by Vivarelli et al. based on preliminary case
studies with limited number of patients has hypothesized that
cancer patients treated with anti-PD-1 or anti-PD-L1 antibody
ICI therapy might potentially benefit from a boosted anti-viral
immune response in addition to the T-cell cytotoxic response
against cancer (107).

However, more studies are needed to get a better
understanding of intracellular cardiac injury mechanisms
due to COVID-19 infection and to unravel if these intracellular
mechanisms overlap with the anti-cancer drug-induced cardiac
injury pathways and mechanisms.

CONCLUSION

COVID-19 is a new challenge for cancer patients and survivors
treated with cardiotoxic anti-cancer drugs. Cancer patients and
survivors are immunocompromised and are therefore more
susceptible to develop severe complications resulting from
COVID-19 infection. In addition to targeting the respiratory
system and causing havoc in the lungs, COVID-19 can
induce cardiovascular complications and myocardial injury.
Understanding the pathways that lead to cardiac complications
during the COVID-19 infection can lead to the development of
more targeted and tailored therapy options in at-risk groups,
such as cancer patients and survivors, and thus improve the
outcome of vulnerable patient groups.
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As research and understanding of the cardiotoxic side-effects of anticancer therapy

expands further and the affected patient population grows, notably the long-term

survivors of childhood cancers, it is important to consider the full range of myocardial cell

types affected. While the direct impacts of these toxins on cardiac myocytes constitute

the most immediate damage, over the longer term, the myocardial ability to repair, or

adapt to this damage becomes an ever greater component of the disease phenotype.

One aspect is the potential for endogenous myocardial repair and renewal and how this

may be limited by cardiotoxins depleting the cells that contribute to these processes.

Clear evidence exists of new cardiomyocyte formation in adult humanmyocardium, along

with the identification in the myocardium of endogenous stem/progenitor cell populations

with pro-regenerative properties. Any effects of cardiotoxins on either of these processes

will worsen long-term prognosis. While the role of cardiac stem/progenitor cells in

cardiomyocyte renewal appears at best limited (although with stronger evidence of

this process in response to diffuse cardiomyocyte loss), there are strong indications

of a pro-regenerative function through the support of injured cell survival. A number

of recent studies have identified detrimental impacts of anticancer therapies on

cardiac stem/progenitor cells, with negative effects seen from both long-established

chemotherapy agents such as, doxorubicin and from newer, less overtly cardiotoxic

agents such as tyrosine kinase inhibitors. Damaging impacts are seen both directly, on

cell numbers and viability, but also on these cells’ ability to maintain the myocardium

through generation of pro-survival secretome and differentiated cells. We here present

a review of the identified impacts of cardiotoxins on cardiac stem and progenitor cells,

considered in the context of the likely role played by these cells in the maintenance of

myocardial tissue homeostasis.

Keywords: cardiac stem/progenitor cells, cardiotoxicity, heart failure, regeneration, microvasculature

INTRODUCTION

Managing anticancer therapy side-effects has been an important component of oncotherapy
care since it was first developed, with cardiotoxicity as one of the principal side-effects. As
anticancer therapy regimens become more effective and patient long-term survival increases,
avoidance of cardiotoxicity, and its long-term management have accordingly become of ever-
greater importance. Two developments in healthcare continue to drive this: one positive, the
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other negative. The first is improving cancer patient survival: a
review of 40 years of cancer care in England and Wales found
that patients had 50% survival 1 year after diagnosis in 1971,
which rose to 50% survival (predicted) at 10 years after diagnosis
in 2011 (1). The second is that cardiovascular disease remains
highly prevalent in the wider population, disease to which cancer
survivors are no less susceptible. In fact, as the pathophysiology of
cardiotoxicity due to many anticancer drugs involves myocardial
ischaemia or coronary artery damage (2), along with recognition
that cardiotoxicity may manifest in cancer survivors only in the
long term (3), the risk is likely notably higher.

Doxorubicin (DOX) and other anthracyclines are long
established in anticancer therapy, used for several cancers of
childhood (4), but are also well-recognised as cardiotoxic, and
DOX has more recently been identified as a cause of cardiotoxic
damage manifesting in the long term [for review, see Ref.
(3)]. More recent anticancer therapy classes such as tyrosine
kinase inhibitors (TKIs) are more precisely targeted, acting to
impair tumour cell proliferation (5), migration (6), and tumour
angiogenesis (7) via focused actions on tyrosine kinases (acting
on a few kinases to a broad range, depending on the individual
TKI). However, emerging data indicate cardiotoxic side-effects
for these drugs, underlining the importance of considering these
in patient management, with comparable cardiotoxicity data
emerging for the epidermal growth factor receptor-2 inhibitor
trastuzumab (8).

Microvascular injury is an early sign of several cardiac disease
processes, and the study of its involvement in cardiotoxicity
has grown to generate more complete understanding of the
underlying pathophysiology, beyond only mechanisms of injury
to cardiomyocytes. Application of DOX to human cardiac
microvascular vessel specimens ex vivo causes significant
reduction in flow-mediated dilation responses in both adult and
paediatric vessels, although less extensively in paediatric samples,
in addition to loss of acetylcholine-induced vessel constriction
responses (9). Microvascular damage is also caused by TKIs, with
microvascular dysfunction induced by one TKI with clinically
identified cardiotoxicity (10).

Although optimising patient care outcomes is the primary
concern, healthcare economic considerations are only realistic,
particularly as healthcare demands are ever growing and thus
economic resources available are ever more hard pressed to meet
them. For all of these reasons, optimising understanding of the
pathophysiology of cardiotoxicity and identifying means to avert
or minimise its impact is of ever-greater importance.

CARDIAC STEM CELLS AND THEIR ROLE
IN TISSUE HOMEOSTASIS

From their discovery in 2003 (11), cardiac stem cells (CSCs), also
known as cardiac progenitor cells (CPCs), attracted significant
research investment and extensive discussion. The natural first
course of investigation was assessing CSCs as a potential source
of cardiomyocytes, with multiple papers focused on determining
this potential (12–15). Although this knowledge expansion
was commendably rapid, the advancement to clinical trials of

CSC regenerative potential (16, 17) suffered from this rapidity.
Major questions arose over the assumptions about CSCs’ mode
of regeneration in already-started trials (with retraction of
underlying laboratory data undermining one trial). These issues
caused cessation of some trials and re-appraisal of likely repair
mechanisms in others (18, 19).

The fundamental problem was substantially varied rates of
cardiomyogenesis across studies, particularly in the myocardial
infarction (MI) setting (20), bringing into question the practical
utility of CSCs as a source of new myocardium. As this
uncertainty developed, more studies focused on CSCs as
generators of protective paracrine effects (21, 22), to be exploited
as a cardiac disease therapy (23, 24). This mechanism was later
held to be a likely cause of many of the benefits seen in clinical
trials (19, 22). Notably, however, in the specific context of diffuse
injury (as opposed to post-MI), evidence of cardiomyocyte
repair and regeneration was more robust (15, 25), although still
contested. One notable diffuse cardiac injury model was DOX
treatment in vivo: this significantly upregulated cardiomyogenic
lineage markers in CSCs and increased new cardiomyocyte
formation in situ, derived from cells bearing the CSC marker
c-kit (26).

One factor contributing to variant findings was dissimilarity
in genetic lineage tracing approaches. A study directly
comparing transgenic and knock-in-based c-kit-tracing
models found significantly reduced c-kit expression in knock-in
models (thus a limitation of much evidence contesting CSC
cardiomyogenesis) but also that c-kit expression was found in
already-formed cardiomyocytes and increased post-injury (thus,
a limitation to using c-kit to trace de novo cardiomyocytes)
(27). For an overview of c-kit genetic tracking to quantify
CSC cardiomyogenesis, see Ref. (28). Other studies avoided
complications by using a dual-recombination model of c-kit
tracing (avoiding Cre-related limitations) (29) or a series of
CRISPR/Cas9-based tracking models (30): these studies saw
respectively little and no identifiable cardiomyocyte formation
from non-myocytes post-MI.

Investigation of CSCs coincided with novel research into
cardiomyogenesis irrespective of source, demonstrating new
cardiomyocyte formation in adult humanmyocardium, although
at a low rate of ∼1% per annum, reduced to ∼0.5% with age
(31), compared with ∼15% per annum, and ∼4% per annum in
endothelial and mesenchymal cells, respectively, in the human
heart (32). This low rate of cardiomyogenesis is consistent
with the essentially absent contractile myocardial repair seen in
patients post-MI and with progressive ischaemic heart failure,
but directly contrasts with claims of high cardiomyogenesis rates
in some CSC publications, some of which were later withdrawn
(33). Thus, the current overall consensus is that while CSCs
may have cardiomyogenic potential in certain contexts, it is very
limited and not exploitable clinically, particularly post-MI (34).

While these complex, often-controversial events unfolded
over CSC cardiomyogenic potential, relatively little attention
was paid to CSC generation of both endothelial cells and
vascular smooth muscle cells. These capabilities have been
consistently recognised, from their first identification and
repeatedly thereafter by multiple independent research groups
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(11, 13–15, 20, 29, 30, 35–37). This lesser interest was natural
given the well-established ability of vascular cell populations to
expand in situ, in stark contrast to cardiomyocytes. However,
CSC vascular regenerative potential has been shown consistently,
including in studies arguing against CSC cardiomyogenesis
(20, 29, 37), so is a research avenue separate from the
aforementioned controversy.

With the study of CSCs in cardiomyocyte regeneration
shifting focus to secretome-based mechanisms, it is worth
reviewing the evidence and considering how such paracrine
actions may aid cardiac cells beyond cardiomyocytes, in view
of evidence about the proportions of cardiac cells that are
endothelial (38) and cardiac fibroblast roles in cardiac tissue
maintenance (39). The possibility that CSC cell transplant
benefits weremediated by paracrine actions was raised quite early
in the progress of CSC study (40), with simultaneous articles soon
after presenting data and reviewing the understanding to date of
paracrine actions of mesenchymal stem cells (MSCs) (41) and
CSCs (42), the latter identifying IGF-1 and HGF signalling in
CSCs. Increased expression of IGF-1 by CSCs was then shown to
increase cardiomyocyte survival in vitro (21) and in vivo (23, 43).

Increased Notch pathway signalling in a GM mouse model
increased CPC expression of TBG-β1 and VEGF, with associated
increased myocardial capillary density (44), consistent with the
pro-angiogenic actions of those growth factors. Examination of
Sca1-positive CSCs found the expression of EGF, TGF-β1, IGF-1,
IGF-2, MCP-1, HGF, and IL-6 (45), illustrating that comparable
growth factors are expressed in CSCs isolated using different
surface markers [the aforementioned studies used c-kit (42, 44)].
This is emphasised byHGF, IGF, andVEGF expression in another
class of CSCs, the cardiosphere-derived cells (named for their
method of isolation), a type trialled clinically (46).

In summary, while CSC cardiomyogenesis is currently not
considered a feasible route for translation, the supportive
functions of CSCs—aiding cardiomyocyte survival and
microvascular expansion—remain of interest, particularly
in diffuse non-infarction cardiac pathologies. Against this
background, we consider potential CSC roles in myocardial
effects of cancer therapy-related cardiotoxicity.

EFFECTS ON CARDIAC STEM CELLS
OF CARDIOTOXIC THERAPIES

With the background of CSC translational potential changing
dramatically, the more the niche field of examining CSC roles
in the pathogenesis of cardiotoxicity underwent related changes
in focus. Initial work presupposed any cardiotoxin impacts to
directly impact on cardiomyogenesis potential, whereas later
work analysed impacts in view of a broader range of roles.
Cardiotoxins examined to date are anthracyclines, trastuzumab,
and TKIs, with no studies found examining others in CSCs
(Figure 1).

The first two studies were published near-simultaneously in
2009–2010 (35, 47), both focusing on DOX effects. The first
identified that DOX reduced CSC viability and proliferation both
in vitro and in vivo, but also identified increased markers of

CSC differentiation (to both cardiomyocyte and vascular cell
lineages) in vitro (47). Injection of exogenous CSCs directly
into the myocardium reduced DOX-induced myocardial injury,
in terms of myocardial fibrosis and wall thickness loss, with
associated improved cardiac functional parameters, although
the mechanisms were undetermined, so the role(s) of in situ
CSCs in cardiotoxicity pathogenesis remained uncertain (47).
The second study used a model of DOX application in early
life, then assessed long-term effects on myocardial homeostasis,
to identify damage seen in the long term, perhaps the most
likely way that CSCs are involved in cardiotoxicity pathogenesis
(35). Notable effects were reduced capillary density and VEGF
levels, increased vulnerability to MI in adulthood (infarct sizes
in standard MI models were larger post-DOX), and reduced
CPC numbers, either infiltrating infarct borders or in uninjured
post-DOX hearts (35). A finding contrasting with the prior
study (47) was that DOX reduced differentiation, particularly to
endothelial cells (35). These findings suggest a role for CSCs in
microvasculature formation, a possible way for CSC damage to
manifest as long-term cardiotoxicity.

It is notable that DOX cardiotoxicity can develop over a range
of time periods, acute (within 2 weeks of treatment completion),
early-onset chronic (within 1 year), and late-onset chronic (years
or decades later) (48). Loss of CSCs is unlikely to contribute
to acute effects, excepting loss of CSC paracrine support for
injured cells, but their contribution to angiogenesis could be
linked to early- or late-onset chronic effects, respectively. The
different rates of cardiotoxicity development in paediatric and
adult patients are also notable (49), with cardiomyocyte apoptosis
a feasible target for CSC-based protection and CSC protection
against this already demonstrated (21).

Another study of DOX in CSCs (albeit those with a
phenotype overlapping with MSCs) identified DOX upregulated
the stromal cell-derived factor-1/CXC chemokine receptor-4
(SDF1/CXCR4) signal pathway, protecting cells against DOX
damage and increasing their migration (50). The SDF1/CXCR4
pathway is upregulated in MI (51) or diffuse myocardial injury
(15) and is known to upregulate migration of stem/progenitor
cells to injured myocardium (52). Furthermore, blockade of
this signalling in CSCs severely reduces their integration into
the injured myocardium (15). The pathway also plays a key
role in angiogenesis development, via a range of different
stem/progenitor cells, including endothelial progenitors and
MSCs [for review, see (53)].

These combined findings show acute CSC responses to DOX-
induced cardiotoxicity, with migration to injured tissue and
differentiation (thus, contributing to angiogenesis in damaged
tissue), but raises the question on why longer-term depletion
of CPCs was seen by Huang et al. (35). There are two possible
explanations for this: the first is ongoing mobilisation of the
stem cell pool leads to eventual depletion, a phenomenon seen
in stem cells that can be induced to generate a prematurely
aged phenotype (54). The other explanation is attritional CSC
loss from direct DOX toxicity: depleted CSC populations can
maintain an acute response, but suffer a critical impairment
of their ability to support myocardial homeostasis in the long-
term. While SDF application attenuated DOX-induced acute
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FIGURE 1 | Summary of cardiotoxin effects on cardiac stem cell (CSC) abilities. Impacts of the most examined cardiotoxin doxorubicin (DOX, red), tyrosine kinase

inhibitors (TKIs, blue), and trastuzumab (orange) on CSC abilities to support myocardium via secretome support of angiogenesis or cell survival (most critically

cardiomyocyte survival), or via their differentiation into endothelial cells (ECs) or vascular smooth muscle cells (VSMCs).

cardiotoxicity (50), whether this impacted on CSC ability to
protect against long-term cardiotoxic effects was not studied.

Examination of the mechanisms of acute DOX toxicity in
CPCs identified calcium-linked autophagy signalling as playing
an important role (55). This is a DOX toxicity mechanism
common to CPCs and cardiomyocytes (55, 56), with the
underlying generation of mitochondrial oxidative stress also
common to DOX toxicity in both cells (49, 56). Rapamycin
application reduced cytosolic calcium accumulation in CPCs,
along with indications of reduced mTOR signalling (55). Looking
at the complexities of developing cardioprotective treatments
that also avoid any interference with the—essential—anti-cancer
activity of DOX, this overlap in cell death mechanisms is
fortuitous, as treatment (perhaps via mTOR manipulation) that
provides acute protective benefits to cardiomyocytes could also
provide long-term benefits via CSC protection.

Further evidence of the value of targeting oxidative stress to
prevent DOX toxicity in CSCs was shown by the protection of
CSCs in vitro by encapsulation in a superoxide dismutase-loaded
alginate, which averted DOX-induced metabolic alterations
and apoptosis (57). A study into the cardioprotective effects
of bergamot citrus extract (with known antioxidant effects)
against DOX-induced cardiotoxicity in adult rats examined
CSCs isolated after in vivo treatment: DOX caused significant
intranuclear accumulation of reactive oxygen species and
reduced CSC numbers in situ (58). Bergamot antioxidant
treatment significantly attenuated these effects on CSCs,
while also reducing DOX-induced cardiomyocyte apoptosis
and prevented the cardiac functional damage of DOX (58).
Collectively, these findings support the value of antioxidant
treatment of acute DOX-induced cardiotoxicity as a protection
for CSCs that will also benefit cardiomyocytes.

Although the initial focus for investigation of cardiotoxins
in CSCs was DOX, some recent work examined cardiotoxic
impacts of other anticancer therapies, particularly TKIs.
Treatment of adult rats with imatinib mesylate, unlike DOX,

did not cause fibrosis, or loss of cardiomyocyte tissue volume,
although cardiomyocyte apoptosis was increased and densities
of myocardial capillaries and arterioles were reduced (59).
Imatinib reduced CPC numbers in situ, and was shown ex
vivo to reduce both CPC viability and proliferation, along with
repressing CPC ability to differentiate (59). The ability of CPCs to
protect cardiomyocytes from apoptosis (21) could give valuable
protection to cardiomyocytes from imatinib-induced injury
(59). In the longer term, with TKI cardiotoxicity significantly
damaging cardiac microvasculature, the CPC contribution to
repair and regeneration of these vessel networks is of great value,
and its loss would worsen disease prognosis.

Only a very little published research has focused on
cardiotoxin impacts on another myocardial cell type,
cardiac microvascular pericytes, which also have valuable
pro-regenerative pro-angiogenic and paracrine actions (60). One
such study examined the effects of the TKI sunitinib, finding
that the drug caused cardiac microvascular dysfunction and
reduced blood flow, with a loss of pericytes that increased with
sunitinib treatment progress (10). Another study reaffirmed the
toxicity of sunitinib to pericytes, linking it to the mitochondrial
deacetylase sirtuin-3 (61). The more recent introduction (since
2000) of TKIs means that the long-term sequelae of their use
are not yet fully apparent (particularly in childhood cancers,
for which their use was commenced more recently), although
comprehensive assessment should consider the myocardial
roles of both pericytes and CSCs, along with the impacts of
cardiotoxins on both cell types.

We can turn the tables by moving from cardiotoxins
damaging CSCs to considering stem cell paracrine abilities
as potential anti-cardiotoxin treatments. One study identified
protection by stem cell secretome (human amniotic fluid stem
cell secretome) of mouse cardiomyocytes in vitro against DOX-
induced toxicity (62). Further study of this protection found that
one effect increased CPC proliferation, with associated increased
angiogenesis: no CPC differentiation was seen, although the
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authors suggested their data supported a local paracrine role
for CPCs, but this was not definitively shown (63). This group
advanced their work by examining the protection given by
human CPC secretome (specifically secreted exosomes) against
DOX and trastuzumab: intravenous injection of exosomes
reduced damage from DOX and trastuzumab therapy to cardiac
function (fibrosis and impaired cardiac functional parameters),
also lowering reactive oxygen species in isolated cardiomyocytes
treated with DOX and trastuzumab (64). Although trastuzumab
did not impact on human cardiosphere-derived cell survival
or proliferation, it impaired their ability to form microvascular
networks or to commence cardiomyogenic differentiation in
vitro (65). Furthermore, when cells were applied in vivo post-
MI, trastuzumab co-application reduced their angiogenesis and
associated cardiac functional improvement (65).

CSC secretome-based treatments, potentiating angiogenesis
and attenuating cardiomyocyte apoptosis, would complement
current anti-cardiotoxicity treatments, focused around the use
of ACE inhibitors and beta-blockers to control workload in a
weakened heart (66). No examination of ACE-inhibitor or beta-
blocker effects on CSCs could be identified, the closest being
beta-blockade improving the regenerative action of MSCs post-
MI (67).

FUTURE DIRECTIONS AND CONCLUSION

Understanding of cardiotoxicity continues to advance, with
human cardiomyocytes derived from induced pluripotent stem
cells showing great promise [for review, see Ref. (68)]. A striking
finding was of cardiac DOX sensitivity at the individual-patient
level being reproduced in these cells (69). These developments
are very encouraging and rightly reflect a focus on the primacy
of cardiomyocytes in cardiotoxicity development. It is, however,
important that this progress is complemented by studies
considering the other cell types that comprise myocardial tissue
and contribute to its maintenance, particularly as cardiomyocyte
loss or recovery is partly dependent on these cells.

With ongoing work examining impacts of both older and
more novel anticancer therapies on myocardial microvascular
cells and tissue (9, 70), indicating that these impacts play key roles
in cardiotoxicity development, along with research examining
TKI effects on cardiac fibroblasts (71), this essential broader
understanding is being built, but much more remains be done.

An important point to stress, the need for this emphasis
hopefully illustrated by the brief recap of the CSC-
cardiomyogenesis controversy, is what the role played by
CSCs in myocardial homeostasis post-cardiotoxicity would
likely be. While cardiotoxins destroying or damaging
CSCs would indeed diminish the previously assumed
function of CSCs as a source of cardiomyogenesis, their
support of damaged cardiomyocytes or contribution to new
microvasculature formation would be similarly diminished.
Therefore, with their recognised potential in these latter areas,
determining cardiotoxin impacts on CSCs is a valuable aspect
of understanding the long-term pathophysiology of post-cancer
treatment cardiotoxicity.

Future developments with the most promise are those
harnessing the CSC potential as generators of paracrine
protective therapy, either as exogenously generated products
applied to injured hearts or as in situ mediators. With the in
situ CSC population sparse (11, 36) and its function declining
with age (72), the former route shows more potential as a
vector to aid cell survival, microvascular repair or network
expansion, with all of these offering clear potential benefits in
the drive towards ameliorating the long-term damage wrought
by cardiotoxins.
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Many small molecule kinase inhibitors (SMKIs) used to fight cancer have been associated

with cardiotoxicity in the clinic. Therefore, preventing their failure in clinical development

is a priority for preclinical discovery. Our study focused on the integration and concurrent

measurement of ATP, apoptosis dynamics and functional cardiac indexes in human

stem cell-derived cardiomyocytes (hSC-CMs) to provide further insights into molecular

determinants of compromised cardiac function. Ten out of the fourteen tested SMKIs

resulted in a biologically relevant decrease in either beating rate or base impedance

(cell number index), illustrating cardiotoxicity as one of the major safety liabilities of

SMKIs, in particular of those involved in the PI3K–AKT pathway. Pearson’s correlation

analysis indicated a good correlation between the different read-outs of functional

importance. Therefore, measurement of ATP concentrations and apoptosis in vitro could

provide important insight into mechanisms of cardiotoxicity. Detailed investigation of the

cellular signals facilitated multi-parameter evaluation allowing integrative assessment of

cardiomyocyte behavior. The resulting correlation can be used as a tool to highlight

changes in cardiac function and potentially to categorize drugs based on their

mechanisms of action.

Keywords: kinase inhibitors, cardiotoxicity, iPS-derived cardiomyocytes, apoptosis, beating rate, cell impedance,
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INTRODUCTION

Over the last decade, small molecule kinase inhibitors (SMKIs) development has gained more
importance due to the mechanistic role of kinases in various diseases and their ability to control
basic functions in normal cells (1). Kinases are involved in a number of essential cellular functions
such as mitosis, apoptosis and cell signaling (2). Approximately a dozen were marketed for
applications in oncology and several for various other indications (3, 4). Because most SMKIs
target the structurally and functionally conserved ATP binding pocket, their inhibitory effect has
been associated with toxicities that result from exaggerated pharmacological effect or unselective
off-target kinase inhibition. These off-target safety issues remain a major cause for failure in drug
development. The unintended inhibition of off-target kinases can lead to undesirable toxicities,
which may discourage further drug development (5).
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Many small molecule kinase inhibitors have been associated
with cardiotoxicity in clinical development and preclinical
discovery (6, 7). The cardio-toxicological potential of
SMKIs may arise from direct or indirect kinase inhibition,
or from the off-target effects. Over 2,000 other nucleotide-
dependent enzymes besides kinases exist, including polymerases,
chaperones, motor proteins, reductases and methyltransferases,
which also have potential binding sites for SMKIs (8). An
extensive range of kinase-regulated pathways are involved in
essential functions of the heart and could trigger cardiotoxicity
when inhibited. For example, cardiovascular energy homeostasis
is predominantly regulated by protein kinases that maintains
a balance of ongoing energy generation and use essential to
avoiding congestive heart failure (CHF) (9). Another important
pathway is calcium homeostasis, where calcium/calmodulin-
dependent protein kinase II is a key player (10). Any disturbance
to calcium regulation can lead to altered cardiac conduction
and cardiac hypertrophy (11). The most critical interference in
a pathway is with the (PI3K)–AKT pathway which regulates
cardiomyocyte survival (12). However, inhibition of specific
PI3K–AKT pathway compounds is a common strategy in cancer
treatment (13). Moreover, a kinase inhibitor-mediated toxicity
mechanism can ablate or suppress the proliferation of protective
cell compartment important for heart repair (14). In cancer
patients following treatment with SMKIs, adverse cardiac events
such as QT prolongation, hypertension, reduced left ventricular
ejection fraction (LVEF), congestive heart failure (CHF), acute
coronary syndromes (ACS), andmyocardial infarction (MI) were
often observed (15, 16). In the past, cardiotoxicity could be only
addressed with in vivomodels, missing many earlier toxicological
cues leading to cardiovascular safety pharmacology liabilities,
which were then identified in late-stage clinical trials or even
after product launch (17). With the development of human stem
cell-derived cardiomyocytes (hSC-CMS), it became possible to
study cardiac function by monitoring synchronous cardiac cell
beating and behavior in vitro (17). Cellular assays with hSC-CM
are proved to be predictive for main functional cardiotoxicity
hazards such as arrhythmia, chronotropy, inotropy, and kinase
inhibitor induced functional cardiotoxicity, underscoring
the importance of cardiotoxicity screening during drug
development (18–20). Recently, novel cellular electrophysiology
technology enabling simultaneous measurements of cellular
impedance and extracellular field potential (EFP) has been
implemented to monitor cardiac functional indices in vitro (21).
CardioExcyte R© 96 (Nanion Technologies GmbH, Germany) is a
screening platform combining impedance and extracellular field
potential (EFP) recordings, which allows label-free simultaneous
assessment of electrical activity, beating and electromechanical
coupling. Combining standard monitoring cardiomyocyte
beating and health with live-cell kinetic imaging and the ATP
measurements helps us to gain a valuable, more mechanistic
understanding of the compound effect during early stage
cardiotoxicity investigations. In this study a selected set of
reference SMKIs included low and high selectivity inhibitors
targeting various classes of PI3K, GSK-3 and ROCK kinases.

Our study focused on the integration and concurrent
measurement of cardiomyocyte beating, health, ATP and

apoptosis dynamics in hSC-CMs to gain insights into molecular
determinants of compromised cardiac function. The results of
this work should help to define optimum end- and time-points
for follow up experiments and to design a strategy for compound
profiling in early drug development.

MATERIALS AND METHODS

Chemicals and Compounds
Compounds were obtained from commercial suppliers (Table 1).
Stock solutions (1000x) were prepared in DMSO (cat# D5879,
Sigma-Aldrich, St. Louis, Missouri) and the final DMSO
concentration was 0.1% v/v. hSC-CM were treated with
ascending concentrations of compounds with the highest test
concentrations set based on individual compound solubility.
0.1% v/v DMSO was used as a vehicle control.

Cell Culture
Cor.4U R© Cardiomyocytes (Ncardia, Netherlands) were cultured
in 96-well plates at density of 25,000 – 30,000 cells per well.
Cells were maintained at 5% CO2 and 37 ◦C for 4 days prior
to experiments. The cell culture medium (Cor4U R© Complete
CultureMedium, cat# Ax-M-HC250E, Axiogenesis AG, Cologne,
Germany) was changed every 24 h and was replaced by serum-
free BMCC medium (cat# Ax-M-BMCC259, Axiogenesis AG,
Cologne, Germany) 12 h prior to drug addition.

CardioExcyte® 96 Experiments
Functional monitoring of cardiomyocytes was done using
CardioExcyte R© 96 (Nanion technologies GmbH, Germany).
Extracellular field potential (EFP) and impedance signals were
recorded from hSC-CMs that formed monolayers in the wells of
the NSP-96 plate. Beating Rate (BR, per minute) was calculated
as the reciprocal of the inter-spike interval (ISI) in EFP signal.
Impedance signals from spontaneously beating hSC-CMs were
recorded with a sampling rate of 1ms (1 kHz), and EFP data were
collected at 0.1ms (10 kHz). Data acquisition was controlled by
CardioExcyte R© 96 Control software as previously described (22).
The functional parameters recorded in each concentration of test
items were compared to the base line values before drug addition
(taken as 100%) to define fractional change.

Apoptosis Assay
Determination of apoptosis kinetics was performed with the
CellEventTM Caspase-3/7 Green Detection reagent (cat#1825104,
Molecular probes R©/InvitrogenTM) in BMCC medium over 24 h.
The plates were incubated 2 h before compound treatment in the
IncuCyte ZOOM (ESSEN BioScience, Ann Arbor, Michigan) to
set a baseline before the 24 h compound treatment. Staurosporine
(1µM, cat# 058K4041, Sigma-Aldrich, USA) was used as
positive control. Imaging was done using 10x microscope
objective of the IncuCyteZOOM with four images per well-taken
every 2 h in both phase-contrast and green fluorescence. The
fluorescent nuclear signal of the apoptotic cells was separated
from background with the integrated object counting algorithm,
adjusted to cardiomyocytes, and the calculated total green
object area per well (µm2/well) plotted against time. Data were
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TABLE 1 | Test compounds.

Compound Supplier CAS-Number LOT Number

NVP-BEZ235 Cayman Chemical; Ann Arbor, Michigan 915019-65-7 048902-2

LY 294002 Toronto Research Chemicals; North York, Canada 154447-36-6 1-XGI-65-1

GDC-0941 Toronto Research Chemicals; North York, Canada 957054-30-7 1-XGI-79-1

HS-173 Toronto Research Chemicals; North York, Canada 1276110-06-5 2-TIM-79-1

TGX-221 Toronto Research Chemicals; North York, Canada 663619-89-4 1-NAZ-38-1

CZC24832 Fluorochem; Glossop, United Kingdom 1159824-67-5 FCB041717

CAL-101 Cayman Chemical; Ann Arbor, Michigan 870281-82-6 0469747-22

RKI-1447 Lucerna-Chem AG; Luzern, Switzerland 1342278-01-6 10020

GSK-429286 Sigma-Aldrich; St. Louis, Missouri 864082-47-3 012M4614V

Y-27632 (hydrochloride) Cayman Chemical; Ann Arbor, Michigan 129830-38-2 0499111-18

Fasudil Alfa Aesar; Ward Hill, Massachusetts 103745-39-7 F23X003

CHIR99021 Sigma-Aldrich; St. Louis, Missouri 252917-06-9 017M4717V

SB 216763 Abcam; Cambridge, United Kingdom 280744-09-4 APN08058-2-3

TWS119 Cayman Chemical; Ann Arbor, Michigan 601514-19-6 0475327-29

normalized to those of the time-matched vehicle control. Data
were representative of at least three replicates per concentration.

ATP Assay
The CellTiter-Glo Luminescent Cell Viability Assay (cat# G7572,
Promega, USA) was performed for quantification of the cellular
ATP concentration according to manufacturer’s instructions.
Plates were shaken for 2min in the dark, incubated at
ambient temperature for 10min before measuring luminescence
(Integration time 0.1 seconds per well) with Luminescence
Counter (Synergy H1, BioTek Instruments, Inc., Winooski,
Vermont). The measured ATP concentration values were
normalized to the time-matched DMSO controls. Data are
representative of at least three replicates per concentration.

Data Analysis
All data were presented as mean ± SEM for each test
item concentration and controls. Graphical presentation and
statistical analysis of the data by one-way ANOVA with Dunnett
multiple comparison or by paired t-test were done using
Microsoft Excel (USA) and GraphPad Prism v8.4.2 (USA).

RESULTS

Integrative Study Design
In the present study, we used CardioExcyte R© 96 for multi-
parameter profiling of endogenous responses to 14 SMKIs in
hSC-CMs. Cor4U R© hSC-derived cardiomyocytes were treated
with pan and specific PI3K, ROCK and GSK-3 kinase inhibitors
to evaluate short-and long-term effects on impedance and EFP
signals after 2 and 24 h, respectively. Complementary to the
functional effects on the cellular beating and dynamics in culture,
continuous measurement of apoptosis during the compound
incubation was performed over 24 h with the Caspase 3/7 assay.
Determination of the cells’ ATP content was done after 2 and 24 h
as visualized in Figure 1.

Effects of Kinase Inhibitors on hSC-CMs
Characteristics
Apoptosis
Incucyte R© live-cell imaging and analysis enabled us to
continuously monitor and evaluate apoptotic effects in the
hSC-derived myocytes treated with a diverse panel of kinase
inhibitors over 24 h. A concentration-dependent increase in
apoptosis was detected by caspase-3/7 assay for 10 out of 14
compounds with 5 of them belonging to the group of PI3K
inhibitors. An overview of the individual compound results is
presented in Figure 2, which consists of 4 panels built according
to the kinase class and specificity of the inhibitors. Panels A, B, C
and D show the results for the PI3K-pan, PI3K isoform-specific,
GSK-3 and ROCK kinase inhibitors, respectively. Individual
data used to generate graphs are provided in Data File 1. 1µM
staurosporine used as a positive control induced a strong caspase
3/7 signal that could be monitored over 24 h in hSC-CMs
(Supplementary Figure 1).

The activation of caspase-3/7 represents a key event and a
reliable marker of apoptosis. Activated caspase-3/7 cleaves the
caspase-3/7 Green Reagent and releases a DNA-binding dye to
identify apoptotic cells by the appearance of fluorescently-labeled
nuclei. The accumulation of apoptotic cells was plotted as a
function of time to analyze the kinetics of apoptosis in hSC-CMs
incubated with the set of kinase inhibitors. This analysis revealed
apoptotic profiles specific for the targeted kinase-class.

The pan-PI3K inhibitors NVP-BEZ235, LY 294002,
GDC-0941 (Figure 2A), PI3K p110α inhibitor HS-173 and
PI3K p110δ inhibitor CAL-101(Figure 2B) induced apoptosis
in hSC-CMs with a fast onset reaching the maximum number
of apoptotic cells in the first 12 h, whereas the PI3K p110β and
PI3K p110γ-specific compounds (TGX-221 and CZC24832)
had no effect (Figure 2B). The concentration-dependent
caspase-3/7 activation exhibited similar kinetic profiles across
all PI3K inhibitors except for the top concentration of pan-PI3K
inhibitor LY 294002 which induced a delayed apoptotic response
in hSC-CMs.
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FIGURE 1 | Scheme of assay-specific measurement time points. The ATP and CE96 measurements were conducted 2 and 24 h after the compound treatment

whereas apoptosis was continuously monitored over 24 h. BR, beating rate; Base Imp, base impedance.

GSK-3α kinase inhibitor SB 216763 quickly induced a
concentration-dependent caspase−3/7 activation in hSC-CMs
(Figure 2C), which reached a plateau within the first hour and
was maintained for the remaining time. The other two GSK-3
kinase inhibitors CHIR99021 (GSK-3α/β) and TWS119 (GSK-3
β) did not have any functionally-relevant effect up to the highest
concentrations tested.

Treatment hSC-CMs with ROCK inhibitors Fasudil and
Y-27632 (Figure 2D) triggered a different apoptotic behavior
characterized by a slow initial phase followed by a notable
raise in the caspase-3/7 activity after 12–18 h at the highest test
concentrations only. In general, hSC-CMs seemed to be more
resistant to the apoptosis induced by the ROCK inhibitors, as
exemplified by marginal effects observed for RKI-1447 and GSK-
429286 at the highest test concentrations only.

Beating Rate and Base Impedance
In this study, monitoring of the hSC-CMs functional activity
was done using the CardioExcyte R© 96 platform from Nanion
technologies GmbH, Germany, which combines impedance

and EFP recordings to study pharmacological effects on
cardiomyocyte electrophysiology with a sufficient throughput
for testing of multiple parallel compounds. Base impedance
(or the absolute impedance recorded from each well) was a
key parameter for estimation of cell viability. Decrease of this
parameter is considered as a surrogate for reduced viability
of hSC-CMs. Base impedance and beating rate were recorded
in combination to characterize impact of the kinase inhibitors
on the cardiac function after 2 and 24 h. Effects of individual
compounds are summarized in the corresponding radar plots
shown in Figures 2A–D. The functional parameters recorded
in each concentration of the test items were normalized to the
base line values before drug addition to define fractional change.
Individual data used to generate radar plots are presented in
Data File 1.

Treatment with two pan-PI3K inhibitors NVP-BEZ235 and
LY 294002, the PI3K p110δ inhibitor CAL-101 and the PI3K
p110α inhibitor HS-173 reduced both base impedance and
beating rate of hSC-CMs by more than 20% (Figures 2A,B),
whereas the pan-PI3K inhibitor GDC-0941 only decreased the
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FIGURE 2 | Graphs of apoptosis kinetics and radar plots for beating rate, base impedance and ATP measured in the hSC-CMs treated with SMKI. (A–D) show the

results for the PI3K-pan, PI3K isoform-specific, GSK-3 and ROCK kinase inhibitors, respectively. The data represent the average of 3–5 repeats for each time point.

The apoptosis graphs show mean +/- SEM of kinetic data sampled every 2 h after the addition of compounds. The fractional change from baseline determined for

each concentration is compared to that of vehicle control (DMSO). The significance is indicated by asterisk (or ns for p>0.1) next to the specific concentration in the

graph legends: *p < 0.1, **p < 0.01, ***p < 0.001, ****p < 0.0001. Two-dimensional radar charts present multivariate drug-induced functional profiles in hSC-CMs.

They display fractional change from baseline in beating rate, base impedance and ATP content across ascending concentrations of drugs after the short- (2 h) and

long-term (24 h) treatment.
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FIGURE 3 | Surface plots for beating rate, base impedance and ATP measured in hSC-CMs after 2 and 24 h of incubation with kinase inhibitors. (A–D) show the

results for the PI3K-pan, PI3K isoform-specific, GSK-3 and ROCK kinase inhibitors, respectively. Surface plots intend to show compound-specific relationships

between individual functional parameters in hSC-CMs: beating rate, base impedance and ATP content. The plots are constructed using the average of 3–5 repeats for

each parameter. Similar colors indicate the areas that are in the same range of values specified in the legend.
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spontaneous beating rate in a concentration-and time-dependent
manner. The PI3K p110β and PI3K p110γ-specific compounds
(TGX-221 and CZC24832) did not have any effect on the hSC-
CMs function.

The GSK-3 inhibitors CHIR99021, SB 216763 and TWS119
(Figure 2C) did not produce functionally relevant changes
neither in base impedance nor in beating rate of hSC-CMs.

Incubation of hSC-CMs with ROCK inhibitors RKI-1447,
Fasudil, Y-27632 and GSK-429286 (Figure 2D) resulted in a
concentration-and time-dependent decrease in base impedance.
Additionally, the Y-27632 treatment also reduced cardiomyocyte
beating at both 2 h and 24 h time points, while Fasudil inhibited
the beating rate (by∼30%) only at the highest test concentration
after 2 h of incubation.

ATP Level
Changes in ATP concentrations provoked by treatment of
hSC-CMs with the kinase inhibitors are also included in radar
plots in Figures 2A–D. The measurements were conducted in
satellite plates after 2 and 24 h of incubation concomitantly with
the readouts for the base impedance and beating rate.

The ATP level in hSC-CMs treated with pan-PI3K inhibitors
NVP-BEZ235, LY 294002, GDC-0941, PI3K p110α inhibitor HS-
173 and PI3K p110δ inhibitor CAL-101 was decreased by ∼20–
25 % only after 24 h of incubation (Figures 2A,B). And the
PI3K p110β and PI3K p110γ-specific compounds (TGX-221 and
CZC24832) did not have any effect on the ATP level in hSC-CMs
up to the highest test concentrations.

Similar to the absence of their effect on functional parameters,
the GSK-3 inhibitors CHIR99021, SB 216763 and TWS119 did
not impact the ATP level in hSC-CMs (Figure 2C).

Among ROCK inhibitors RKI-1447, Fasudil, Y-27632 and
GSK-429286, only exposure to the Fasudil top concentration
produced a slight (9%) reduction in the ATP content
(Figure 2D).

Correlation Between the hSC-CM
Characteristics
Changes in base impedance, beating rate and ATP described
above were plotted on a three-dimensional surface to visualize
potential interactions and compare short-(2 h) and long-term
(24 h) effects of the kinase inhibitors on all three parameters. The
resulting surface plots are shown in Figure 3 sorted according to
the kinase class and specificity of the inhibitors: panels A, B, C
and D show the results for the PI3K-pan, PI3K isoform-specific,
GSK-3 and ROCK kinase inhibitors, respectively. The colors
represent values within the same range in 20%-step intervals.
The three-dimensional surface is constructed using the average
values of parameter changes. In the absence of the effect the
surface is perfectly flat, while morphology, smoothness, and
topological measures of the surface allow us to visualize the
parameter changes. When looking for trends and comparing
compound-, target- or time-specific changes in the sets of data,
this visualization was especially useful.

Comparison of the surfaces across the set of kinase inhibitors
highlighted pronounced effects of the pan-PI3K inhibitors NVP-
BEZ235 and LY 294002 and the PI3K p110δ inhibitor CAL-101

on the cardiomyocyte function reflected by the abrupt shape and
shading change (Figures 3A,B). At the same time the surfaces
generated for the pan-PI3K inhibitor GDC-0941, the PI3K
p110β inhibitor TGX-221 and the PI3K p110γ-specific inhibitor
CZC24832 exhibited only a minor topographical remodeling
reflecting physiologically non-relevant change below 20% in the
hSC-CMs parameters.

The almost flat 3D surfaces for the GSK-3 inhibitors
CHIR99021, SB 216763 and TWS119 (Figure 3C) demonstrated
minimal functional effect of these compounds in hSC-CMs.
And the specific surface deformation for ROCK inhibitors RKI-
1447, Fasudil, Y-27632 and GSK-429286 (Figure 3D) spotted
the concentration-dependent effects of these compounds on the
cardiomyocyte base impedance/viability.

In general, these 3D surface plots were helpful for viewing
the relationship among variables, while also assisting in
the initial qualitative comparisons between the subsets of
data. Subsequently, Pearson’s coefficient matrix presented in
Table 2 was calculated to quantify the correlation showing the
relationship between the parameters measured in the study for
8 compounds that induced apoptosis and notable changes in the
hSC-CMs function and the ATP level.

The results showed a good overall correlation among four
measured parameters with 91% of the Pearson’s coefficient
values being between ± 0.50 and ± 1. And some of these
quantitative indexes had direct physiological relevance for the
cellular process. For instance, correlation between the caspase-
3/7 activation and the ATP level was mainly negative indicating
an inverse relationship, which most likely reflected the ATP
consumption during apoptosis, while impedance and beating
rate demonstrated a strong positive correlation indicating the
concomitant reduction in cell viability and beating rate.

Interestingly, a time-dependent switch was observed for some
parameter pairs. For example, initial caspase-3/7 activation by the
kinase inhibitors correlated positively with base impedance and
beating rate for almost all compounds after 2 h of incubation.
After 24 h the relationship inverted, and the correlation became
mainly negative highlighting decline in function with the advance
of apoptosis in the cells. The opposite tendency was observed for
the correlation between base impedance and the ATP level, which
was negative at the early stage and became positive after the
prolonged exposure to the compounds. This dynamic highlighted
different mechanisms involved in short-vs. long-term effects.

A few compounds such as SB 216763, Fasudil and sometimes
HS-173 did not follow these general trends in the parameter
correlation. These exceptions may, on one hand, be due to the
minimal changes in parameter values and of no physiological
importance. On the other hand, they may reflect unknown
compound-specific mechanisms of action.

Translation of the in vitro Results Into the
Clinic
Among the test compounds evaluated in our study, three PI3K
inhibitors Dactolisib, Pictilisib and Idelalisib have been used
for treatment of malignancies in the clinic. According to the
information collated in Table 3, the test concentrations used in
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the in vitro cardiomyocyte study covered the range of compound
efficacy in patients. The latter was substantially higher than
their IC50-based biological activity determined in the cancer
cell-based systems.

A 10-fold and higher safety margin between the clinical
exposure and the lowest in vitro test concentration with
functionally relevant (>20%) reduction in hSC-CMs indices
(underlined in Table 3) can be estimated for these drugs.
Therefore, one could expect cardiac adverse events if the free
plasma concentration increases 10-fold above the expected free
Cmax e.g., due to risk factors and/or comorbidities in the clinic.

DISCUSSION

Not only does predicting drug-induced cardio toxicity remain
a pharma-industry challenge, it is also one of the major causes
of drug withdrawal during clinical development, accounting for
up to 33% of drug failure (49). Because regenerative capacity
of the heart ceases dramatically after birth and the sources of
primary adult cardiomyocytes are limited, commercially available
human stem cell-derived cardiomyocytes hold great promise
for the study of cardiac biology, pharmacology and safety in
drug development.

To make cardiotoxicity testing more biologically relevant,
the FDA-sponsored Cardiac Safety Research Consortium and
the not-for-profit Health and Environmental Sciences Institute
have recommended, as a part of the Comprehensive in vitro
Proarrhythmia Assay (CiPA) initiative, including hSC-CMs into
the nonclinical drug cardiotoxicity assessment with the goal
of using them as an integrating model system bridging single
receptor-based in vitro results and clinical data (50).

While the use of hSC-CMs for prediction of drug-induced
arrhythmias has been recently evaluated (51), their application
for cardio-oncology is still unexplored. This study attempted to
look into utility of hSC-CMs at the pre-clinical stage to predict
cardiac adverse effects of SMKIs used for targeted anti-cancer
therapy in the clinic.

A set of reference drugs inhibiting individual kinases from
the main three classes (PI3Ks, GSK-3s and ROCKs) critical
for cardiac function was selected to evaluate the action of
their inhibition on hSC-CMs function. In addition to the
direct functional readouts of cell viability and beating rate
on CardioExcyte R© 96, measurements of apoptosis kinetics
and ATP were integrated into the experiments enabling
mechanistic insight.

An early event in apoptosis is activation of caspases, of which
caspase-3 is the most critical apoptotic protease playing an
important role in apoptosis of myocardial cells with functional
importance (52). Therefore, we monitored the induction of
caspase-3/7 to investigate the involvement of SMKIs in apoptosis
in hSC-CMs. The kinase-specific caspase-3/7 activation profiles
were observed using live-cell imaging analysis for the first time
in these cells. They demonstrated the importance of the kinase
signaling pathway and selectivity of SMKIs for the apoptosis
development in hSC-CMs. Targeting of multiple kinases with
the pan-PI3K inhibitors to achieve maximal suppression of
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TABLE 3 | Compound biological activity and efficacy information.

Inhibitor Target IC50 (µM) Test conc. (µM) Cmax free (µM) Reference

PI3KIs p110α p110β p110δ p110γ

NVP-BEZ235 (Dactolisib) 0.004 0.075 0.007 0.005 0.03 - 0.3 - 3 - 30 0.02 IC50: (23–25) Cmax: (26)

LY 294002 0.5 0.973 0.57 0.3 - 3 - 30 - 300 (27)

GDC-0941 (Pictilisib) 0.003 0.033 0.003 0.075 0.03 - 0.1 - 0.3 - 1 0.1 IC50: (28) Cmax: (29, 30)

HS-173 0.0008 0.03 - 0.1 - 0.3 - 1 IC50: (31)

TGX-221 0.005 0.1 - 0.3 - 1 - 3 IC50: (32)

CAL-101 (Idelalisib) 0.82 0.056 0.0025 0.089 0.2 - 2 - 20 - 200 0.7 IC50: (33) Cmax: (34)

CZC24832 1.1 0.027 0.01 - 0.1 - 1 - 10 IC50: (35)

ROCKs ROCK1 ROCK2

RKI-1447 0.0145 0.0062 0.1 - 0.3 - 1 - 3 IC50: (36)

Fasudil 0.465 0.509 0.3 - 3 - 30 - 300 IC50: (37, 38)

Y-27632 0.093 0.089 0.3 - 3 - 30 - 300 IC50: (39–43)

GSK-429286 0.014 0.063 0.03 - 0.3 - 3 - 30 IC50: (44, 45)

GSK-3s GSK-3α GSK-3β

CHIR99021 0.01 0.0067 0.03 - 0.1 - 0.3 - 1 IC50: (46)

SB 216763 0.034 0.03 - 0.1 - 0.3 - 1 IC50: (47)

TWS119 0.03 0.03 - 0.1 - 0.3 - 1 IC50: (48)

The lowest in vitro test concentration with functionally relevant (>20%) reduction in hSC-CMs indices is indicated by the bold format.

activity of that pathway may be a favorable approach in a
number of cancers. However, this pathway obviously is also
crucial for cardiomyocyte homeostasis and survival, and its
inhibition quickly triggers apoptosis resulting in reduced viability
and beating of the cardiomyocytes observed for the pan-PI3K
inhibitors in this study. Improving the isoform selectivity may
help to ameliorate the cardiotoxicity profile of drug candidates as
observed in hSC-CMs incubated with the PI3K-β and γ-specific
inhibitors. This observation supports the published evidence of
cardioprotective effects of the PI3K-α inhibition in heart failure
(53) and doxorubicin-induced cardiotoxicity (54). However, this
does not apply to all isoforms. The cardiotoxic effects observed
in hSC-CMs incubated with HS-173 clearly illustrates a decisive
role the PI3K-α signaling inhibition plays in the process of cell
death in the heart. In line with our finding, previous studies
demonstrated that the use of PI3K-α inhibitors may directly
or indirectly compromise cardiac function (55). The PI3K-
α pathway inhibition promoted heart atrophy, biventricular
remodeling, and increased susceptibility to doxorubicin toxicity
in mice (56). Rescue treatment using p38 MAPK inhibitors
showed potential as a therapeutic strategy in reversing this
chemotherapy-induced cardiotoxicity. Early signal detection in
hSC-CMswould be particularly important for riskmitigation and
disease modeling since many cardioprotective effects of the PI3K
signaling pathways only emerge in heart failure (53, 57, 58) and
patients with pre-existing cardiac disease or risk factors, such
as hypertension or metabolic syndrome may be at higher risk
when given PI3K-α inhibitors. And early clinical studies may not
fully appreciate the cardiovascular effects of these agents in the
vulnerable population.

Tissue specificity may be another way to avoid potential
cardiotoxicity. For instance, PI3Kδ, which is mainly expressed
in hemopoietic cells, may be devoid of possible side effects
in cardiomyocytes. Conversely to this expectation, the PI3Kδ

inhibitor still induced apoptosis, which correlated with the
reduced cardiomyocyte viability and beating rate in our hSC-
CMs experiments. However, as CAL-101 triggered cardiotoxicity
mainly at higher concentrations, it may also be related to the
concentration-dependent decrease in selectivity similar to that of
the pan-PI3K inhibitors (see Table 3).

Shortly after the start of treatment with the GSK-3α inhibitor,
a pronounced surge in the caspase activation was detected.
However, this surge in activation did not translate into the
relevant functional changes in hSC-CMs. This caspase activation
pattern may reflect the GSK’s regulation by AKT that induces
pro-apoptotic factors downstream of PI3Ks. The inhibition of
PI3K-α and GSK-3 α is cytotoxic in hSC-CMs. Therefore,
compounds that interfere with the PI3K–AKT pathway should
be carefully examined, because they can cause cardiotoxicity and
cardiovascular effects.

Altogether, our findings in hSC-CMs suggest multiple, critical
kinase-regulated pathways that, if inhibited, could aggravate
cardiotoxicity. Therefore, an early target assessment including
the expression profile in various tissues and tumors and
target selectivity (e.g., KinomeScan) profiling of the SMKIs
against multiple targets should help eliminating late-stage
cardiotoxicity findings. And hSC-CMs-based assays would
enable further in vitro testing of adverse effects induced by
different SMKIs in combination with other cancer therapies
and comorbidities.
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Development of integrative functional assays for kinase
profiling by multiplexing apoptosis measurement with
functional readouts and the ATP assessment can enable
researchers to better predict cardiotoxicity potential and/or
elucidate an underlying mechanism. Implementation of the
next generation hybrid biosensor equipment (e.g., Agilent
xCELLigence RTCA eSight), which combines the strengths of
real-time impedance monitoring with specificity of the live cell
imaging, would facilitate integration of the information richness
and analytic sensitivity. Correlation between the parameters in
hSC-CMs can also assist in characterizing the basic physiology
and pharmacology of these cells and their utility for cardiac
safety application.

The evaluated cellular endpoints exhibited a good, and
physiologically meaningful, correlation. For example, beating
rate and impedance demonstrated a strong positive correlation
that reflected the slowing of the beating rate following the
reduction in cell viability.

Furthermore, the ATP increase which accompanied the
caspase-3/7 activation at the early stage (2 h) was reversed with
the advance of apoptosis. Beating cardiomyocytes consume vast
amounts of ATP. The average ATP concentration determined
in the hSC-CM under control conditions was around 5µM.
It is utilized to maintain cellular homeostasis including the
necessary gradients of ions driven by the various ion pumps
and channels, while also used to generate contractile activity of
the sarcomeres. Therefore, disrupting the balance of ongoing
energy generation and utilization would result in profound
abnormalities in cardiac function. The ATP depletion induced
by some SMKIs would activate AMPK, which along with GSK3s
inhibits protein synthesis, thereby conserving energy stores.
And the negative correlation between the caspase-3/7 activation
and the ATP level most likely corresponded to the cellular
ATP depletion with the progress of apoptosis after the 24 h of
treatment. This kind of time-dependent dynamic observed for
the parameter correlation can be integrated with mechanistic
models to generate testable predictions in the future. Capturing
the peak effect of the test compounds would enable selection of
an optimum time-point for follow-up experiments.

As with any experimental model, studies with human stem
cell-derived cardiomyocytes are not without limitations. While
hSC-CMs have enabled a considerable breakthrough in studying
cardiac biology, pharmacology and safety during the last decade,
their maturation status poses a serious limitation due to potential
differences in signaling pathways from those regulating the main
physiological process in adult heart muscle cells. Therefore,
benchmarking the target expression profiles to those in the adult
human cardiomyocytes is recommended to support translation
of the hSC-CM-based preclinical data. The appropriate gene
expression profiles for all SMKI targets in this study was
confirmed using our internal mRNA gene expression data base
(data not shown). It is also important to establish the relationship
between cardiotoxicity observed in vitro and its predicted clinical
manifestation. Studying trastuzumab, sunitinib and other drugs
with clinically established cardiotoxic profiles and including
them as positive controls should enable setting translational
standards for the in vitro assays in the future. An example of
modeling doxorubicin-induced cardiotoxicity in hSC-CMs has

shown that the in vitro cellular model recapitulates many of
the features of this adverse drug reaction (59). These included
dose-dependent increases in apoptotic and necrotic cell death,
reactive oxygen species production, mitochondrial dysfunction
and slowing cardiomyocyte beating rate which characterize
cardiac tissue damage at the cellular level and serve as in vitro
surrogates of the compromised clinical phenotype. Combining
functional cellular monitoring with live imaging allowed us
to capture changes in cellular indices for translation of the
in vitro results into the clinic. It is expected that functionally
relevant changes in these parameters at appropriate plasma
concentrations would indicate a potential risk. For the clinically
tested PI3K inhibitors Dactolisib, Pictilisib and Idelalisib, at
least a 10-fold safety margin between the clinical exposure and
the lowest in vitro test concentration with functionally relevant
reduction in cellular indices has been determined in our hSC-
CMs assay. Therefore, one would not expect to see cardiotoxicity
before the free plasma concentration increases 10-fold above
the expected free Cmax. Clinical trials with these drugs did not
report cases of cardiac adverse events. However, the FDA adverse
reaction reports from a general population showed that Idelalisib
was associated with cases of atrial fibrillation, acute myocardial
infarction and congestive heart failure, thus highlighting the
need to further assess the cardiovascular risk of Idelalisib in
postmarketing surveillance trials (60).

The real risk of cardiotoxicity is not known until the drugs
become approved and used in a broader population. New tools
such as hSC-CMs derived from patients will allow investigators
to directly explore the mechanisms of kinase inhibitor-induced
cardiotoxicity and potential mitigation strategies. Recent studies
have demonstrated that patient-specific hiPSC-CMs can be
utilized to reproduce the cardiotoxic effect of doxorubicin (61)
and tyrosine kinase inhibitors in vitro (62). Furthermore, lack
of significant cardiovascular co-morbidities in patients in early
clinical trials (63) makes it difficult to predict true rates of
cardiotoxicity for the reverse translation. The predictive value of
new hSC-CMs preclinical models can potentially be determined
through patient monitoring and the use of the real-world
evidence in the future (64).

In summary, the present study evaluates an integrative
approach to study the SMKI cardiotoxicity using hSC-CMs
and reveals the main challenges of pre-clinical findings that
require follow-up investigations and impact drug development
programs. We foresee the introduction of new technologies
to aid in discovery and to develop early safety methods for
regulatory strategies translating biomedical science for novel
SMKIs therapeutics into the clinic.
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Vascular toxicity is a frequent adverse effect of current anticancer chemotherapies and

often results from endothelial dysfunction. Vascular endothelial growth factor inhibitors

(VEGFi), anthracyclines, plant alkaloids, alkylating agents, antimetabolites, and radiation

therapy evoke vascular toxicity. These anticancer treatments not only affect tumor

vascularization in a beneficial manner, they also damage ECs in the heart. Cardiac

ECs have a vital role in cardiovascular functions including hemostasis, inflammatory

and coagulation responses, vasculogenesis, and angiogenesis. EC damage can be

resulted from capturing angiogenic factors, inhibiting EC proliferation, survival and signal

transduction, or altering vascular tone. EC dysfunction accounts for the pathogenesis

of myocardial infarction, atherothrombosis, microangiopathies, and hypertension. In this

review, we provide a comprehensive overview of the effects of chemotherapeutic agents

on vascular toxicity leading to hypertension, microvascular rarefaction thrombosis and

atherosclerosis, and affecting drug delivery. We also describe the potential therapeutic

approaches such as vascular endothelial growth factor (VEGF)-B and prokineticin

receptor-1 agonists to maintain endothelial function during or following treatments with

chemotherapeutic agents, without affecting anti-tumor effectiveness.

Keywords: vascular toxicity, anti-cancer drugs, cardiotoxicity, hypertension, thrombosis

INTRODUCTION

Anticancer chemotherapies target the vasculature of both tumor and unfortunately other organs.
Additionally, mechanism-independent (“off-target”) effects of chemotherapies also account for
the development of the vascular toxicity. Vascular toxicity occurs during acute chemotherapeutic
regimen, and after once treatments have ceased, persists into survival. The susceptibility to
develop vascular complications following chemotherapeutics also relates to many factors such as
cardiovascular risk and pre-existing vascular diseases, as well as genetic predispositions.

Chemotherapeutics-mediated vascular toxicity often results from loss of endothelial cell (EC)
functions (1). ECs sense hemodynamic changes, and accordingly respond to stimuli by the
release of vasoactive substances like vasorelaxants such as nitric oxide, (NO), prostacyclin, (PGI2),
vasoconstrictors such as endothelin-1, (ET-1), anti-thrombotic (plasminogen activators), and
angiogenic factors such as vascular endothelial growth factor (VEGF) (2) and prokineticins
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(3). Disturbance of NO/ET-1 balance is a characteristic of
endothelial dysfunction and play an important role in the
progression of vascular diseases.

Chemotherapeutics-mediated EC dysfunction in the heart is
initially asymptomatic. The long-term consequences of cancer
treatments can lead to the onset of cardiovascular disorders
such as hypertension, coronary artery disease, and heart failure.
Indeed, progressive EC damages make ECs more vulnerable
to chronic inflammatory stressors and hyperlipidemia insults
(4). EC dysfunction further promotes thrombus formation,
and inflammation by releasing plasminogen activator inhibitor
1 (PAI1), platelet-activated factor 4 (PF-4), and interleukins
(IL-1 and IL-6) to accelerate atherosclerosis formation.
Chemotherapeutics can also have direct pro-coagulant,
anti-angiogenesis, and vasoconstriction effects (Figure 1).

Vascular damage in the cardiovascular system can be caused
not only by anti-angiogenic chemotherapy (inhibitors of vascular
endothelial growth factor (VEGFi), but also by anti-tumor
antibiotics (bleomycin and anthracyclines) (5, 6). The first line of
treatments includes monoclonal antibodies (e.g., bevacizumab),
and multiple kinase inhibitors such as sunitinib, a multi-targeted
inhibitor, or sorafenib (7). In addition, plant alkaloids (taxanes,
vinca alkaloids), alkylating agents (cisplatin, cyclophosphamide),
antimetabolites (5-fluorouracil), and radiation therapy also foster
vascular damages (8) (Figure 2).

Hereafter, we concentrate on these anti-cancer drugs-
mediated vascular damages that evoke cardiovascular diseases
and impair drug delivery.

Anticancer Therapy-Mediated Oxidative
Stress and Vascular Injury
Many chemotherapeutics induce accumulation of the reactive
oxygen species (ROS) products (9) that disrupt intracellular
homeostasis and damage proteins, lipids, and DNA in the
vascular cells. ROS such as superoxide radical anions (O2.

−),
lipid radicals (ROO.−), hydroxyl radicals (HO.−), and nitric
oxide (NO) are formed by all vascular layers, including
endothelium, smooth muscle, and adventitia (10). ROS induces
VEGF expression in vascular endothelial and smooth muscle
cells by upregulating hypoxia-inducible transcription factors
(HIF-1). VEGF further stimulates the accumulation of ROS
through activation of NADPH oxidase (11). The NO itself
has a cardiovascular protective properties (12). However, when
NO combines with ROS, it generates peroxynitrite radicals
(ONOO.−) that promote inflammation, apoptosis, necrosis, and
ultimately toxicity (13).

A high production of ROS is also a major promoter for
the lipid peroxidation of unsaturated fatty acids, leading to
apoptosis, autophagy, and ferroptosis (14). Lipid peroxidation
followed by the activation of phospholipase A2 initiates the
activation of arachidonic acid (AA) pathway. Thus, lipid
peroxidation is not only responsible for the generation of
prostaglandins, but also for the induction of inflammation and
apoptosis in vascular ECs (14). ROS also promotes peroxidation
of a mitochondrion-specific inner membrane phospholipid,
cardiolipin to activate intrinsic apoptosis (15). Lipid peroxidation

products can bind to specific mitochondrial and autophagy-
related proteins driving autophagic cell death (16). Elevated
intracellular iron concentration elevates ROS levels that cause
lipid peroxidation and consequently to ferroptosis-mediated cell
death (17).

Reactive nitrogen species (RNS) are formed by the reaction
between ROS and NO that damage mitochondrial DNA.
Excessive ROS also induces senescence in endothelial, vascular
smooth muscle cell (VSMC), and endothelial progenitor cells
(18). Indeed, accumulation of ROS and oxidative stress reduces
NO bioavailability and consequently results in development of
hypertension (19) (Figure 2).

Anticancer Therapy-Mediated Endothelial
Dysfunction and Hypertension
Approximately 25% of cancer patients develop hypertension
due to adverse effects of VEGFi, TKI, anthracyclines, alkylating
agents, and antimetabolites (20). The pathophysiology of
hypertension induced by these agents is not fully elucidated.
Several mechanisms have been proposed based on the
preclinical and clinical studies, including; (1) increased total
peripheral resistance induced by endothelial dysfunction due
to predominantly the reduced production of vasodilators (NO
and PGI2), the increased production of vasoconstrictors (ET-1)
and the reduced nitric oxide bioavailability, (2) increase in
vascular tone, (3) vascular rarefaction, (4) and renal thrombotic
microangiopathy, leading to proteinuria and hypertension,
(5) natriuresis and impaired lymphatic function could also
contribute to development of hypertension (21).

Inhibitors of VEGF (VEGFi) or Tyrosine Kinase (TKI)
Approximately 80% of patients treated with VEGFi or
TKI manifest hypertension (22). VEGF signaling promotes
production of NO and the vasodilatory prostanoid prostacyclin
(PGI2) through activation of phospholipase A2 via PLCγ/PKC
pathways (23). After VEGF binding, VEGF receptor (VEGFR)
activates phosphoinositol-3 kinase (PI3K)/serine-threonine
protein kinase B (Akt) survival pathway in ECs. Thus,
interruption of the VEGF signaling pathway by anticancer
drugs leads to development of hypertension. Similarly,
the VEGF trap aflibercept promotes hypertension (24),
interrupting VEGF-mediated vasodilatory, and survival
signaling (25). VEGFi-induced vascular toxicities can also be due
to accumulation of ROS and down-regulation of nuclear factor
erythroid 2-related factor 2 (Nrf2) that regulates antioxidant
genes (26). Prohypertensive effects of VEGFi can also be
promoted by microparticles of injured ECs (27).

TKIs stimulate ROS accumulation and reduce NO levels
(28). For example, vatalanib or sunitinib increases ROS
accumulation in both VSMCs and ECs by inhibiting NO
synthase (NOS) thereby reducing NO levels and decreasing
endothelium-dependent vasorelaxation (29). Sunitinib-induced
hypertension may not depend on endothelium, but may be due
to decreased arterioles diameters. Indeed, it inhibits platelet-
derived growth factor receptor (PDGFR) that causes coronary
microvascular dysfunction due to loss of pericytes, leading to the
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FIGURE 1 | Summary of chemotherapy-associated vascular toxicity. Vascular toxicity can be attributed to four main mechanisms (vasomotor alterations, endothelial

cell (EC) dysfunction, anti-angiogenesis, pro-thrombosis), which induce hypertension, ischemia and thromboembolism, and damage heart functions. The red arrows

highlight direct effects of some of the chemotherapeutics.

mechanical instability of the capillary wall in cardiac and other
tissues (30).

Anthracyclines
They cause ≈20% increase in carotid artery stiffness in
patients. Anthracyclines also led to a 3-fold increase in
vascular stiffness with a 10-year follow-up period in adolescent
childhood cancer survivors, indicating that alterations in
vascular integrity persist years to decades following anthracycline
chemotherapy (31). Anthracycline-induced endothelial toxicity
and hypertension can be caused by several mechanisms. The
first one is an oxidative stress-mediated process (32). Indeed,
doxorubicin binds to endothelial (eNOS) and decreases NO
levels, leading to the production of superoxide. Reduced
concentration of NO shifts endothelium to a pro-coagulant
status and impairs vasodilatation (33). Recently, doxorubicin

has been shown to stabilize NRF2 in the cytoplasm thereby
reducing detoxification pathway in mice heart (6). Doxorubicin
also induces mitochondrial DNA damage in an RNS/ROS-
independent manner, along with a possible decrease in B-cell
lymphoma (Bcl)-2, that leads to apoptosis of the ECs. The EC
death further reduces the availability of NO, ET-1, PGI2, and
neuregulin (NRG)-1 to cardiomyocytes. Indeed, accumulation
of ROS and oxidative stress reduces NO bioavailability
and consequently results in development of hypertension
(34). The second mechanism is apoptosis due to DNA
interference (35). Doxorubicin -mediated topoisomerase II-
β inhibition and DNA-binding directly induce DNA damage
and apoptosis in ECs (36). Doxorubicin also reduces the
tight junction protein zona occludens (ZO)-1 in ECs, thereby,
increasingmicrovascular permeability (37). Anthracyclines at the
accumulative dosage dysregulate renin-angiotensin-aldosterone
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FIGURE 2 | Anticancer drug-mediated endothelial dysfunction. Oxidative

stress, ROS accumulation, alteration of PGI2/ET-1 ratio, and low NO levels in

ECs impair EC survival and migration, increase fenestration and blood cell

infiltration into vascular smooth muscles (SMC), trigger inflammation, and

promote vasoconstriction. EC dysfunction and vascular rarefaction reduce

myocardial perfusion, leading ischemia, and cardiomyopathy. Anticancer

drug-mediated cardiomyocyte (CM) damage together with EC dysfunction

leads to heart failure.

(RAA) system (38), that play significant role in the development
of hypertension (39).

Alkylating Agents
Cyclophosphamide or its metabolites reduce vasoactive
substance NO, increase ET-1 and inducible (i) NOS (40). They
activate the toll-like receptor 4 (TLR-4) and causes subsequent
activation of mitogen-activated protein kinase (MAPK) and
c-Jun N-terminal kinases (JNK) (41). Once activated, these
signaling pathways increase the expression of tissue necrosis
factor alpha (TNFα), cyclooxygenase-2 (cox-2), prostaglandins
(PGs), and interleukins (ILs). Cyclophosphamide also decreases
fatty acid binding protein (H-FABP) and carnitine palmitoyl
transferase-I (CPT-1) levels, resulting in the accumulation of
free fatty acids and reduction of ATP production (42). Reduced
ATP levels lead to the accumulation of intracellular calcium,
which activates transforming growth factor beta (TGF-β) and the
production of pro-inflammatory cytokines. Cyclophosphamide
is associated with development of interstitial pneumonia and
pulmonary fibrosis, leading to vascular sclerosis, and pulmonary
hypertension (40).

Patients treated with cisplatin-based chemotherapy also
develop persistent hypertension due to endothelial cell activation,
damage, and subsequent endothelial dysfunction (43). Cisplatin
induces release of inflammatory substances such as IL-1 and
IL-6 from ECs to produce hydrogen peroxide that provoke

oxidative stress, and mitochondrial DNA lesions, orchestrating
cell death (44).

Antimetabolites
5-Fluorouracil (5-FU) induces ultrastructural changes in the
endothelium of the heart, as well as in various organs by
promoting both accumulation of ROS and autophagy process
in ECs (45). Its vascular adverse effects include angina with
coronary artery spasm and rarely hypertension (46).

In general, anticancer therapies increases blood pressure,
therefore, an antihypertensive therapy can be required in case
of diastolic blood pressure (DBP) increase >20 mmHg after
initiation of anticancer therapy, yet DBP remains within normal
limits (47).

Anticancer Therapy-Mediated
Microvascular Rarefaction
Anticancer drugs induce capillary rarefaction that is described
as a reduction of the density of arterioles and capillaries.
One of the causes of microvascular rarefaction is a decrease
of survival rate of microvascular EC. The second mechanism
involve endothelial dysfunction that participates to thrombosis,
leading to a further reduction in vascular perfusion, and micro
vessel destruction (48). The molecular mechanisms of capillary
rarefaction associated with the loss of pericytes due to inhibition
of platelet derived growth factor (PDGF) receptor (PDGFR), and
inhibition of angiogenesis by blocking VEGF signaling pathway.

VEGFi and TKIs
Prolonged TKI treatments lead to capillary rarefaction, due
to endothelial dysfunction (25). In addition, disruption of
both endothelium-dependent and -independent vasodilatation
can also promote intense vasoconstriction and microvascular
rarefaction. The vascular rarefaction may also be a consequence
of VEGFi-associated hypertension (49). Bevacizumab promotes
retinal microvascular dysfunction in humans (50). On the other
hand,microvascular rarefaction increases peripheral resistance in
the microcirculation, thereby, reducing blood flow and further
elevating blood pressure.

Anthracyclines
A recent preclinical study has shown that chronic treatment
with doxorubicin promotes vessel rarefaction in the heart (6).
Moreover, a low dose of doxorubicin inhibits EC motility in
vitro without causing apoptosis. However, whether doxorubicin
provoke hypertension in these mice has not been studied.

Alkylating Agents
Cyclophosphamide causes extravasation of proteins, toxic
metabolites, and erythrocytes, which breaks-down ECs, promotes
hemorrhage, blocks the small arteries, and induces displacement
of vascular ECs that directly damages the blood vessels and
cardiac cells (51). Cyclophosphamide may reduce VEGF levels
that is associated with microvascular rarefaction.

Cisplatin inhibits EC proliferation and motility in vitro
and causes apoptosis (52). Cisplatin also inhibits angiogenesis

Frontiers in Cardiovascular Medicine | www.frontiersin.org 4 July 2021 | Volume 8 | Article 694711109

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Hsu et al. Vascular Toxicity and Chemotherapeutics

(53). Thus, both EC dysfunction and anti-angiogenic effects of
platinum derivatives promote vascular rarefaction.

Anticancer Therapy-Mediated
Hypercoagulation, Thrombosis, and
Atherosclerosis
Cancer patients exhibit an increased risk of arterial and venous
thrombotic events. Approximately cancer patients develop the
risk of arterial (2–5%) and venous (4–20%) thromboembolism
during the anti-angiogenic therapies (54). The mechanisms that
underline the chemotherapeutic–associated thrombosis is not
fully understood. It appears that targeted therapies-mediated
thromboembolism is associated with on-target effects. However,
conventional chemotherapies-mediated thromboembolism
attributed to off-target effects. Based on the preclinical and
clinical studies, the proposed mechanisms include; (1) the
activation or disruption of the endothelium, (2) decrease in
anticoagulants and increase in procoagulants, such as TF (tissue
factor), cytokine-controlled defective anticoagulant pathways,
and changes in the fibrinolytic pathways, and (3) the activation
of platelets (55).

VEGFis and TKIs
They impair the VEGF-mediated tissue-type plasminogen
activator (t-PA) release (56), and elevate platelets and
coagulation factors to induce thrombosis (57). Additionally,
TKIs increase hematocrit and reduce NO- and PGI2-mediated
anti-platelet activity (58). Accordingly, a meta-analysis in
patients receiving TKIs demonstrated that the risk of myocardial
infarction increased by 3.5-fold, and the development of
arterial thrombosis by 1.8-fold, in the treated group (59).
VEGFR inhibitors accelerate atherosclerosis and increase the
risk of cholesterol embolization syndrome, leading to acute
cardiovascular complications (60).

Anthracyclines
Doxorubicin has been shown to a significantly increase a risk of
venous thrombosis by 16.0% (47). Several preclinical and clinical
studies have showed that doxorubicin-mediated thrombogenic
effects are resulted from an elevated prothrombotic state induced
by (1) endothelial injury, (2) the down-regulation of the
endothelium-based protein C anticoagulant pathway due to
the reduced levels of endothelial protein C receptor in ECs,
(3) an increased TF procoagulant activity, and (4) activated
platelets (61). In patients with breast cancer, doxorubicin
increases levels of thrombin-antithrombin complexes, protein
C, and activated protein C (62). Its prothrombotic effects
are also due to phosphatidylserine-bearing microparticle (MP)
generation, promoting intracellular Ca2+ increase and ATP
depletion in platelets (63). A dysfunction of the NADP-
dependent mitochondrial enzyme aldehyde dehydrogenase-2
(ALDH2) in ECs is also involved in the development of
doxorubicin-mediated vascular damage and thrombosis (64).
Altered levels of endothelium-derived NRG-1, PGI2, and ET-
1 from ECs can also contribute to anti-platelet activity of
doxorubicin (65).

Alkylating Agents
Cyclophosphamide and its toxic metabolites stimulate activation
and release of platelet factor 4 (PF-4) that initiates the cascade of
thrombosis and the binding of oxidized low-density lipoprotein
(LDL) to ECs, and aggravates monocyte adhesion to endothelium
(41). Cyclophosphamide-induced intrapapillary micro emboli is
prominent cause of the ischemic myocardial damage (41). It also
fosters acute pericarditis, myocardial hemorrhage, and atrophic
and focal necrosis with interstitial edema (66).

Cisplatin facilities endothelial damage, hypercoagulation
measured by increased levels of thrombin-antithrombin
complexes and D-dimer, and platelet aggregation via activation
of the arachidonic acid pathway that forms several inflammatory
and thrombogenic molecules (67). However, the absolute
risk of venous thrombosis associated with this class of agent
remains low.

Antimetabolites
5-FU damages ECs and provokes severe vessel leakage and
subsequent thrombus formation (68, 69). Patients receiving
a cisplatin-based regimen with epirubicin and 5-FU or
capecitabine exhibited an incidence of venous thrombosis of
15.1% (70).

In general, anticancer agents have more pronounced effect of
the incidence of venous thrombosis than arterial thrombosis. An
anticoagulation therapy may be required.

ANTICANCER THERAPY-MEDIATED
IMPAIRED VASCULATURE AND DRUG
DELIVERY

Anti-angiogenic agents alone or in combination with other
chemotherapeutics are widely used to inhibit tumor growth
by targeting vascular network (71). Some types of cancers are
sensitive to anti-angiogenic therapy, while other types of cancers
are completely insensitive. Adaptation to microenvironment,
such as metabolic changes (72) or autophagy (73), can determine
whether a tumor is sensitive to anti-cancer treatments. Some
tumors can initially respond, but then develop acquired
resistance during the anti-angiogenic treatment due to activation
of alternative pathways, such as vessel co-option and vessel
mimicry (74). Development of hypoxia in tumors reduces the
activity of the prolyl hydroxylase domain proteins (PHD1–3),
and prevents the degradation of HIF-1α and HIF-2α (75). High
levels of HIFs in turn increases the transcription of HIF-driven
hypoxia-related genes, including the potent angiogenic factors,
VEGF to form a neovascular network to further increase tumor
growth. Indeed, long-term anti-angiogenic therapy promotes
genetic instability in tumor ECs, and causes vascular permeability
andmetastasis (76). Additionally, tumor-associatedmacrophages
can trans-differentiate into ECs (77). In this case, tumors become
highly vascularized and also resistant to chemotherapies. Tumor
cells including infiltrated immature myeloid cells (78), fibroblasts
(79), and endothelial progenitor cells (80) integrate into vessels
or release pro-angiogenic growth factors, such as prokineticin-2
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FIGURE 3 | Development of angiogenesis and anti-angiogenic therapy-mediated development of tumor resistance due to abnormal tumor vasculatures.

FIGURE 4 | Protective role of the SH-containing ACi, Zofenoprilat, against anticancer-mediated vascular toxicity. Zofenoprilat is the most effective clinically used

vascular protectant. It increases survival of ECs and promotes angiogenesis, inhibits apoptosis. The mechanism involves activation of NOS, ERK1/2, cGMP and Akt

kinases and increases in the expression levels of fibroblast growth factor (FGF-2) and telomerase reverse transcriptase (TERT). These effects appear to be the

off-target effects of zofenoprilat via increasing production of H2S, independent of ACEi properties.

(3) or PDGF-C (79), leading to worse outcomes of drug delivery,
invasion, and metastasis (Figure 3).

DETECTION OF ENDOTHELIAL DAMAGE
AND THROMBOSIS

Endothelial damages alter the expression of adhesion molecules
and increase levels of pro-inflammatory cytokines (81). Thus,
expression of adhesion molecules such as E-selectin, endothelin-
1, and vascular cell adhesion molecule-1 (VCAM-1) are
biomarkers of endothelial damage (82). The elevated levels
of pro-inflammatory cytokines such as C-reactive protein
(CRP) and IL-6 are also indicators of EC damage (83).
Because asymmetric dimethylarginine (ADMA) synthesized via
arginine methylation inhibits eNOS and promotes superoxide
generation (84), ADMA is a marker of ROS generation.
Indeed, activated ECs initiates procoagulant activity by releasing
endothelium-derived glycoproteins such as von Willebrand
factor (vWF), NRG-1, soluble thrombomodulin (sTM), and

tissue plasminogen factor (t-PA) (85). Thus, increase levels
of vWF, NRG-1 sTM, and t-PA are also the indicators of
procoagulant activity and thrombosis.

The detection of micro vessel architectural parameters by
Magnetic Resonance Imaging (MRI), Vessel Architectural
Imaging (VAI), Microvascular Density (MVD), Positron
Emission Tomography (PET), 3D ultrasonography, and CT
is necessary in the clinic to asses vascular damage and select
a proper timing window for tumor vascular normalization by
anti-angiogenic therapies (86).

DRUGS PROTECTING ENDOTHELIAL
CELL DAMAGE INDUCED BY
CHEMOTHERAPEUTIC AGENTS

Angiotensin converting enzyme inhibitors (ACEi), NO
donors, antioxidants, and statins have direct effects on
ECs, while angiotensin receptor blockers (ARBs), renin
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FIGURE 5 | The cardioprotective role of VEGFB and prokineticin against

anti-cancer drugs-mediated cardiovascular toxicity. (A) Anti-angiogenic

therapy reduces tumor size and increases cardiovascular toxicity. (B) VEGFB

and Prokineticin receptor agonist protects cardiovascular system without

altering anti-tumor effect of chemotherapeutics.

inhibitors, beta blockers, and estrogens indirectly affect EC
function. Beta blockers, thiazide diuretics, mineralocorticoid
receptor antagonists are used as additional antihypertensive
agents. Here we focus on the first group of the EC
protective drugs.

ACEis
ACEis ameliorates the left ventricular ejection fraction
(LVEF) decline, when they are administered together or
after anthracyclines. However, the vascular protective effects
of ACEi, zofenoprilat, but not other ACEi (i.e., captopril or
enalaprilat) are related with activation of survival pathways in
cardiac cells, and its antioxidant and ROS scavenger properties.
More specifically, zofenoprilat up-regulates the expression of
eNOS, FGF-2, and telomerase (TERT) transcripts, thereby,
promoting cell survival, rescuing damaged ECs, and inducing
physiological angiogenesis without altering vascularization
at tumors (87). Thus, zofenoprilat exerts its EC protective
effects through off-target mechanisms, and may even maximize
cytotoxic drug delivery to tumor cells (8).

Nitric Oxide Donors, Antioxidants, and
Statin
Novel NO donor drugs metal-nonoates (88) and the
mitochondrial aldehyde dehydrogenase (ALDH2) activator,

called Alda-1 may restore eNOS functioning, and FGF-2
production and release, thereby, protecting ECs against
anticancer drug-mediated damages (89). ALDH2 plays a
central role in the vasodilator actions of nitroglycerin, restores
mitochondrial functions, and promotes vascular recovery of
ischemic myocardium (90). However, high ALDH2 metabolic
activities have been observed in tumor ECs as well. Thus,
whether ALDH2 mitigates anti-cancer drug efficacy in tumor
should be tested.

Many animal models showed that vitamin E, vitamin
C, vitamin A, coenzyme Q, and flavonoids can reduce
the anthracycline-mediated cardiovascular toxicity. However,
clinical use of antioxidants to protect the heart during
anthracycline chemotherapy is paved away due to reduce
cytotoxic efficacy toward cancer cells (91).

All FDA-approved statins are effective in lowering serum
cholesterol by inhibiting activity of 3-hydroxy-3-methyl-
glutaryl-coenzyme A reductase (HMGCR), a rate-limiting
enzyme of the mevalonate pathway, in the liver. Therefore,
they are integrated into cancer patient care to protect against
atherosclerosis development during anticancer therapies.
However, epidemiologic studies demonstrated that statin type,
dose, and treatment duration, statin sensitivity, and toxicity are
all important variables to evaluate statins beneficial effects in
adverse effects of anticancer drugs (92).

NEW HORIZONS IN THERAPEUTIC
STRATEGIES: PRO-ANGIOGENIC
THERAPY TO PREVENT VASCULAR
TOXICITY WITHOUT ALTERING
ANTI-NEOPLASTIC PROPERTIES OF
CHEMOTHERAPEUTICS

VEGF-B-Mediated Endothelial Protection
Against Doxorubicin-Mediated
Cardiotoxicity
Vascular endothelial growth factor-B (VEGF-B) promotes
coronary arteriogenesis, physiological cardiac hypertrophy,
and ischemia resistance. It also prevents doxorubicin-induced
cardiotoxicity and congestive heart failure. A recent preclinical
study has shown that pretreatment of tumor-bearing mice
with an adeno-associated viral vector expressing VEGF-B
completely inhibits the doxorubicin-induced cardiac atrophy
and whole-body wasting (93). VEGF-B also alleviates capillary
rarefaction in the heart and improves cardiac function in
doxorubicin-treated mice. Indeed, VEGF-B protects EC
from apoptosis and restores tube-formation capacity of ECs
without altering anti-tumor role of doxorubicin. Importantly,
VEGF-B does not affect serum or tissue concentrations of
doxorubicin. By inhibiting doxorubicin-induced endothelial
damage, VEGF-B could provide a novel therapeutic possibility
for the prevention of chemotherapy-associated cardiotoxicity in
cancer patients.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 7 July 2021 | Volume 8 | Article 694711112

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Hsu et al. Vascular Toxicity and Chemotherapeutics

TABLE 1 | Vascular damages and diseases induced by the widely prescribed anticancer drugs.

Anti-cancer drugs and their use

in type of cancers

Vascular toxicity Mechanism Ref.

Anthracyclines (Doxorubicin)

Leukemia, lymphoma, melanoma,

uterine, breast, and gastric cancers

* Vascular injury

* Microvascular rarefaction

* Endothelial dysfunction and hypertension

* Hypercoagulation, thrombosis, &

atherosclerosis

* Oxidative stress-mediated ROS accumulation

* Apoptosis due to DNA interference

* Disruption of the tight junction protein ZO-1

in ECs

* Anti-angiogenesis

* Mitochondrial DNA damage

* The endothelium-based protein C

anticoagulant pathway interruption

(18)

(21)

(22)

(5)

(49)

(59)

Tyrosine kinase inhibitors (TKI)

and VEGF inhibitors (VEGFis)

Renal cell cancer, gastro-intestinal

stromal tumors, hepatocellular

cancer

* Microvascular rarefaction

* Hypertension

* Anti-platelet activity

* Hypercoagulation & thrombosis, &

atherosclerosis

* NRF2 downregulation

* Anti-VEGF effect, ROS accumulation and

disruption of NO levels and PI3K/Akt survival

pathway.

* Increased vasoconstriction due to disruption

of both endothelium-dependent and

-independent vasodilatation

* Loss of pericytes due to inhibition of PDGF

* Increased hematocrit and thrombogenesis

activity by reducing NO- and PGI2-mediated

anti-platelet activity

* Atherosclerosis and increase in the risk of

cholesterol embolization syndrome

(26)

(28)

(31)

(40)

(30)

(56)

(60)

Cyclophosphamide

Breast cancer, lymphoid, and

pediatric malignancies

* Vascular injury

* Microvascular rarefaction

* Hypercoagulation, thrombosis, &

atherosclerosis

* Increased levels of the expression of tissue

necrosis factor

* Reduced levels of VEGFs

* Activation of platelet factor 4 (PF-4)

(24)

(33)

(24)

Cisplatin

Ovaries, testis cancers, solid

tumors of the head and neck

* Vascular injury

* Microvascular rarefaction

* Endothelial dysfunction and hypertension

* Hypercoagulation, thrombosis, &

atherosclerosis

* Increased levels of EC- inflammatory

substances to produce hydrogen peroxide

* Increased platelet aggregation levels via the

arachidonic acid pathway

(26)

(34, 35)

(51)

5-Fluorouracil (5-FU)

Breast cancer, head and neck

cancers, anal, stomach, colon

cancers some skin cancers

* Vascular injury

* Hypercoagulation, thrombosis, &

atherosclerosis

* Ultrastructural changes in the endothelium of

the heart

* EC damage

* Direct prothrombotic effect

(27)

(65, 66)

Taxanes

Breast, ovarian, lung, bladder,

prostate, melanoma, esophageal,

other types of solid tumor cancers

* Microvascular rarefaction * Endothelial damage and impaired

angiogenesis

(37)

Prokineticin Receptor-1 Signaling Inhibits
Dose- and Time-Dependent
Anthracycline-Induced Cardiovascular
Toxicity via Myocardial and Vascular
Protection
Prokineticins (PROK1 and PROK2) are
neuropeptides/hormones that are mainly released by
macrophages and reproduction organs in the peripheral system
(94). They utilize two G-protein–coupled receptors (GPCRs)
namely prokineticin receptors (PKR1 and PKR2). Expression of
PROK2 and PKR1 levels are altered in patients with abdominal
aortic rupture (8), during end-stage cardiac failure (95) after
acute myocardial infarction (96), and in adipose tissues from
obese patients (97). Interestingly, PKR1 gene transfer improves
survival and heart function in a mouse model of myocardial
infarction (95) and promotes coronary arteriogenesis (98).

However, PKR2 overexpression in cardiomyocytes promotes
pathological cardiac hypertrophy and causes vascular leakage
(99, 100). These receptors have also divergent effects on ECs
(101). Thus, a non-peptide agonist specific for PKR1, called IS20,
was developed to mimic the cardioprotective effects of PROK2
against heart failure developed by myocardial infarction (102)
and anthracyclines (6) in mice.

A recent preclinical study has demonstrated that prolonged
exposure to low-dose doxorubicin does not induce apoptosis in
ECs, but impairs angiogenesis (6). Importantly, IS20 restores
doxorubicin-mediated cardiovascular toxicity by activating Akt
or MAPK pathways. Genetic or pharmacological inactivation
of PKR1 abolishes these effects of IS20. Mice exposed to
chronic doxorubicin treatment exhibit apoptosis in cardiac
cells, vascular rarefaction and fibrosis, consequently impaired
systolic and diastolic cardiac function, and reduced survival
rate. IS20 reverses these detrimental effects of doxorubicin.
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IS20 also does not alter the cytotoxicity or antitumor effects of
doxorubicin in breast cancer lines or in a mouse model of breast
cancer. Altogether, this study provides evidence that PKR-1 is
a promising target to combat cardiovascular toxicity of cancer
treatments (6).

CONCLUSION AND PERSPECTIVES

Anticancer treatments induce vascular damage, hypertension,
and thrombosis, which affect survival and quality of life of the
patient (Table 1). Therefore, pre-existing hypertension and a
thrombosis risk assessment should be conducted before starting
any type of chemotherapies (103). A continued characterization
of changes of microvessel network patterns and blood pressure
by anticancer drugs is necessary to prevent development of
hypertension and organ damages, especially during the 1st cycle
of therapy when the patients experience a secondary elevation in
blood pressure.

Several mechanisms for anticancer drug-mediated vascular
toxicity have been identified (104), however, there are still many
unknown molecular processes that need to be unraveled to better
understand exactly how anticancer treatments provoke vascular
damages. Endothelial metabolism and new signaling pathways
could be novel targets of the vascular protectant.

Identification of underlying pathological mechanisms
of development of vascular toxicity is a key element to
optimize benefits in tumor development and drug delivery
of chemotherapies.

The improvement in cancer therapy of the past two decades is
due to the development of numerous novel targeted therapies.
These drugs are also used in combination with other new
anti-cancer drugs including inhibitors of immune check points,
poly (ADP-ribose) polymerase (PARP), and histone deacetylase
(HDAC). However, most of these treatments also induce
vascular toxicity, leading to hypertension, thromboembolism,

vasculitis, development of atherosclerotic plaques, and fibrotic
heart disease. More clinical trials of cancer therapies are
needed to be better document the vascular complications of
the chemotherapeutics.

Some of the new cardiovascular protectants including GPCR-
targeted compounds are potential drug candidates to improve
management and prevention of the cardio vascular toxicity of
anti-cancer therapy (105). Whether, these potential vascular
protective agents minimize thrombotic risk associated with
chemotherapies should also be examined. Further, studies are
also necessary to examine their effects on the efficacy of anti-
tumor drugs.
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Introduction and Objectives: Cancer therapy-related cardiac dysfunction (CTRCD)

is a common cause of cancer treatment withdrawal, related to the poor outcomes.

The cardiac-specific treatment could recover the left ventricular ejection fraction

(LVEF). We analyzed the clinical profile and prognosis of patients with CTRCD in a

real-world scenario.

Methods: A retrospective study that include all the cancer patients diagnosed with

CTRCD, defined as LVEF < 50%. We analyzed the cardiac and oncologic treatments,

the predictors of mortality and LVEF recovery, hospital admission, and the causes of

mortality (cardiovascular (CV), non-CV, and cancer-related).

Results: We included 113 patients (82.3% women, age 49.2 ± 12.1 years). Breast

cancer (72.6%) and anthracyclines (72.6%) were the most frequent cancer and

treatment. Meantime to CTRCD was 8 months, with mean LVEF of 39.4 ± 9.2%. At

diagnosis, 27.4% of the patients were asymptomatic. Cardiac-specific treatment was

started in 66.4% of patients, with LVEF recovery-rate of 54.8%. Higher LVEF at the time

of CTRCD, shorter time from cancer treatment to diagnosis of CTRCD, and younger age

were the predictors of LVEF recovery. The hospitalization rate was 20.4% (8.8% linked to

heart failure). Treatment with trastuzumab and lower LVEF at diagnosis of CTRCD were

the predictors of mortality. Thirty point nine percent of patients died during the 26 months

follow-up. The non-CV causes and cancer-related were more frequent than CV ones.
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Conclusions: Cardiac-specific treatment achieves LVEF recovery in more than half of

the patients. LVEF at the diagnosis of CTRCD, age, and time from the cancer treatment

initiation to CTRCD were the predictors of LVEF recovery. The CV-related deaths were

less frequent than the non-CV ones. Trastuzumab treatment and LVEF at the time of

CTRCD were the predictors of mortality.

Keywords: cardio-oncology, cancer therapy-related cardiac dysfunction, cardiotoxicity, left ventricular systolic

dysfunction (LVSD), cancer therapies

KEY POINTS

What is known about the topic?
In the patients with CTRCD, the cardiac-specific treatment

can lead to LVEF recovery, although there is a lack of evidence
about the clinical profile and the best strategy to manage these
patients. Moreover, cardiotoxicity leads to the cancer treatment
withdrawal, which impacts prognosis.
What does it bring back?

Cardio-oncology units can provide an early diagnosis and
treatment of cardiotoxicity. The multidisciplinary teams can also
allow continuing the cancer treatments, improving prognosis in
the patients with CTRCD, emphasizing that most deaths are due
to non-CV ones, such as cancer.

INTRODUCTION

A cancer therapy-related cardiac dysfunction (CTRCD) is a
structural or functional myocardial injury secondary to cancer
treatment. The cardiac damage depends on the type, dosage, and
schedule of cancer therapies and other factors, such as the pre-
existing cardiovascular (CV) risk factors and cardiac disease, age,
or prior exposure to cardiotoxic therapy. In addition, cancer itself
has been related to the increased cardiac peptides, associating
higher mortality from any cause (1).

The incidence of CTRCD varies according to the definition
and series. In a recently published multicenter registry, the
incidence of cardiotoxicity, defined as a decrease in left
ventricular ejection fraction (LVEF) below 50%, elevated cardiac
biomarkers, or presence of other abnormal echo parameters,
such as a significant decrease in the global longitudinal strain
(GLS), reached 37.5%. The advanced stages of CTRCD imply
left ventricular systolic dysfunction (LVSD), with different
ranges of ejection fraction impairment (2). However, there
is a lack of clinical trial-based evidence on the specific
management of patients with LVSD secondary to the cancer
treatment, and they are treated similarly to the rest of
patients with LVSD (3). Recently, sacubitril-valsartan showed
a potential benefit in cardiac remodeling in oncological
patients (4, 5).

The prognosis of the patients with CTRCD seems to be worse
than in other cardiomyopathies (6), and in the patients with

Abbreviations: CTRCD, cancer therapy-related cardiac dysfunction; CV,
cardiovascular; ESC, European Society of Cardiology; HF, heart failure; LVSD, left
ventricular systolic dysfunction; NYHA, New York Heart Association.

heart failure (HF), non-CV causes of death, especially cancer,
were more prevalent than HF progression or sudden death (7).
Additionally, the cardiotoxic effects are a critical treatment-
limiting adverse effect of some chemotherapies and targeted
therapies, affecting the prognosis (8). It is essential to implement
the multidisciplinary cardio-oncology units to diagnose and treat
LVSD early (3).

Although the possibility of cardiotoxicity due to the cancer
treatment is well-known, there is a lack of studies describing the
clinical profile, LVEF dynamics, and the prognosis of patients
with CTRCD in a real-world setting. Our study aimed to analyze
the clinical profile, management, and prognosis of a cohort of
oncological patients with moderate or severe cardiotoxicity in a
real-world clinical practice.

MATERIALS AND METHODS

Study Population and Ethics
We retrospectively included all the consecutive patients
diagnosed with CTRCD in the two tertiary hospitals in Spain:
Clínica Universidad de Navarra between 2000 and 2011 and
Hospital Universitari de Bellvitge between 2010 and 2016. The
patients with cancer were referred to the cardiology units by the
oncologists or hematologists to evaluate and treat cardiotoxicity
before implementing the cardio-oncology units in these centers.
The LVSD was defined as LVEF < 50%, with a previously
normal value, after cancer treatment administration, such as
chemotherapy and targeted therapies, such as immunotherapy.
The patients with baseline cardiac function not available or
those with a previous history of LVSD were excluded. The study
complied with the Declaration of Helsinki, and all the patients
gave consent for using their data for research purposes.

Baseline Assessment and Follow-Up
The baseline characteristics, cardiovascular risk factors, type
of cancer, and treatment received were recorded. The baseline
cardiac function was analyzed by either echocardiogram or single
photon emission computed tomography (SPECT) before the
treatment and monitored periodically during follow-up to detect
CTRCD. Both the methods have been validated to assess the
myocardial function in the patients with cancer (9, 10). We
analyzed the cardiac-specific treatment prescribed after the LVSD
diagnosis according to medical criteria and recommendations
of the European Society for Medical Oncology (ESMO) (11)
and European Society of Cardiology (ESC) HF guidelines (2),
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TABLE 1 | The baseline characteristics of patients with cancer therapy-related cardiac dysfunction (CTRCD).

Baseline characteristics All patients

(n = 113)

LVEF recovery

(n = 63)

Non-LVEF recovery

(n = 21)

Unknown LVEF recovery

(n = 29)

p-value*

Sex (female)-n (%) 93 (82.3) 54 (85.7) 17 (81.0) 7 (24.1) 0.508

Age (years old) 49.2 (12.1) 49.6 (11.4) 51.1 (13.3) 47.0 (12.9) 0.620

Tobacco history-n (%) 0.756

Never smoker 85 (75.2) 49 (77.7) 15 (71.4) 21 (72.4)

Past smoker 15 (13.3) 6 (9.5) 4 (19.0) 5 (17.2)

Current smoker 13 (11.5) 8 (12.7) 2 (9.5) 3 (10.3)

Arterial hypertension-n (%) 21 (18.6) 15 (23.8) 6 (28.6) 0 (0) 0.011

Diabetes-n (%) 6 (5.3) 4 (6.4) 2 (9.5) 0 (0) 0.325

Dyslipidemia-n (%) 15 (13.3) 9 (14.3) 4 (19.0) 2 (6.9) 0.519

BMI (kg/m2 ) 25.4 (3.8) 25.4 (4.1) 24.9 (3.5) 26.6 (1.3) 0.777

Previous cancer-n (%) 15 (13.3) 9 (14.3) 2 (9.5) 4 (13.8) 0.868

Chronic kidney disease-n (%) 0 (0)

Previous cardiopathy-n (%) 3 (2.7) 2 (3.2) 1 (4.8) 0 (0) 0.594

Baseline LVEF (%) 57.7 (5.5) 58.4 (5.8) 56.7 (4.5) 56.9 (5.6) 0.210

Previous HF-n (%) 0 (0)

SBP (mmHg) 119.1 (14.2) 117.6 (13.3) 124.2 (16.6) 124.7 (21.4) 0.292

Previous AF-n (%) 2 (1.8) 2 (3.2) 0 (0) 0 (0) 0.833

HR (bpm) 84.0 (9.6) 84.2 (9.7) 82.3 (7.7) 85.7 (15.3) 0.667

Prior medical treatment-n (%) 0.186

Beta-blockers 1 (0.9) 0 (0) 1 (4.8) (0)

ACE-I/ARB 11 (9.7) 9 (14.3) 2 (9.5) (0)

Digoxin 1 (0.9) 1 (1.6) 0 (0) (0)

Diuretics 6 (5.3) 5 (7.9) 1 (4.8) (0)

Statins 6 (5.3) 3 (4.8) 1 (4.8) 2 (6.9)

Type of cancer-n (%) 0.880

Breast cancer 82 (72.6) 49 (77.8) 15 (71.4) 18 (62.1)

Hematological diseases 18 (15.9) 9 (14.3) 3 (14.3) 6 (20.7)

Bone cancer 4 (3.5) 2 (3.2) 1 (4.8) 1 (3.5)

Gynecologic non-breast cancer 3 (2.7) 1 (1.6) 1 (4.8) 1 (3.5)

Other 6 (5.3) 2 (3.2) 1 (4.8) 3 (10.3)

Chemotherapy agent-n (%)

Trastuzumab 38 (33.6) 32 (50.8) 3 (14.3) 3 (10.3) 0.004

Anthracycline 82 (72.6) 46 (73.0) 16 (76.2) 20 (69.0) 0.750

Cyclophosphamide 54 (47.8) 33 (52.4) 8 (38.1) 11 (37.9) 0.236

Docetaxel 36 (31.9) 23 (36.5) 4 (19.0) 9 (31.0) 0.130

Cisplatin/Carboplatin 24 (21.2) 17 (27.0) 3 (14.3) 4 (13.8) 0.560

Gemcitabine 10 (8.8) 2 (3.2) 4 (19.0) 4 (13.8) 0.015

Fluorouracil 35 (31.0) 19 (30.2) 5 (23.8) 11 (37.9) 0.556

Paclitaxel 25 (2.1) 14 (22.2) 6 (28.6) 5 (17.2) 0.584

Thoracic radiotherapy-n (%) 60 (53.1) 37 (58.7) 8 (38.1) 15 (51.7) 0.396

Time from chemotherapy to CTRCD (months)

Median time 8 (4, 19) 9 (4, 17) 5 (2.5; 12) 5 (2.5; 12) 0.221

Mean time 30.2 (57.8) 27.8 (54.3) 65.4 (86.2) 9.8 (12.8) 0.07

Start cardiac- specific treatment-n (%) 75 (66.4) 54 (85.7) 17 (81) 4 (13.8) 0.127

Death patients-n (%) 35 (30.9) 20 (31.7) 7 (33.3) 8 (27.6) 0.297

CV causes 8 (7.1) 3 (4.8) 4 (19.1) 1 (3.5) 0.06

Non-CV causes 12 (10.6) 8 (12.7) 1 (4.8) 3 (10.3) 0.552

Cancer 15 (13.3) 9 (14.3) 2 (9.5) 4 (13.8) 0.804

ACE-I, angiotensin-converting-enzyme inhibitor; AF, atrial fibrillation; ARB, angiotensin II receptor blockers; BMI, bodymass index; BPM, beats per minute; CTRCD, cancer therapy-related
cardiac dysfunction; CV, cardiovascular; HF, heart failure; HR, heart rate; LVEF, left ventricular ejection fraction; MRA, mineralocorticoid receptor antagonist; SBP, systolic blood pressure.
Cardiac-specific treatment meant to receive at least ACE-I/ARB after CTRCD diagnosis.
*p-value is calculated to compare LVEF recovery and non-LVEF recovery patients.
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defined as starting treatment with at least an angiotensin-
converting enzyme inhibitors (ACE-I) or an angiotensin receptor
blockers (ARB). The follow-up was performed during the routine
clinic visits by reviewing the electronic medical records. We
recorded different events: the New York Heart Association
(NYHA) functional class, hospital admission, medical treatment
changes, LVEF recovery, the need for heart transplantation,
and death (CV, cancer, and non-CV). The heart transplantation
was considered a CV death in the survival analysis. The LVEF
recovery was defined as LVEF ≥ 50% at any time during
the follow-up.

Statistical Analysis
The quantitative variables are expressed as mean and SD or
median and interquartile range (IQR) when data did not fit
a normal distribution and the qualitative variables as number
and percentage. The continuous quantitative variables were
compared using the Student’s t-test or the sum of Wilcoxon’s
ranges for non-normally distributed variables. The categorical
variables were compared with the chi-square test and Fisher’s
exact test when appropriate. A significance level of ≤ 0.05
(bilateral) was established for all the statistical tests.

The survival distribution related to time to an event was
evaluated using the Kaplan–Meier method, in the whole
population, and according to LVEF recovery. The log-rank test
was employed to compare the survival curves.

A multivariate binary logistic regression analysis was
performed to evaluate the LVEF recovery predictors, using
the sequential inclusion and exclusion method, with inclusion
threshold p< 0.05 and exclusion higher than 0.2 in the univariate
analysis. A multivariate Cox proportional hazards regression
model was conducted to calculate the adjusted hazard ratios
(HR) and to determine the effect of several variables on survival
function. A univariate analysis was performed to select the
variables for both the multivariate analyses, with inclusion
threshold p < 0.05 and exclusion >0.2. In the multivariate
analysis, a p < 0.05 was considered statistically significant. Age
was selected for the multivariate analysis due to its clinical
relevance. A statistical analysis was performed with SPSS 23.0
(IBM, NY, USA).

RESULTS

We included 113 patients whose baseline characteristics are
summarized in Table 1. The most frequent diagnoses were
breast cancer (72.6%) and hematological malignancies (15.9%).
In total, 72% of the patients underwent surgery, and 53.1%
thoracic radiotherapy. The most used chemotherapy treatments
were: anthracyclines (72.6%), cyclophosphamide (47.8%), and
trastuzumab (33.6%).

TABLE 3 | Treatment initiated in the patients with cancer therapy-related

cardiomyopathy.

Drug Total

(n = 75)

Patients with

LVEF recovery

(n = 54)

Patients with

LSVD

persistence

(n = 17)

p-value

Beta-blocker-n (%) 56 (74.7) 38 (70.4) 14 (82.4) 0.888

Carvedilol 45 (60.0) 33 (61.1) 9 (52.9) 0.029

Bisoprolol 10 (13.3) 5 (9.3) 5 (29.4)

Nevibolol 1 (1.3) 1 (1.9) 0 (0)

ACE-I-n (%) 62 (82.7) 44 (81.5) 14 (82.4) 0.174

Enalapril 52 (69.3) 37 (68.5) 11 (64.7) 0.545

Ramipril 7 (9.3) 5 (9.3) 2 (11.8)

Otros 2 (2.7) 1 (1.9) 1 (5.9)

ARB-n (%) 11 (14.6) 8 (14.8) 3 (17.6) 0.770

Losartan 5 (6.6) 5 (9.3) 0 (0) 0.048

Valsartan 4 (5.3) 3 (5.6) 1 (5.9)

Candesartan 2 (2.7) 0 (0) 2 (11.8)

MRA-n (%) 15 (20.0) 10 (18.5) 3 (17.6) 0.663

Spironolacton 12 (16.0) 9 (16.7) 2 (11.8) 0.242

Eplerenone 3 (4.0) 1 (1.9) 1 (5.9)

Digoxin-n (%) 8 (10.7) 5 (9.3) 3 (17.6) 0.816

Diuretics-n (%) 44 (58.7) 27 (50.0) 14 (82.4) 0.209

ACE-I, angiotensin-converting-enzyme inhibitor; ARB, angiotensin II receptor blockers;
LVEF, left ventricular ejection fraction; LVSD, left ventricular systolic dysfunction; MRA,
mineralocorticoid receptor antagonists.
We excluded four patients from the sub-analysis due to lost data regarding LVEF recovery.

TABLE 2 | Evolution of left ventricular ejection fraction (LVEF) during follow-up of patients with cancer therapy-related to cardiomyopathy.

Parameter Baseline Diagnosis

of CTRCD

Last

Follow-up

p-value

LVEDD (mm) 49.5 (4.4) 54.7 (5.2) 49.1 (5.5) 0.0001

LVESD (mm) 35.7 (4.1) 42.7 (6.1) 34.3 (5.8) 0.0001

LVEDV (mL) 118.8 (22.1) 140.5 (34.6) 107.3 (33.0) 0.002

LVESV (mL) 55.3 (12.9) 83.7 (25.8) 46.1 (19.5) 0.0001

LVEF (%) 58.2 (5.5) 38.8 (8.5) 54.1 (9.2) 0.0001

LVEF in recovered patients (%) 58.3 (5.8) 39.6 (8.3) 56.8 (5.6) 0.0001

LVEF in patients with persistence of LVSD (%) 57.7 (2.9) 34.1 (8.9) 38.3 (9.9) 0.0001

LVEDD, end-diastolic diameter of the left ventricle; LVEDV, end-diastolic volume of the left ventricle; LVESD, end-systolic diameter of the left ventricle; LVESV, end-systolic volume of the
left ventricle; LVEF, left ventricular ejection fraction; LVSD, left ventricular systolic dysfunction.
The baseline values are those before starting the cancer treatment. LVEDD, LVEDV, LVESD, and LVESV are only presented when we had echocardiographic studies (n = 68).
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FIGURE 1 | Kaplan–Meier analysis of heart failure (HF) hospital admission

during follow-up. We have lost data about HF admission in the 35 patients.

Cancer therapy-related cardiac dysfunction was diagnosed
by echocardiography in 68 patients (60.2%) and SPECT in 45
(39.8%). The mean LVEF was 39.4 ± 9.2% at the time of
diagnosis of CTRCD (Table 2). The median time from starting
chemotherapy to the diagnosis of cardiotoxicity was 8 months
[IQR: 4–19]. At the time of diagnosis, 31 patients (27.4%) were
asymptomatic, 41 were in NYHA II (36.3%), 13 in NYHA III
(11.5%), and 5 in NYHA IV (4.4%). Of the symptomatic ones,
25 (21.2%) had been admitted for HF. In 43 patients (38.1%),
the diagnosis of CTRCD implied a change in the chemotherapy
dose-schedule or withdrawal of cancer therapy.

The cardiac-specific treatment was started in 75 patients
(66.4%), as shown in Table 3. After a median follow-up of 26.2
months [IQR:12.2–94.5], most of the patients were in NYHA I
(39.5%) or II (48.1%). Twenty-three patients were admitted to
the hospital (one for a CV event, 10 for HF (Figure 1), and 12
for non-CV causes, excluding cancer routine admissions).

Left ventricular ejection fraction was recovered in 62 patients
(54.8%), 54 of them (87.1%) receiving cardiac-specific treatment.
LVSD persisted in 21 patients (18.6%). LVEF determination
during the follow-up was lost in 30 patients (26.5%), but
there were data about survival status in all the patients
included. After LVEF recovery, 37 patients (58.7%) continued
cardiac-specific treatment, as is shown in Table 4. Among the
patients who continued treatment, eight patients presented
recurrent LVEF dysfunction, five of them due to the new
chemotherapy treatment.

In the binary logistic regression analysis (Table 5), higher
LVEF at the time of CTRCD [OR 1.13; CI 95% 1.03–1.25; p =

0.008], shorter time from starting chemotherapy to the diagnosis
of CTRCD [OR 0.99; CI 95% 0.98–1.00; p = 0.023], and younger

TABLE 4 | Maintenance of cardiac treatment in the patients with LVEF recovery

after cancer therapy-related cardiomyopathy.

Drug Patients

(n = 37)

p-value Time (months)

Beta-blockers-n (%) 37 (100) 12 [IQR: 7 to 33]

Carvedilol 31 (83.8) 0.039

Bisoprolol 6 (16.2)

ACE-I-n (%) 35 (94.6) 13 [IQR: 6.8 to 34.5]

Enalapril 33 (89.2) 0.24

Ramipril 2 (5.4)

ARB-n (%) 9 (24.3) 24 [IQR: 24 to 24]

Valsartan 4 (10.8) 0.13

Losartán 5 (13.5)

ARM-n (%) 13 (35.1)

Spironolacton 12 (32.4) 0.009

Eplerenone 1 (2.7)

Digoxin-n (%) 4 (10.8) 14.5 [IQR: 8.8 to 21.8]

Diuretics-n (%) 16 (43.2)

Statins-n (%) 16 (43.2)

ACE-I, angiotensin-converting-enzyme inhibitor; ARB, angiotensin II receptor blockers;
ARM, mineralocorticoid receptor antagonist.
Time refers to the median time that the cardiac-specific treatment was maintained after
LVEF recovery.

age [OR 0.94; CI 95% 0.88–0.99; p = 0.03] were identified as
the predictors of LVEF recovery, independently of trastuzumab
treatment, HF admission at diagnosis of CTRCD, and Carvedilol
treatment after dysfunction. For each 5% of LVEF increase at the
time of diagnosis of CTRCD, the probability of recovery of LVEF
increased by 1.75.

In addition, we identified the treatment with trastuzumab [HR
1.25; CI 95% 1.02–4.96; p= 0.045] and lower LVEF at the time of
diagnosis of CTRCD [HR 0.94; CI 95% 0.91–0.97; p = 0.0001]
as the predictors of mortality independent of age, dyslipidemia,
anthracyclines treatment, and LVEF recovery during the follow-
up (Table 6).

As it is shown in Figure 2, 78 (69.1%) patients were alive, and
35 (30.9 %) had died at the end of follow-up (six of CV causes and
two were transplanted, 15 of cancer and 12 of non-CV causes)
(Table 1). There were no differences in the mortality according
to the presence of LVEF recovery, but there was a trend to earlier
mortality from the CV causes in those with the absence of LVEF
recovery (Figure 3).

DISCUSSION

This is one of the largest real-world cohorts reported in the
literature of patients with moderate to severe CTRCD and long-
term follow-up to the best of our knowledge. Themain findings of
our study were: (1) with appropriate cardiac treatment in 66% of
all patients, up to 55% of patients achieve LVEF recovery; (2) early
CTRCD diagnosis is associated with improved LVEF recovery
after initiation of cardiac-specific treatment; (3) less advanced
LVSD at the time of CTRCD diagnosis is associated with the
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TABLE 5 | Binary logistic regression analysis to identify the predictors of LVEF recovery in the patients with cancer therapy-related cardiomyopathy.

Predictors of LVEF recovery

Univariate Multivariate

OR CI 95% p-value OR CI 95% p-value

Age (1 year) 0.99 0.95–1.03 0.63 0.94 0.88–0.99 0.03

Female sex 1.39 0.38–5.08 0.62

No smoking history 0.93 0.18–4.98 0.94

Arterial hypertension 0.80 0.26–2.42 0.79

Dyslipidemia 0.72 0.20–2.64 0.62

Diabetes 0.66 0.11–3.86 0.64

BMI (1 kg/m2 ) 1.03 0.85–1.24 0.77

Baseline LVEF (1%) 1.07 0.97–1.17 0.20

LVEF at the time of diagnosis of CTRCD (1%) 1.10 1.03–1.2 0.002 1.13 1.03–1.25 0.008

Trastuzumab treatment 6.00 1.60–22.46 0.008 3.15 0.44–22.8 0.26

Anthracyclines treatment 0.83 0.26–2.61 0.75

Thoracic radiotherapy 2.1 0.75–6.03 0.16

HF admission at CTRCD diagnosis 0.35 0.10–1.28 0.11

Cardiac specific treatment 1.56 0.42–5.80 0.51

Beta-blocker treatment 0.80 0.28–2.29 0.68

Carvedilol treatment 4.58 1.02–20.69 0.048 1.78 0.27–11.6 0.55

ACE-I treatment 1.19 0.41–3.45 0.74

ARB treatment 0.91 0.22–3.78 0.89

MRA treatment 1.04 0.25–4.26 0.96

Time from starting chemotherapy to dysfunction (1 month) 0.99 0.98–1.00 0.035 0.99 0.98–1.00 0.023

ACE-I, angiotensin-converting-enzyme inhibitor; ARB, angiotensin II receptor blockers; BMI, body mass index; CI, confidence interval; CTRCD, cancer therapy-related cardiac
dysfunction; CV, cardiovascular; HF, heart failure; LVEF, left ventricular ejection fraction; MRA, mineralocorticoid receptor antagonist; OR, odds ratio.
Cardiac-specific treatment meant to receive at least ACE-I/ARB after CTRCD diagnosis. Bold means statistically significant (p < 0.05).

improved LVEF recovery and increased overall survival, and (4)
all-cause mortality in the patients with CTRCD was ∼40% at 5
years of follow-up. There was a trend to earlier mortality from
the CV causes in those that did not achieve LV recovery. Our
findings emphasize the need to develop multidisciplinary cardio-
oncology units to make an early diagnosis of CTRCD and start
the cardiac-specific treatment as soon as possible to improve
the prognosis.

Some factors associated with CTRCD are CV risk factors,
older age, or ischemic disease. However, in our real-life cohort,
most of them were young women with breast cancer and low
incidence of CV risk factors. In other registers, breast cancer
and hematological diseases were the most frequent ones (12).
The criteria for CTRCD diagnosis varied in different studies,
and we established a cut-off of LVEF <50% according to
the ESC guidelines and other similar studies (2, 7). All the
patients in our cohort had reduced to mid-range ejection fraction
(LVEF 39.4± 9.2%).

Depending on the type of cancer, treatment schedule,
and individual characteristics, some studies reported that the
cardiotoxicity usually appeared during the first year after starting
chemotherapy (13–15), similar to our cohort (8 months). Most
importantly, LVEF at the moment of diagnosis of CTRCD was
linked to LVEF recovery and mortality in our study, emphasizing
the need to perform early diagnosis of CTRCD and initiate
the treatment before LVEF deteriorates further that include

new parameters, such as GLS. This is important as 27.4%
of our patients were asymptomatic at the time of diagnosis.
Thus, the development of protocols with the periodic cardiac
function assessment is necessary to detect CTRCD, as the time
to dysfunction after starting the cancer drug treatment was one
of the most relevant parameters for LVEF recovery in our study.

Early medical treatment has been demonstrated to improve
LVEF (13), and the ESC guidelines recommended the cardiac-
specific treatment in the symptomatic patients with LVSD (2).
In the patients with CTRCD, the evidence with ACE-I and beta-
blockers in the asymptomatic patients was limited to the SAVE
trial in ischemic patients (16) and SAFEHEART to prevent the
development of symptoms (17). When our study was performed,
the international guidelines recommended that the patients who
developed CTRCD during or following treatment with Type
II agents (i.e., trastuzumab) in the absence of anthracyclines
could be observed if they remained asymptomatic and LVEF
remained ≥40% (11). This explains why 34% of patients in
our series did not receive cardiac-specific treatment, as many
of our patients had mid-range LVEF and were asymptomatic.
In these cases, trastuzumab was interrupted, and LVEF was
reassessed 1 month later without cardiac-specific treatment
initiation. This could have led to slower or less LVEF recovery and
more interruptions of treatment with trastuzumab, which could
have influenced the fact that trastuzumab was associated with
increased mortality in our series. Also, it may be possible that
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TABLE 6 | The Cox regression analysis to identify the predictors of mortality in the patients with cancer therapy-related cardiomyopathy.

Predictors of mortality

Univariate Multivariate

HR CI 95% p-value HR CI 95% p-value

Age (1 year) 1.01 0.98–1.03 0.69 1.01 0.98–1.05 0.482

Female sex 1.24 0.54–2.84 0.62

No smoking history 1.03 0.42–0.25 0.96

Arterial hypertension 1.00 0.35–2.88 0.99

Dyslipidemia 5.58 0.76–40.78 0.09 5.73 0.78–42.0 0.09

Diabetes 1.12 0.15–8.32 0.92

BMI (1 kg/m2 ) 0.88 0.63–1.22 0.44

Baseline LVEF (1%) 0.97 0.90–1.03 0.31

LVEF at the time of diagnosis of CTRCD (1%) 0.94 0.91–0.97 0.001 0.94 0.91–0.97 0.0001

Trastuzumab treatment 1.83 0.84–3.98 0.14 2.25 1.02–4.96 0.045

Anthracyclines treatment 1.88 0.95–3.70 0.07 1.56 0.78–3.12 0.212

Thoracic radiotherapy 1.37 0.70–2.67 0.35

HF admission at diagnosis 1.64 0.77–3.51 0.20

Cardiac specific treatment 0.75 0.29–1.99 0.56

Beta-blocker treatment 0.79 0.38–1.63 0.52

Carvedilol treatment 0.43 0.05–3.49 0.43

ACE-I treatment 1.58 0.70–3.60 0.27

ARB treatment 0.21 0.03–1.55 0.13

MRA treatment 1.95 0.83–4.59 0.13

Time from starting chemotherapy to dysfunction (1 month) 1.00 0.99–1.01 0.72

LVEF recovery during follow-up 1.33 0.54–1.33 0.53

HF admission during follow-up 1.09 0.32–3.73 0.89

ACE-I, angiotensin-converting-enzyme inhibitor; ARB, angiotensin II receptor blockers; BMI, body mass index; CI, confidence interval; CTRCD, cancer therapy-related cardiac
dysfunction; CV, cardiovascular; HF, heart failure; HR, hazard ratio; LVEF, left ventricular ejection fraction; MRA, mineralocorticoid receptor antagonist.
Cardiac-specific treatment meant to receive at least ACE-I/ARB after CTRCD diagnosis. Bold means statistically significant (p < 0.05).

the increase of mortality with trastuzumab happened in more
advanced oncological patients.

In our study, 87.1% of patients who recovered LVEF received
the cardiac-specific treatment, emphasizing the need for cardio-
oncology units to start the cardiac treatment as early as possible
in all the patients with CTRCD to improve the outcomes. The
most employed drugs were ACE-I and beta-blockers, specially
Carvedilol and Enalapril, similar to other studies (18). Martin-
Garcia et al. recently demonstrated in a small 67 patients study
that sacubitril-valsartan improved the remodeling and functional
status in the patients with CTRCD (5), so future studies should
focus on this possibility.

Left ventricular ejection fraction recovery rate varied
according to the definition in different studies. Cardinale et al.
distinguished between the partial recovery (LVEF increase
>5 total points and >50%) and full recovery (LVEF recovery
to baseline) (13). Lupon et al., in a study with 1,057 patients
with HF and LVSD, considered recovered a LVEF ≥ 45%
after a previous one of <45% (19). In the study of Pareek
et al., with 535 patients with CTRCD, they reported a recovery
rate of 94% with the treatment, but they considered a LVEF
change from 45 to 53% (20). In our study, we established
a cut-off of 50% to consider LVEF recovery. In total, 55%
of our cohort recovered LVEF, similar to other studies

[Cardinale et al. [42%] (18), Hamirani et al. [44%] (15), or
Ohtani et al. [67.3%] (21)].

The presence of severe CTRCD (18) and the use of drugs,
such as anthracyclines (22) have been related to non-reversible
myocardial damage. However, although most of the patients
received anthracyclines in our cohort, more than half of
them recovered LVEF, probably because of the cardiac-specific
treatment and a short time to CTRCD diagnosis.

The mean follow-up of our cohort was similar to
CARDIOTOX (12), but some of our patients, especially
with LVSD persistence, had long-term follow-up (26 months,
IQR 12.2–94.5). Hospital admission during CTRCD has been
poorly studied. Yoon et al. reported 9% of HF admission and
11% of symptomatic patients during the follow-up (23). In
another study, only 10% of patients were in NYHA III-IV during
follow-up, similar to our cohort (12.4%) (20). The hospital
admission rate of our cohort was 20.4%, mainly due to non-CV
causes (excluding cancer routine admission), with only 8.8%
because of HF, similar to Yoon et al. study (23).

The long-termmaintenance of cardiac-specific treatment after
recovery was supported by treatment for heart failure in patients
with recovered dilated cardiomyopathy (TRED-HF) trial (24). In
our study, 58.7% of the patients maintained long-term cardiac
treatment after recovery. In the study by Pareek et al., 88% of the
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FIGURE 2 | Kaplan–Meier survival analysis according to all-cause of death.

patients continued cancer treatment after cardiac optimization
and close follow-up in a cardio-oncology unit (20), slightly above
what was achieved in our cohort (62%). If the patients needed
to continue the cancer treatments, we should avoid cardiotoxic
ones to reduce the risk of further new dysfunction, as 12.9%
of our patients with LVEF recovery had recurrent LVSD in our
study. Some studies demonstrated that LVEF recovery improved
the morbidity and mortality (19), but it remained controversial
in the patients with CTRCD. Yoon et al., in a study with 243
patients, reported the worst outcomes in the non-recovered
group (symptomatic HF, HF hospitalization, and death), but they
did not analyze the mortality separately (23). Our study did not
see the statistical differences in mortality in the patients with
LVEF recovery, but those that did not achieve the LVEF recovery
had a trend to earlier CV-specific mortality.

In CARDIOTOX, severe cardiotoxicity meant a 10-fold
increase in the total mortality compared withmild or no CTRCD.
Abdel-Qadir et al. published a study in which women with early-
stage breast cancer diedmostly of cancer, but those above 66 years
with at least 5 years of survival had more mortality for CV causes
than cancer (25). In our study, 30.9% of patients died, with only
22.8% of deaths related to the CV causes. In the patients with
CTRCD, the most critical issue for the prognosis seemed not to
be the cardiac problem, but also non-CV causes and cancer. Thus,
the establishment of multidisciplinary cardio-oncology units can
help avoid discontinuing the cancer treatment, as the prognosis
is linked mostly to their cancer.

Cancer therapy-related cardiac dysfunction diagnosis is the
most common indication for chemotherapy interruption (up
to 38.1% in our cohort) (26). For instance, the patients with
HER2-breast cancer with early trastuzumab interruption had

FIGURE 3 | Kaplan–Meier survival analysis according to left ventricular

ejection fraction (LVEF) recovery. LVEF, left ventricular ejection fraction; LVEFr,

left ventricular ejection fraction recovery. Unknown refers to the patients with

lost data about LVEF recovery. Heart transplantation was included as

cardiovascular (CV) death.

higher rates of cancer recurrence and death than the patients
receiving uninterrupted treatment (8). This fact could explain
that trastuzumab was identified as a predictor of mortality in
our cohort, emphasizing the negative impact of chemotherapy
withdrawal on the prognosis.

Our study has some limitations. First, there were somemissing
visits or incomplete data collection during the follow-up related
to the research nature of a retrospective registry. Second, all the
CTRCD and LVEF recovery diagnoses were based only on LVEF,
and we did not use other parameters, such as GLS (3). Also, we
cannot have biomarkers (i.e., natriuretic peptides or Troponin) in
most of the patients. Third, all the patients did not start cardiac-
specific treatment due to the changing recommendations during
the inclusion period. Finally, there was no specific follow-up
protocol, and this meant that it was performed according to the
usual clinical practice.

CONCLUSIONS

In a real-world scenario, we have shown that up to 55% of
the patients with CTRCD achieve LVEF recovery. Cardiac-
specific treatment was given to 66% of the patients. The
predictors of LVEF recovery were LVEF at CTRCD diagnosis,
age, and time from starting the chemotherapy to cardiac
dysfunction. Conversely, the predictors of mortality were
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trastuzumab treatment and LVEF at the time of CTRCD.
Of note, only 23% of our patients died of CV causes. Our
findings emphasize the need to develop cardio-oncology units
to make an early diagnosis of CTRCD and initiate the
cardiac treatment to improve the prognosis of the patients
with cancer.
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Doxorubicin-driven cardiotoxicity could result in dilated cardiomyopathy and heart failure

(HF). Previously, we showed that periplocymarin exerted a cardiotonic role by promoting

calcium influx and attenuating myocardial fibrosis induced by isoproterenol (ISO) by

improving the metabolism of cardiomyocytes. However, the impact of periplocymarin

on doxorubicin (DOX)-triggered cardiomyopathy has not been investigated. In the

current study, C57BL/6 mice were randomly divided into three groups, namely, the

control, DOX, and DOX+periplocymarin groups. The cardiac function and apoptosis

were measured. Our results revealed that periplocymarin administration greatly improved

the DOX-induced cardiac dysfunction manifested by the ejection fraction (EF%),

fractional shortening (FS%), left ventricular posterior wall thickness (LVPW), left

ventricular anterior wall thickness (LVAW), left ventricular (LV) mass, and attenuated

DOX-induced cardiomyocyte apoptosis assessed by hematoxylin and eosin (H&E)

staining, terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining,

and western blotting. Further study using H9c2 cells revealed that the pretreatment of

periplocymarin suppressed DOX-induced apoptosis evidenced by annexin V staining.

Moreover, liquid chromatography with tandem mass spectrometry (LC-MS/MS) analysis

demonstrated that DOX lead to an accumulation in serum ceramide, and the

pre-treatment of periplocymarin could reverse this phenomenon. Network pharmacology

also demonstrated that ceramide metabolism was involved in the process. Consistently,

real-time PCR showed that periplocymarin significantly abolished the induction of the

genes involved in the de novo synthesis of ceramide, i.e., CerS2, CerS4, CerS5, and

CerS6, and the induction was attributed to the treatment of DOX. Collectively, these

results suggested that periplocymarin reduced cardiomyocyte apoptosis to protect

hearts from DOX-induced cardiotoxicity and the de novo synthesis of ceramides was

involved in this process.
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INTRODUCTION

Doxorubicin (DOX) has been approved for the treatment of
diverse cancers involving leukemia, neuroblastoma, and breast
cancer (1). Unfortunately, despite the effective antineoplastic
feature of DOX, it also exhibits side effects. It has been reported
that the dose-dependent cardiotoxicity of DOX often results in
cardiac systolic dysfunction and ultimately leads to heart failure
(HF). This potential risk greatly restricted the clinical application
of DOX. Therefore, identifying novel therapeutic drugs to block
or reverse DOX-induced cardiotoxicity are urgently needed to be
developed (1–3).

Accumulating evidence has elucidated the underlying
mechanism involved in the pathogenesis of DOX-induced
cardiotoxicity (4). After birth, cardiomyocytes no longer
enter the cell cycle and eventually differentiate into a mature
state, hence their survival is crucial. Besides, increasing
cardiomyocyte apoptosis will contribute to contractile tissue loss,
decompensated hypertrophy, irreversible fibrosis, and eventually
leading to HF (5). Accordingly, developing effective therapeutic
drugs or targets that are capable of combatting cardiomyocytes
apoptosis triggered by DOX is greatly warranted.

With the development of modern pharmacology, emerging
evidence proved that Chinese medicine could enhance cardiac
function (6), including Ginsenoside Rg1 (7), Astragaloside IV (8),
and Tanshinone IIA (9). In addition, many traditional Chinese
materia medica preparations, such as Qiliqiangxin capsules
and Qishenyiqi dripping pills, can also enhance myocardial
contractility and improve cardiac dysfunction, which have
been widely applied in clinics (10, 11). Periplocymarin is a
pharmacodynamic substance in Qiliqiangxin capsules, which is
extracted from Periplocae Cortex (12). Periplocymarin shares
the basic molecular structure of cardiac glucoside. Studies
have demonstrated that periplocymarin has a strong anticancer
activity characterized by the inhibition of tumor cell proliferation
and the promotion of cell apoptosis (13, 14). We previously
reported that periplocymarin improves cardiac function by
elevating the cardiomyocyte calcium ion (Ca2+) concentration
(15). Additionally, periplocymarin prevents isoproterenol (ISO)-
induced cardiac fibrosis via improving the cardiomyocyte
metabolism by targeting endothelial nitric oxide synthase (eNOS)
and cyclooxygenase-2 (COX-2) (16). However, the role of
periplocymarin on DOX-induced HF is largely unknown.

Ceramides are bioactive membrane lipids regulating
signal transduction pathways that contain a basic skeleton of
sphingosine which links to fatty acyl chains of different lengths
(17). Ceramide accumulation is strongly associated with the
pathogenesis of many diseases, such as diabetes, cardiomyopathy,
and atherosclerosis (18). Serum ceramide levels have been shown
to be accurate biomarkers of undesirable cardiovascular events in
humans (19, 20). The study showed associations of higher plasma
levels of N-palmitoyl-sphingosine (Cer16:0) and N-palmitoyl-
sphingosyl-phosphorylcholine (SM16:0) with increased risk
of HF and higher levels of N-behenoyl-sphingosine (Cer22:0),
N-arachidoyl-sphingosyl-phosphorylcholine (SM20:0), N-
behenoyl-sphingosyl-phosphorylcholine (SM22:0), and
N-lignoceroyl-sphingosyl-phosphorylcholine (SM24:0) with

decreased risk of HF (21). Previous investigations revealed that
ceramides participate in the regulation of cardiac contractility
and the process of cardiomyocyte apoptosis (22–24).

In the present study, we demonstrated that the administration
of periplocymarin improved DOX-induced HF in mice, and
we uncovered that periplocymarin ameliorated cardiomyocytes
apoptosis and suppressed ceramides production induced byDOX
both in vivo and in vitro.

MATERIALS AND METHODS

Chemicals and Drugs
Periplocymarin was purchased from Sigma-Aldrich (St.
Louis, Missouri, United States). Doxorubicin was purchased
from MedChemExpress (New Jersey, United States). The
purities of compounds were more than 98% determined by
HPLC. Bcl-2, caspase-3, and cleaved caspase-3 antibodies
were purchased from Cell Signaling Technology (Danvers,
Massachusetts, United States). eIF5 antibody was purchased
from Santa Cruz.

Animals and Animal Models With HF
Adult (8–10 weeks) male C57BL/6 mice were used in the study.
The mice were bred at the Animal Center of Dalian Medical
University with a temperature of 23◦C and 12-h light/dark
cycles. The animals reached a fresh diet and sterile water freely.
The animal protocol was approved by the Animal Care and
Use Review Committee of Dalian Medical University and the
procedure was in accordance with the Guide for the Care and Use
of Laboratory Animals (National Institutes of Health). The mice
were randomly divided into three groups, i.e., the control group
(n = 5), DOX group (n = 7), and DOX plus periplocymarin
group (n = 6). Firstly, the DOX plus periplocymarin group
was injected with periplocymarin at a dose of 5 mg/kg for 3
days. Then, the DOX plus periplocymarin and DOX groups
were abdominally injected with DOX (20 mg/kg) once to
build the mouse model of HF (25). After that, the DOX plus
periplocymarin group was injected with periplocymarin for 3
days. The control and DOX groups were injected with saline for
3 days.

Cell Culture
Isolation and Culture of Cardiomyocyte
Cardiomyocytes were isolated and cultured from neonatal
Sprague-Dawley (SD) rats as described previously (26). In brief,
neonatal SD rat pups (within 2 days) were euthanized and the
hearts were digested with 0.1% collagenase I. The cardiomyocytes
were obtained by differential adhesion method: the digested cells
were plated on 10 cm dishes for 3–4 h; the unattached cells
were cardiomyocytes and they were moved to a new dish. The
cardiomyocytes were cultured for 48 h in a Dulbecco’s Modified
Eagle Medium (DMEM) medium containing 10% fasting blood
sugar (FBS). Then the cardiomyocytes were pretreated with
0.1µM of periplocymarin for 24 h and then treated with 5µM
of DOX for 12 h in DMEM containing 1% FBS.
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H9c2 Cell Line Culture
H9c2 cell line (rat embryonic ventricular myocyte) was
purchased from the Shanghai Institute of Biochemistry and Cell
Biology (China). The H9c2 cells were cultured in a DMEM
medium containing 10% FBS at the condition of 37◦C and
5% calcium dioxide (CO2) and the cells were passaged at 70–
80% confluence (27). For the experiment, the H9c2 cells were
pretreated with 0.1µM of periplocymarin for 24 h and then
treated with 5µMof DOX for 12 h in DMEM containing 1% FBS.

Flow Cytometry Analysis
Cell apoptosis was detected using an Annexin V-FITC apoptosis
kit and following the provided procedure (Beyotime, Shanghai,
China). After pretreatment with periplocymarin for 24 h, the
cells were treated with 5µM of DOX for 12 h. Then they
were harvested using 0.25% trypsin and washed twice with
cold phosphate-buffered saline (PBS). The harvested cells were
centrifuged at 2,000 rpm/min for 5min and the cells were
resuspended with 1 × binding buffer to a density of 1 × 105

cells/ml. Afterward, 100 µl of each sample was stained with an
Annexin V-FITC staining solution in a 1.5ml Eppendorf tube at
room temperature and avoided light for 15min. Then, 400 µl
of 1 × binding buffer was added into the tubes. The apoptotic
cell population was then quantified using a flow cytometer (BD
FACSVerse, Becton, Dickinson and Company, United States) and
Cell Quest Research Software (FlowJo_V10, Becton, Dickinson
and Company, United States).

Echocardiography
Echocardiography was performed using the Vevo 3,100 high-
resolution imaging system (Fujifilm Visual Sonics Inc., Minato
City, Tokyo, Japan) to analyze the cardiac function of the animals.
The mice were anesthetized using isoflurane (1%) and the heart
rate was controlled at 500± 30 b.p.m. The percentage of ejection
fraction (EF%), fractional shortening (FS%), left ventricular
posterior diastolic wall thickness (LVPW; d), left ventricular
posterior systolic wall thickness (LVPW; s), left ventricular
anterior diastolic wall thickness (LVAW; d), and left ventricular
anterior systolic wall thickness (LVAW; s) were measured or
calculated as previously described (15).

Hematoxylin and Eosin (H&E) and Terminal
Deoxynucleotidyl Transferase dUTP Nick
end Labeling (TUNEL) Staining
The mice were euthanized with overdose CO2 inhalation and
perfused with PBS through the heart, then the heart tissues
were removed into 4% formalin. The hearts were embedded
in paraffin and cut into 5µm sections. Hematoxylin and eosin
staining and TUNEL assay were performed according to the
standard procedures.

Real-Time PCR
The cells or heart tissues were lysed in TRIZOL reagent
(Invitrogen, United States) and the total RNA was extracted.
Then the RNA samples were quantified by NanoDrop 2000
(Thermo Fisher Scientific, United States) and were reverse
transcribed to complementary DNA (cDNA). Real-time PCR

primers were designed on the National Center for Biotechnology
Information (NCBI) website using known sequences, and the
primer pairs were listed in Supplementary Table 1. The internal
standard control used was 18S. Amix of nucleoside triphosphates
(NTP) and SYBR Green was used and the real-time PCR was
performed on the LightCyler96 Sequence Detection System
(Roche, Basel, Switzerland). The reaction condition was 94◦C for
5min, followed by 35 cycles of 94◦C for 30 s, 60◦C for 30 s, 72◦C
for 30 s, then extension at 72◦C for 5 min (28).

Western Blot
For western blot, the method was followed as previously
reported (28). Briefly, the heart tissues or cells were lysed in
a radioimmunoprecipitation assay (RIPA) buffer containing the
protease and phosphatase inhibitor cocktail. After centrifugation
at 12,000 g for 15min at 4◦C, the supernatant containing the
total protein was quantified by a bicinchoninic acid (BCA)
Assay Kit, the lysates were mixed with 5 × sodium dodecyl
sulfate (SDS) loading buffer. After fractionated with 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), the proteins were transferred onto a nitrocellulose filter
membrane. The primary antibodies were incubated overnight at
4◦C and followed by incubation with an horseradish peroxidase
(HRP)-labeled secondary antibody for 1 h at room temperature.
The bands on the membranes were visualized after enhanced
chemiluminescence (ECL) incubation using a Chemiluminescent
Imaging System (Tanon 5200, China). Image J software (NIH)
was used to analyze the intensities of the bands.

Metabolomics Analysis
Metabolites Extraction
Serum samples (100 µl) were mixed with 300 µl of cooled
methanol, vortexed for 60 s, then 600 µl of chloroform was
added, and the solution was vortexed for 2min and incubated for
about 1 h at room temperature. The mix solution was centrifuged
at 2,600 g for 10min, and that chloroform phase was removed
and dried under vacuum. Before analysis, the extracted sample
was dissolved in 100 µl of chloroform/methanol (2:1, V/V) and
then diluted two-fold with methanol.

Afterward, 300 µl cold MeOH was added to the cell samples,
then, the cells were sucked out by a pipette. Two volumes
of chloroform were added to each sample, and the solution
was vortexed for 2min and incubated for about 1 h at room
temperature. After that, the process was the same as serum.

All samples of equal quantity were pooled together to generate
quality control samples (QC) and inserted into the analysis batch
every six samples to ensure consistent system performance and
good metabolic profile quality.

Liquid Chromatography With Tandem Mass

Spectrometry (LC-MS/MS) Analysis of Ceramides
All the experiments were performed on a Qtrap 5,500
mass spectrometer (SCIEX, United States) with electrospray
ionization. Multiple reaction monitoring detection was used for
the detection of metabolites. An acquity ultra performance liquid
chromatography ethylene bridged hybrid (UPLC BEH) Amide
Column (2.1 × 100mm, 1.7m) was employed for metabolites
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separation at 40◦C. Mobile phase A was 10mM ammonium
acetate in water with 0.1% formic acid, and mobile phase B was
0.1% formic acid in acetonitrile. The gradient was from 95 to
80% B over 5min, 80 to 60% B over 9min, held for 3min, then
the column was returned to its starting condition. The flow rate
was 0.2 ml/min and the injection volume was 2µl. The collection
was carried out in positive ion mode (Supplementary Table 2 for
31 metabolites).

Data Processing and Pathway Analysis
The retention time (RT), peak area, peak width, peak width at
50% height, and signal to noise ratio (S/N) were generated in
MultiQuant 3.0 (SCIEX, United States). The software (Version
14.1, Umetrics, Umea, Sweden) was used to perform pattern
recognition analysis on all peaks detected in each data file,
including partial least squares discriminant analysis (PLS-
DA) and orthogonal partial least squares discriminate analysis
(OPLS-DA). In the OPLS-DA model, metabolites with variable
importance in projection (VIP) > 1 were used as potential
biomarkers. The database of MetaboAnalyst 4.0 (http://www.
metaboanalyst.ca/) was used to predict the relevant pathway of
potential biomarkers.

Network Pharmacology Study and Gene
Expression Omnibus (GEO) Database
Validation
The potential targets of periplocymarin were gathered from
the database Bioinformatics Analysis Tool for Molecular
mechANism of Traditional Chinese Medicine (BATMAM-TCM)
(http://bionet.ncpsb.org.cn/batman-tcm/). The HF-related genes
were derived from the GeneCard database (https://www.
GeneCards.org/). Then through jvenn (http://jvenn.toulouse.
inra.fr/app/example.html), the intersections with periplocymarin
and HF were analyzed. Potential periplocymarin targets and HF-
related genes were imported into Cytoscape software (National
Institute of General Medical Sciences (NIGMS), United States)
to construct the network. The protein-protein interaction (PPI)
networks of 246 intersecting genes were created by using the
Search Tool for the Retrieval of Interacting Genes/Proteins
(STRING) database (https://string-db.Org/) with a medium
confidence level (interaction score > 0.40) and the Cytoscape
software. The Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment analyses
of the intersecting genes were carried out using the database
Metascape (https://metascape.org/gp/index.html#/main/step1).
The RNA-sequencing data (GSE157282) was obtained from the
GEO database and the gene expression (FPKM) of the control
and DOX treated group was analyzed.

Statistics
The experimental data were analyzed and plotted using
GraphPad Prism 8.3.0 software (GraphPad Software
Inc., San Diego, California, United States). The results
are presented as the mean ± SEM. Student’s t-test
was used for two-group comparison, and ANOVA
was used for multi-group comparison. p < 0.05 was
considered significant.

RESULTS

Periplocymarin Prevented the HF Induced
by DOX
To investigate the effect of periplocymarin on DOX-induced
heart failure, we initially performed echocardiography to evaluate
the cardiac function in three groups of mice (Figure 1A).
As expected, both EF% and FS% in the DOX group were
reduced compared with the vehicle. Intriguingly, periplocymarin
treatment successfully rescued the decrease in EF% and FS%
triggered by DOX (Figures 1B,C). Further analysis revealed that
DOX treatment led to the thinning of the left ventricular wall
characterized by reduced LVAW and LVPW in both the diastole
and systole. To our surprise, the levels of LVAW and LVPW
were markedly reversed by periplocymarin (Figures 1D–G).
Correspondingly, the LV mass was significantly decreased in
the DOX group, while this decrease was largely prevented
by periplocymarin (Figure 1H). Moreover, the mice hearts
were harvested, and the heart-to-body weight (HW/BW) ratio
and heart weight-to-tibia length (HW/TL) ratio were also
assessed. Consistent with the echocardiography results, the
ratios of HW/BW and HW/TL were reduced after the DOX
treatment, which were obviously reversed by the periplocymarin
treatment (Figures 1I–K). Altogether, these data indicated that
periplocymarin exerted an efficaciously protective effect on
DOX-induced HF in mice.

Periplocymarin Mitigated DOX-Induced
Cardiomyocyte Apoptosis
To further investigate the cardiac protective effect of
periplocymarin, H&E staining was performed and deranged
cellular structures, edematous cardiomyocytes, and dissolved
myofibers were observed in DOX-treated hearts. However,
these abnormalities were notably ameliorated by periplocymarin
(Figure 2A). To provide sufficient evidence to exhibit the
damage and repair of cardiomyocytes, TUNEL staining was
applied to examine the DOX-induced cytotoxicity and display
the protective effect of periplocymarin on cardiomyocyte
apoptosis. Indeed, TUNEL positive cardiomyocytes were
markedly increased in the DOX-treated hearts, suggesting
massive apoptosis after the DOX treatment. Oppositely, when
co-treated with periplocymarin, this undesirable phenomenon
was obviously rescued (Figures 2B,C). Further analysis of
apoptotic proteins using western blot showed that the expression
of Bcl-2 was significantly decreased in the DOX group, at the
same time, the expression of cleaved caspase 3 was significantly
upregulated in the DOX group, this phenomenon was reversed
by the administration of periplocymarin (Figures 2D,E).
Furthermore, in vitro study using H9c2 cells was performed
to evaluate the cytotoxicity of periplocymarin and to confirm
the antiapoptotic role of periplocymarin in DOX-treated
cardiomyocytes. The Cell Counting Kit-8 (CCK-8) assay
exhibited that periplocymarin had no cytotoxicity when the
concentration was lower than 1µM, and the IC50 was 84.74µM
(Supplementary Figure 1). According to the annexin V staining,
periplocymarin treatment alone did not affect cell apoptosis.
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FIGURE 1 | Effects of periplocymarin on cardiac function and heart weight after 3-day doxorubicin (DOX) treatment in mice. The cardiac function of the mice was

determined by the echocardiography in M-mode on the aspect of the short axis. (A) Representative images of echocardiography. (B–H) The ejection fraction (EF%)

(B), fractional shortening (FS%) (C), left ventricular anterior diastolic wall thickness (LVAW; d) (D), left ventricular anterior systolic wall thickness (LVAW; s) (E), left

ventricular posterior diastolic wall thickness (LVPW; d) (F), left ventricular posterior systolic wall thickness (LVPW; s) (G) and left ventricular mass (H) were calculated

according to the M-mode echocardiography. Data are presented as mean ± SEM; n = 5–7, *p < 0.05, **p < 0.01, ***p < 0.001 vs. control; #p < 0.05, ##p < 0.01,
###p < 0.001 vs. DOX. (I) The mice were euthanized and the representative images of the hearts were shown. Scale bar, 5mm. (J) The ratios of heart weights to

tibia length were calculated. Data are presented as mean ± SEM; n = 5–7. ***p < 0.001 vs. control, ##p < 0.01 vs. DOX. (K) The ratios of heart weights to body

weights were calculated. Data are presented as mean ± SEM; n = 5-7. *p < 0.05 vs. control, #p < 0.05 vs. DOX.

Doxorubicin alone caused the significant apoptosis of H9c2 by
∼50% in comparison to the control. Importantly, treatment
of the cells with periplocymarin dramatically counteracted
the DOX-mediated apoptosis (Figures 2F–H). However,

periplocymarin had an optimal antiapoptotic effect at the
concentration of 0.1µM (Supplementary Figure 2). Besides,
DOX induced a massive accumulation of reactive oxygen
species (ROS) in H9c2 cells, while periplocymarin significantly
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FIGURE 2 | Periplocymarin improved cardiomyocyte apoptosis induced by DOX. (A) Representative micrographs of hematoxylin and eosin (H&E) staining. The left

panel is 50X (Scale bar, 50µm), the right panel is 200X (Scale bar, 50µm). (B,C) Representative fluorescent images of terminal deoxynucleotidyl transferase dUTP

(Continued)
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FIGURE 2 | nick end labeling (TUNEL) staining of the hearts (B). Scale bar, 50µm. Quantitative analysis of TUNEL staining in different groups (C). Data are presented

as mean ± SEM; n = 4, *p < 0.05 vs. control, #p < 0.05 vs. DOX. (D) Western blot analysis of Bcl-2, cleaved caspase-3, and caspase-3 protein levels in heart

tissues. (E) Quantitative analysis of Bcl-2, cleaved caspase-3, and caspase-3 expression in D. Data are presented as mean ± SEM; n = 3, *p < 0.05 vs. control, **p

< 0.001 vs. control, #p < 0.05 vs. DOX. (F) Flow cytometric scatterplot of Annexin-V-FLTC staining of H9c2 cell apoptosis. (G) Flow cytometric histogram of

Annexin-V-FLTC staining of H9c2 cell apoptosis. (H) Quantitative analysis of apoptotic H9c2 cells in different groups using bar graphs. Data are presented as mean ±

SEM; n = 3. **p < 0.01, ***p < 0.001.

suppressed ROS production (Supplementary Figure 3). Overall,
co-treatment with periplocymarin improved DOX-induced
cardiac injury, especially cardiomyocytes apoptosis.

Periplocymarin Regulated Ceramides
Metabolism Disorder Induced by DOX
Recently, the role of ceramides in HF has been extensively
investigated. Serum ceramides contents have been shown to be
strongly associated with adverse cardiovascular disease outcomes
(20). Accordingly, we tested serum ceramide levels in three
groups of mice. Liquid chromatography-MS/MS was used to
detect the serum ceramide content in the control, DOX,
and DOX plus periplocymarin group. The relative standard
deviation (RSD) of the peak areas of ceramides was 4.66–13.48%
(Supplementary Table 3), which indicated that the method had
qualified stability and repeatability.

The heatmap analysis was applied to visualize these potential
biomarkers, with changes in color from deep red to navy
blue indicating high to low relative levels of metabolites
(Figures 3A,E). The PLS-DA method was used to analyze data.
As shown in Figure 3B, a distinct aggregation state was observed
among QC samples in PLS-DA, indicating that the experimental
conditions were in a stable state. In addition, the sample points of
different groups showed obvious separation. The results showed
that there were significant differences among the three groups.

The OPLS-DA method was used to find identification ions
which were helpful for the classification between groups. The
score map of OPLS-DA showed significant separation between
the control group and the DOX treated group (Figure 3C). The
data (Supplementary Table 4) showed performance statistics
of R2X = 0.898, R2Y = 0.902, and predictive parameter
Q2Y = 0.836, suggesting that the models were valid and
highly predictive. Metabolites with a VIP >1 in the OPLS-DA
model could be selected as potential biomarkers. According to
that, six metabolites were differentially expressed between the
control and DOX group (Supplementary Table 5). A new OPLS-
DA model was created to find the distinguishing metabolites
between the DOX and the DOX+P group (Figure 3D). The
prediction and sufficient reliability in this model were enough
(Supplementary Table 4). According to the VIP values, 15
potential biomarkers were selected from the DOX group and
DOX+P group (Supplementary Table 6).

To investigate whether periplocymarin can regulate ceramide
metabolism in vitro, H9c2 cells were employed to assess the
regulation of periplocymarin on ceramides metabolism. The
stability and repeatability of the method were qualified with the
RSD of the relative peak areas of ceramides were 3.37–13.07%
(Supplementary Table 7).

Firstly, the PLS-DA method was used to analyze differences
between the four groups. As shown in Figure 3F, the QC
samples showed an aggregation state in PLS-DA, indicating
that the experimental conditions were in a stable state. More
importantly, the dots with different colors showed obvious
separation, suggesting that there were significant differences
between the four groups.

Then the OPLS-DA was used to analyze the metabolites
and relationships among the different groups. As shown
in Figure 3G, there was a distinct separation between the
control and DOX groups. Another OPLS-DA model showed
that metabolites in the DOX group and DOX+P group also
had obvious differences (Figure 3H). According to the VIP-
values (Supplementary Table 9), six potential biomarkers were
selected from the control and DOX groups, and five potential
biomarkers were selected from the DOX group and DOX+P
group (Supplementary Table 10). In addition, the OPLS-DA
model parameter is shown in Supplementary Table 8.

Periplocymarin Attenuated the Increase of
Ceramide-Induced by DOX in vivo and
in vitro
Based on the above analysis, we obtained three key metabolites
that appeared in four analyses (Supplementary Tables 5, 6,
9, 10). To further verify the regulation of the periplocymarin
on these three metabolites, we analyzed the relative peak
areas of these three metabolites in vivo and in vitro. Certain
ceramide species, such as Cer16:0 (N-palmitoyl-sphingosine),
Cer18:0 (N-stearoylsphingosine), Cer24:1 (N-nervonoyl-
sphingosine), and Cer24:0 (N-lignoceroyl-sphingosine), were
significantly increased in response to DOX, the administration
of periplocymarin notably decreased the levels of these three key
metabolites (Figures 4A–D). Consistent with the observations
of in vivo study, treatment with periplocymarin suppressed
the DOX triggered elevation of Cer16:0, Cer18:0, Cer24:1, and
Cer24:0 in H9c2 cells. However, periplocymarin alone did not
decrease these ceramides compared with the control group
(Figures 4H–K).

Clinical studies have shown that the ratios of Cer16:0,
Cer18:0, Cer24:1, and Cer24:0 are strongly associated with the
occurrence and development of cardiovascular disease, and
positively correlated with the risk of cardiovascular disease. In
our in vivo study, these ratios were significantly increased after
DOX treatment, and they were reversed by the administration
of periplocymarin (Figures 4E–G). And the in vitro experiments
using H9c2 cells exhibited similar results (Figures 4L–N).
Together with the foregoing observations, these data suggested
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FIGURE 3 | Periplocymarin regulated metabolic disorders induced by DOX. (A–D). The ceramides in mice serum were measured by liquid chromatography with

tandem mass spectrometry (LC-MS/MS). The cluster heatmap of ceramides was presented (A). The score scatter plots of the quality control (QC) and the mice serum

(Continued)
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FIGURE 3 | partial least squares discriminant analysis (PLS-DA) data were presented (B). Paired comparison of orthogonal partial least squares discriminate analysis

(OPLS-DA) score scatter plots between the control group and DOX group (C). Paired comparisons of OPLS-DA score scatter plots between the DOX group and DOX

+ periplocymarin group (D). (E–H) Ceramides in H9c2 cells were measured by LC-MS/MS. The cluster heatmap of ceramides in H9c2 cell (E). The score scatter plots

of the quality control (QC) and the H9c2 cells PLS-DA data were displayed (F). Paired comparisons of OPLS-DA score scatter plots between the control and DOX

groups (G). Paired comparisons of OPLS-DA score scatter plots between the DOX and DOX + periplocymarin groups (H). The dots of different colors represented

different groups, the green dots represented control samples, the purple dots represented the periplocymarin group, the blue dots represented the six samples come

from the DOX group, the yellow dots represented the six samples of DOX + periplocymarin group and the red dots represented QC samples.

that ceramide metabolic disturbance accounts for the beneficial
effect of periplocymarin in DOX-induced HF.

Target Network Analysis of Periplocymarin
and HF
To further elucidate the underlying mechanism of how
periplocymarin attenuates the DOX-induced HF, network
pharmacology was performed. A total of 300 periplocymarin-
related targets (Supplementary Table 11) were obtained through
BATMAN-TCM prediction, and 8,776 HF-related targets
(Supplementary Table 12) were obtained through the disease
databases. Upon uploading targets of periplocymarin and HF
to jvenn, 246 overlapping targets were found as shown in
Figure 5A. The detailed information of these targets was shown
in Figure 5B. These might be the targets of periplocymarin in
the treatment of HF.

The STRING database was used to construct the PPI
network of 246 shared targets by drugs and disease as shown in
Figure 5C. The information derived from the STRING database
was imported into Cytoscape3.7.2 software for further analysis,
and a visualized PPI network was constructed, with the dot size
and color reflecting the degree of freedom. The greater degree of
freedom indicates that more biological functions were involved.
The KEGG pathway and GO were analyzed by Metascape to
clarify the mechanisms of how periplocymarin improved HF.
The top 20 pathways were screened out according to the KEGG
analysis (Supplementary Table 13). The results showed that the
sphingolipid signaling pathway might be the related pathway
for periplocymarin to treat HF, in which several key enzymes in
ceramide biosynthesis were included (Figure 5D). The biological
process enrichment analysis suggested that periplocymarin may
improve HF by the regulation of membrane potential, system
process, and inorganic ion homeostasis (Figure 5E). Besides,
cellular component enrichment indicated that periplocymarin
may regulate the transmembrane transporter complex, synaptic
membrane, intrinsic component of the synaptic membrane,
and postsynaptic specialization (Figure 5F). Molecular
function enrichment suggested that periplocymarin may
act on neurotransmitter receptor activity, gated channel
activity, organic acid-binding, and structural constituent of
the cytoskeleton (Figure 5G). The relationship between KEGG
pathways and pathway-related genes was shown in Figure 5H.
Squares represent the targets; inverted triangles represent the
pathways. The area of the node represents its degree, and
the larger the area, the more important the node. Ceramide
biosynthesis enzymes, including CerS1, CerS2, CerS3, CerS4,

and CerS5, were related to the ceramide biosynthesis pathway
(has04071) (Figure 5H). These results further suggested that
periplocymarin may improve HF by regulating the sphingolipid
signaling and ceramide biosynthesis pathway.

Periplocymarin Regulated the Expression
of Enzymes Involved in the Production of
Ceramide
We next aimed to determine the effect of periplocymarin on
ceramide biosynthesis (Supplementary Figure 4). The analysis
of several key enzymes in the ceramide biosynthesis pathway
by real-time PCR revealed that the expression of CerS1-6,
responsible for the ceramide synthesis. The expression of CerS1,
CerS2, and CerS4-6 in the messenger RNA (mRNA) level were
increased in response to the DOX treatment in vivo, and
administration of periplocymarin successfully decreased the level
of CerS1, CerS2, and CerS4-6 (Figure 6A). Similarly, in vitro
study using primary cardiomyocytes revealed that except CerS1,
the expression of CerS2-6 were increased after DOX treatment,
while pre-treatment with periplocymarin downregulated the
mRNA levels of CerS1-6 compared with the DOX group
(Figure 6B). However, we also found that the expression
of Asah1 also increased after the treatment of DOX, and
returned to normal after the treatment of periplocymarin
(Supplementary Figure 5). Asah1 encoded acid ceramidase,
which was responsible for the metabolism of ceramide into
sphingosine. The regulation of Asah1 expression may be
attributable to the fact that the body itself had a regulatory
effect on the metabolism of ceramide. The expression of other
genes related to ceramide syntheses, such as Spt1(encoding serin
palmitoyl transferase), Cerk, and ASMase, showed no significant
difference among the three groups (Supplementary Figure 5). In
addition, we further validated our results using the published
RNA-sequencing data from the GEO database (GSE157282).
As shown in Figure 6C; Supplementary Figure 6, CerS2, CerS4,
CerS5, and Asah1 were relatively high-expressed, while CerS1,
CerS3, and CerS6 were relatively low-expressed in human
induced pluripotent stem cell (hiPS)-derived cardiomyocytes.
Strikingly, similar to our results, DOX treatment upregulated
the expression of CerS1, CerS2, CerS3, CerS5, CerS6, and
Cerk, except CerS4 and Asah1. However, Spt1 and ASMase
were not detected in the RNA-sequencing data. Altogether,
our findings implied that treatment with periplocymarin
mainly regulated the expression CerSs, the enzymes related to
ceramide synthesis, and thus amazingly rescuing DOX-induced
ceramide accumulation.
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FIGURE 4 | Periplocymarin regulated ceramides metabolism disorder induced by DOX. (A–D) Relative abundance of Cer16:0 (A), Cer18:0 (B), Cer24:1 (C), and

Cer24:0 (D) ceramides in mice serum. (E–G) The ratios of Cer16:0 to Cer24:0 (E), Cer18:0 to Cer24:0 (F), and Cer24:1 to Cer24:0 (G) in mice serum. Data are

presented as mean ± SEM; n = 6, **p < 0.01, ***p < 0.001 vs. control; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. DOX. (H–K) Relative abundance of Cer16:0

(H), Cer18:0 (I), Cer24:1 (J), and Cer24:0 (K) ceramides in H9c2 cells. (L–N) The ratios of Cer16:0 to Cer24:0 (L), Cer18:0 to Cer24:0 (M) and Cer24:1 to Cer24:0

(N) in H9c2 cells. Data are presented as mean ± SEM; n = 6, ***p < 0.001 vs. control; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. DOX.
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FIGURE 5 | Network pharmacology to explore the mechanism of periplocymarin in the treatment of heart failure. (A) Intersection targets of periplocymarin and heart

failure. Periplocymarin:300 targets; heart failure:8,770 targets. (B) The network of heart failure-targets-periplocymarin. Green hexagon represent compound, red

(Continued)
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FIGURE 5 | hexagon represents disease, squares represent targets. (C) Protein-protein interaction network of 246 intersecting targets. The darkness of colors and

sizes of circles represent the degree of freedom. (D–G) Bubble plot of Gene Ontology (GO) enrichment analysis of shared targets by periplocymarin and heart failure.

Bubble plot: letters on the left are GO names, numbers on the bottom are the proportions of genes, sizes of the circles indicate the numbers of enriched genes, and

colors reflect p values. The redder the colors are, the more enriched the genes are, and the smaller the p values are. The Kyoto Encyclopedia of Genes and Genomes

(KEGG) pathway analyses (D), biological process (BP) enrichment (E), cellular components (CC) enrichment (F), and molecular function (MF) enrichment (G) of the

246 intersecting genes. (H) Network of KEGG pathway and the 166 related targets. Squares represent the targets, inverted triangles represent the pathways; The

area of nodes represents their degree, and the larger the area, the more important the node.

FIGURE 6 | Periplocymarin regulated the expression of enzymes involved in

ceramides metabolism. (A) CerS1-6 messenger RNA (mRNA) expression in

the heart tissues was measured by real-time PCR. Data are presented as

mean ± SEM; n = 5, *p < 0.05, **p < 0.01, ***p < 0.001 vs. control; #p <

0.05, ##p<0.01, ###p<0.001 vs. DOX. (B) CerS1-6 mRNA expression in

the primary cardiomyocytes was measured by real-time PCR. Data are

presented as mean ± SEM; n = 3, *p < 0.05, **p < 0.01, ***p < 0.001 vs.

control; ##p < 0.01, ###p < 0.001 vs. DOX. (C) The expression of

CerS1-6 in the RNA sequencing data (GSE157282).

DISCUSSION AND CONCLUSION

The anthracycline antibiotic drug DOX, also known as
Adriamycin, is widely used to treat malignant tumors, but its
clinical application is greatly restricted by acute, sub-acute, or

chronic side-effects (1). Doxorubicin exhibits a high affinity for
cardiomyocytes, so DOX is very easy to lead to cardiotoxicity,
causing arrhythmia, cardiomyopathy, and chronic heart failure
(2, 3). Therefore, precise and effective therapy or drugs are
urgently needed to counteract the cardiotoxicity of DOX. It
is a common method to establish models of heart failure
by abdominally injected DOX (29, 30). Periplocae Cortex
is a traditional Chinese medicine applied in the cardiotonic
formula of traditional Chinese medicine, which is widely used.
Our group previously reported that periplocymarin is a bio-
effective component of the Periplocae cortex with a strong
cardiotonic effect (15). The present study demonstrated that
the pre-treatment of periplocymarin significantly alleviates
DOX-induced cardiomyopathy both in vivo and in vitro. The
metabolomics analysis further revealed that periplocymarin
treatment restored the metabolic disorders of ceramides induced
by DOX. Periplocymarin may become a novel promising
therapeutic agent to ameliorate cardiotoxicity and improve
cardiac function in patients with DOX chemotherapy.

Ceramides were recognized as an important lipid second
messenger, which mediates downstream events including
cell proliferation, cell differentiation, cell cycle arrest, and
cell apoptosis (31). Previous studies have demonstrated that
ceramides are accumulated and ceramide biosynthesis enzymes
are upregulated in the falling myocardium both in humans and
in mice with HF (32). Besides, multiple investigations suggested
that ceramides contribute to cardiomyocytes apoptosis. For
instance, ceramide analogs are sufficient to trigger the apoptosis
of cardiomyocytes (23) and palmitate-induced endogenous
ceramides also initiate apoptosis of cardiomyocytes (20).
Additionally, the overexpression of ceramide synthesis key
enzymes, such as CerS2, promoted mitochondrial dysfunction
and apoptosis in cardiomyocytes (33). More importantly, DOX
exposure could induce ceramide generation in cultured adult
rat ventricular myocytes and then lead to myocyte apoptosis
(34). Based on these previous works, we firstly detected and
found that DOX elevated the contents of Cer16:0, Cer18:0, and
Cer24:1 in vivo and in vitro. More importantly, periplocymarin
treatment obviously decreased the level of the ceramides. These
results suggested that periplocymarin efficaciously inhibit
DOX-induced ceramides metabolic disorders.

In recent years, the role of ceramides in cardiovascular disease
has received more and more attention. In patients with or
without coronary artery disease, it was found that elevated plasma
ceramides concentrations are independently related to adverse
cardiovascular events (35). Clinical studies have shown that
risk prediction models based on plasma ceramides levels can
effectively identify people at high risk of adverse cardiovascular
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events in the future, predict the recurrence of coronary events,
and then optimize the secondary prevention strategy, especially
for those who have reached the target of blood lipids. Some
studies have demonstrated that a high ratio of Cer16:0/Cer24:0
is tightly associated with potentially adverse subclinical cardiac
structure and function changes (36). Another study pointed that
the ratio of Cer24:0/Cer16:0 may become a helpful biomarker
for the risk of coronary heart disease, HF, and all-cause
mortality in the community (37). The concentrations of Cer16:0,
Cer22:0, Cer24:0, and Cer24:1 ceramides were found to be
independent risk factors for the occurrence of primary end
events of cardiovascular disease (38). By conducting a long-
term follow-up on 495 patients with coronary angiography,
Meeusen et al. found that Cer16:0, Cer18:0, and Cer24:1 ceramide
levels and the ratios of Cer16:0/Cer24:0, Cer18:0/Cer24:0, and
Cer24:1/Cer24:0 ceramides could predict the occurrence of
major adverse cardiovascular events during the 4-year follow-
up (35). In our study, we found the contents of Cer16:0,
Cer18:0, and Cer24:1 were significantly increased after the
treatment of DOX, periplocymarin decreased the levels of these
metabolites, and the same trend was observed in vivo and in
vitro. Cer16:0/Cer24:0, Cer18:0 /Cer24:0, and Cer24:1/Cer24:0
ceramide ratios were elevated in the DOX group, periplocymarin
pre-treatment reversed this phenomenon. Combined with the
echocardiography result, we confirmed that periplocymarin
could improve metabolic disorders of ceramides and then
improve HF.

Ceramides can be synthesized through the de novo pathway
in the ER or the salvage pathway in lysosomes (39). The de
novo pathway for ceramides synthesis with the condensation
of serine and palmitate to form 3-keto-dihydroshingosine is
catalyzed by the enzyme serine palmitoyltransferase (SPT) (39,
40). 3-Ketosphinganine reductase catalyzed 3-ketosphinganine
converted to sphinganine. Sphinganine is then converted to
ceramide by ceramide synthase (CerS) (40, 41). Six distinct
CerS have been identified in mammalian cells that can be
distinguished by their high specificity for different fatty acyl chain
substrates (41). The next step of the pathway is the transition
of dihydroceramide to ceramide, a reaction that is catalyzed
by dihydroceramide desaturase (41). Ceramide can be resolved
into sphingosine by acidic ceramidase (ASAH), at the same
time, sphingosine can return to ceramide by CerS (41). The
salvage pathway in the lysosomes consists of the degradation of
sphingomyelin to ceramides by acid sphingomyelinase (ASMase)
and ceramides to sphingosine by ceramidases (39, 42). Cells
possess several isoforms of SMase, they have been classified into
acid, neutral, and alkaline SMase according to their features. Acid
sphingomyelinase and NSMase are mainly involved in signal
transduction processes. Besides, sphinganine can be converted to
ceramide-1-phosphate by Cerk. In our study, the expression of
Spt1, Cerk, Asah1, ASMase, and CerS1-6 were detected by Real-
time PCR. No obvious difference was found in the expression
of Spt1, ASMase, and Cerk among the three groups. However,
the mRNA levels of CerS2-6 were obviously elevated in response
to DOX in vivo and in vitro. This elevation was significantly
ameliorated after periplocymarin treatment. Mass-spectrometry
analyses have shown that ceramides levels were increased in the

DOX group, which was reversed by periplocymarin. Altogether,
these results suggested that the treatment of DOX resulted
in ceramide accumulation by up-regulating the expression of
CerS2-6, which are responsible for encoding key enzymes
in ceramide synthesis. The administration of periplocymarin
successfully prevented this phenomenon. However, the acidic
ceramidase (Asah1) expression was higher in the DOX group,
and periplocymarin treatment reversed its levels to a normal
level that was consistent with the literature (43). That may be
a self-protection mechanism of the body because the Asah1
overexpression could reduce the concentrations of ceramides in
the cells, thus limiting the harmful accumulation of ceramides in
the liver (43).

Given that periplocymarin is a promising anti-cancer
drug (13, 14), the use of periplocymarin in clinical patients
receiving DOX chemotherapy may have advantages: firstly, it
synergistically promotes the anti-cancer effect of DOX; secondly,
it reduces the dose of DOX; last but not least, it improves
DOX-induced cardiac dysfunction. However, whether and how
periplocymarin can cooperate with DOX still needs further
experimental verification.

In conclusion, our study provided first-hand evidence
that periplocymarin ameliorated DOX-induced HF. Through
combined metabolomic analysis study and experimental
validation, we confirmed that periplocymarin regulated
ceramide synthases gene expression to improve ceramides
metabolism disorder, and ameliorated DOX-induced
cardiomyocytes apoptosis and HF. Periplocymarin is
promising to be a potent therapeutic agent for HF, especially
DOX-induced HF.
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Immune checkpoint inhibitors (ICIs) have now emerged as a mainstay of treatment for

various cancer. Along with the development of ICIs, immune-related adverse effects

(irAEs) have been the subject of wide attention. The cardiac irAE, a rare but potentially fatal

and fulminant effect, have been reported recently. This article retrospectively reviewed

10 cases from our hospital with cardiac irAEs, with severity ranging from asymptomatic

troponin-I elevations to cardiac conduction abnormalities and even fulminant myocarditis.

In our series, all the cases were solid tumors and lung cancer was the most frequent

cancer type (4,40%). In total, three (30.0%) patients experienced more than one type

of life-threatening complication. A systemic corticosteroid was given to nine patients

(90.0%). The majority of cases (7, 70%) were performed at an initial dose of 1–2

mg/kg/day. Two (20.0%) patients were admitted to ICU, three (30.0%) patients were

put on mechanical ventilation, two (20.0%) patients received the plasma exchange

therapy, and one patient was implanted with a pacemaker. Two (20.0%) of the patients

succumbed and died, with a median duration of 7.5 days (IQR5.0–10.0) from diagnosis

of cardiac irAE to death. Based on these results, we recommend that clinicians be

alert to cardiac irAEs, including performing cardiovascular examinations before ICI

treatment to accurately diagnose suspected myocarditis, enabling immediate initiation

of immunosuppressive therapy to improve prognosis.

Keywords: immune checkpoint inhibitors, cancer, myocardial injury, immune-related adverse events, myocarditis

INTRODUCTION

Immune checkpoints are involved in the key negative regulatory pathways of immune surveillance,
aiding tumor cells to avoid immune detection and destruction. Immune checkpoint inhibitors
(ICIs) are monoclonal antibodies targeting blocked immune checkpoint proteins such as cytotoxic
T lymphocyte-associated antigen 4 (CTLA-4), programmed cell death 1 (PD-1), and PD-1 ligand
(PD-L1) (1). ICIs increase T cell activation as well as T-cell mediated anti-tumor effect, and have
become a revolutionary treatment that prolongs the survival of various malignancies previously
endowed with poor prognosis over the last decade (2). Along with the prosperity of ICIs,
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system-wide immune-related adverse events (irAEs) have
emerged and drawn increasing attention. Dermatologic, hepatic,
gastrointestinal, and endocrine toxicities are among the most
common irAEs reported in patients treated with monotherapy or
combined ICIs therapy (3).

Cardiotoxicity, one of the rare irAEs, used to be
underestimated and has roused clinicians’ attention in recent
years. The incidence of ICIs related myocarditis varies from
0.1 to 1% (4, 5). However, the mortality rate of ICI-related
myocarditis ranges from 35 to 50% (6, 7). Over the past few
years, several cases of myocarditis associated with ICIs have
been reported, and most of the patients presented unspecific
manifestations, along with atypical laboratory abnormalities
and imaging features (8). Despite treatment with high doses of
steroids, the poor outcome was fatal in some cases. Because it is
rare but potentially fatal with a fulminant effect, it is important to
characterize cardiac irAEs in an early stage. This study presents
a series of 10 cases that developed ICI related cardiac irAEs, as
well as subsequent treatment and outcomes.

MATERIALS AND METHODS

A retrospective case study was performed on patients who
presented with ICI related myocardial injury at Union Hospital
in the Tongji Medical College of Huazhong University of Science
and Technology, Wuhan (China) from January 1, 2018, to
August 30, 2021. ICI related myocarditis was defined according
to the criteria proposed by Marc P. Bonaca et al. (9) and
classified as definite myocarditis, probable myocarditis, and
possible myocarditis.

The study was approved by the Ethics committee of the
Tongji Medical College of Huazhong University of Science
and Technology (China). Data were retrieved from electronic
medical records including demographic features, clinical
features, laboratory findings, and images. Two physicians
(Zhihua Qiu and Fen Wei) independently reviewed the data.

RESULTS

Demographic and Clinical Characteristics
of Enrolled Cases With Cardiac irAE
This study enrolled 10 patients with ICI-related cardiac
cardiotoxicity whowere admitted to the hospital between January
1, 2018, and August 30, 2021. The detailed descriptions of each
case are provided in the Supplementary Materials, and the
characteristics are displayed in Supplementary Table 1.

As shown in Table 1, the median age of patients was 62.5
(55.0–73.0) years old. Half of the cases were male. Four (40%)
patients were diagnosed with lung cancer and 2 patients were
diagnosed with thymoma. Other cancer types included cervical
cancer, pyriform sinus squamous cell carcinoma, gallbladder
carcinoma, and hepatocellular carcinoma. Furthermore, one
patient diagnosed with cervical cancer had a previous history of
breast cancer, and one patient with lung adenocarcinoma was
once diagnosed with papillary thyroid carcinoma. Before ICI
treatment, 70% of the patients were treated with surgeries, and

TABLE 1 | Demographic and base line clinical characteristics of the patients with

cardiac irAE.

Characteristic Patients (n=), Median (IQR), No. (%)

Median age (IQR), year 62.5 (55.0–73.0)

Male sex 5 (50.0)

Tumor diagnosis

Lung cancer 4 (40.0)

Thymoma 2 (20.0)

Cervical cancer 1 (10.0)

Pyriformsinus squamous cell carcinoma 1 (10.0)

Gallbladder carcinoma 1 (10.0)

Hepatocellular carcinoma 1 (10.0)

History of prior treatment

Operation 7 (70.0)

Chemotherapy 8 (80.0)

Radiotherapy 6 (60.0)

Angiogenesis inhibitors 2 (20.0)

Interventional therapy 2 (20.0)

Co-morbidities

Hypertension 1 (10.0)

Coronary heart disease 1 (10.0)

Types of ICI

Anti-PD-1 antibody

Sintilimab 3 (30.0)

Tislelizumab 1 (10.0)

Camrelizumab 3 (30.0)

Pembrolizumab 2 (20.0)

Anti-PD-L1 antibody

ZKAB001 1 (10.0)

Days from first dose of ICI to onset 28.5 (17.8–63.5)

Symptoms and signs on admission

Fever 1 (10.0)

Palpitation 3 (30.0)

Chest tightness 5 (50.0)

Dyspnea 2 (20.0)

Fatigue 3 (30.0)

Neuromuscular symptom

Blepharoptosis 4 (40.0)

Diplopia 1 (10.0)

Conscious disturbance 1 (10.0)

Types of cardiac irAE

Definite myocarditis 2 (20.0)

Probable myocarditis 0 (0.0)

Possible myocarditis 2 (20.0)

other myocardial injury 6 (60.0)

Grade of cardiac irAE

G1-2 6 (60.0)

G3-4 2 (20.0)

G5 2 (20.0)

IQR, interquartile range; CHD, coronary heart disease; ICI, immune checkpoint inhibitor;

irAE, immune-related adverse event.

80% had received chemotherapy. Radiotherapy was performed
on 60% of the patients, and two (20%) patients also received
angiogenesis inhibitors. Only two patients were found to
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TABLE 2 | Laboratory tests and echocardiogram findings of the patients with cardiac irAE.

Last lab test indexes before Steroids (U; normal range), change Median (IQR), No. (%)

Leucocytes (×109 per L; 3.5–9.5), Increased 7.4 (5.6–9.2), 3 (30.0)

Lymphocytes (×109 per L; 1.1–3.2), Decreased 1.0 (0.7–1.1), 7 (70.0)

Neutrophils (×109 per L; 1.8–6.3), Increased 5.8 (3.7–7.1), 5 (50.0)

Lab test indexes at peak (U; normal range)

ALT (U/L; 9.0–50.0), Increased 135.0 (32.5–212.3), 6 (60.0)

AST (U/L; 15.0–40.0), Increased 168.0 (49.8–544.8), 9 (90.0)

LDH (U/L; 120.0–250.0), Increased 765.0 (414.5–1223.8), 9 (90.0)

Hs-TnI (ng/L; <26.2), Increased 1,252.1 (213.7–20058.5), 9 (90.0)

CK-MB (ng/mL; <6.6), Increased 75.0 (10.9–417.7), 9 (90.0)

CK (U/L; 38–174), Increased 3,573.0 (662.3–9,900.0), 9 (90.0)

BNP (pg/ml, <100), Increased 178.9 (25.3–369.8), 4 (50.0), N = 8

C-reactive protein (mg/L; 0.0–10.0), Increased 42.7 (9.8–82.4), 4 (80.0), N = 5

Positive autoantibodies against β1-AR 2 (100.0), N = 2

Positive autoantibodies against L-type calcium channel 2 (100.0), N = 2

Positive autoantibodies against MHC 2 (100.0), N = 2

Positive autoantibodies against ANT 2 (100.0), N = 2

Electrocardiogram findings No. (%)

Sinus tachycardia 8 (80.0)

Atrial extrasystole 2 (20.0)

Ventricular extrasystole 0 (0.0)

Atrioventricular block 4 (40.0)

Bundle branch block 3 (30.0)

ST segment elevation 2 (20.0)

Othersa 4 (40.0)

Echocardiogram findings No. (%)

Reduced ejection fraction 3 (30.0)

Cardiac dilatation 2 (20.0)

Wall motion abnormality 3 (30.0)

ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; LDH, Lactate dehydrogenase; Hs-TnI, high-sensitivity troponin I; CK-MB, creatine kinase-muscle and brain; CK,

creatine kinase; BNP, type B natriuretic peptide.
a Indicates unspecific ST-T change and Q wave.

have previous cardiovascular disease, one was diagnosed with
hypertension and the other was diagnosed with coronary
heart disease.

Themost frequent ICIs treatment for the cases were sintilimab
(30%) and camrelizumab (30%). Nine patients were treated with
anti-PD-1 therapy, while the remaining one received anti-PD-
L1 therapy. Median time from the use of the first dose of
ICI to onset was 28.5 (17.8–63.5) days and symptoms at onset
varied markedly. The most common symptoms presented in
our cases were chest tightness, which occurred in 50% of the
patients. Palpitations and fatigue were presented in 30% of the
patients. Neuromuscular symptoms also occurred in ICI-related
cardiac irAE. Forty percentage of the patients presented with
blepharoptosis, one patient showed diplopia and one patient
developed conscious disturbance during the disease.

Based on the diagnosing criteria proposed by Marc P. Bonaca
et al. (9), only two patients were classified as having definite
myocarditis. Six cases were classified as other myocardial injury
and two patients were regarded as having possible myocarditis,
mainly due to the lack of confirmed examinations such as

coronary angiography to rule out acute coronary syndrome. Sixty
percentage of the patients were mild cases classified as G1-2.

Laboratory, Electrocardiogram, and
Echocardiogram Findings of Enrolled
Cases With Cardiac irAE
Laboratory, electrocardiogram, and echocardiogram findings
for the patients with cardiac irAE were shown in Table 2.
Lymphopenia was frequently found in the cardiac irAE (7, 70%).
The elevated level of serum alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) was observed in six (60%)
and nine (90%) patients, respectively. Markedly evaluated levels
of creatinine kinase (CK), creatinine kinase-muscle and brain
type (CK-MB), and troponin I (TnI) were found in nine (90%)
patients. B-type natriuretic peptide (BNP) tests were available
in eight patients, and levels were significantly elevated in four
(50%) of them. The serum levels of C-reactive protein (CRP), an
important biomarker in systemic inflammation, were available
in five patients, and CRP levels were elevated in four (80%).
Four heart-specific autoantibodies were measured in two patients
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(Case 1 and 4, see Supplementary Material 1) by enzyme-
linked immunosorbent assay, and both of their serum samples
were positive.

12-lead ECG and transthoracic echocardiography were
performed in all cases. Cardiac conduction disorders including
atrioventricular block (AVB) and bundle branch block were
found in seven (70%) patients. One patient presented I-
II◦AVB, which eventually progressed to complete AVB (case 1,
Supplementary Material 1). Systolic function was preserved in
seven (70%) patients, and only three (30%) patients developed
systolic dysfunction with left ventricular hypokinesia.

Treatment and Clinical Outcome of the
Patients With Cardiac irAE
As shown in Table 3, systemic corticosteroid was given to nine
patients (90.0%). Methylprednisolone was initiated on the 9th
day (IQR 7.0–15.0) after symptom onset or detection of increased
serum markers. The majority of cases (6, 60%) were treated at
an initial high dose of 1–2 mg/kg/day. Two cases (case 3 and
4) initiated 500–1,000mg daily methylprednisolone because of
multiple life-threatening complications, and another case (case
9) was prescribed initial methylprednisolone at 0.5 mg/kg/day
due to no symptom and mild elevation of CK-MB. The median
duration of corticosteroids in our series was 5.0 weeks (IQR 5.0–
6.0). Moreover, intravenous immunoglobin was prescribed to
two patients (10%). Therapy for heart disease included ACEI (1,
10%), β-blocker (5, 50%), trimetazidine (6, 60%), and coenzyme
Q10 (4, 40%).

As the disease progressed, four (40.0%) patients had life-
threatening complications. Three patients experiencedmore than
one type of complication, and one case experienced five types of
complication including CCDwith unstable hemodynamics, heart
failure, respiratory failure, cardiac arrest, and myasthenia.

During the course two (20.0%) patients were
admitted to ICU, three (30.0%) patients were put
on mechanical ventilation, two (20.0%) patients
received plasma exchange therapy, and one patient
was implanted with a pacemaker. None of the cases
received extracorporeal membrane oxygenation (ECMO) in
our series.

Eight (80.0%) patients had been discharged with
a median hospital stay of 10.5 days (IQR 5.75–23.0).
However, two (20.0%) of the patients succumbed and
died with a median time from diagnosis of cardiac
irAE to death 7.5 days (IQR5.0–10.0). Only one
patient was advised to rechallenge ICI therapy in the
follow-up period.

DISCUSSION

The main cardiotoxicity associated with ICIs is myocarditis
(10). The presentation of ICI related myocarditis encompasses
a wide spectrum of symptoms including chest pain, chest
distress, heart failure, and palpitations, etc. An elevation of
cardiac biomarkers (troponin, CK, CK isoforms, and even
BNP) was found in most patients (9). ECG changes were

TABLE 3 | Treatment and clinical outcome of the patients with cardiac irAE.

Treatment No. (%), median (IQR)

Medicine therapy

Systemic Steroids 9 (90.0)

Immunoglobin 2 (20.0)

AECI/ARB/ARNI 1 (10.0)

β blockers 5 (50.0)

Trimetazidine 6 (60.0)

Coenzyme Q10 4 (40.0)

Advanced therapy

Mechanical ventilation 3 (30.0)

Plasma exchange 2 (20.0)

Pacemaker 1 (10.0)

ECMO 0 (0.0)

Admission to ICU 2 (20.0)

Complications 5 (50.0)

Single type (myasthenia) 1

Multiple types (CCD, heart

failure, respiratory failure,

cardiac arrest, and

myasthenia)

2a types 2 (20.0)

4b types 1 (10.0)

5c types 1 (10.0)

Clinical symptoms evaluation

Improvement 8 (80.0)

Worse 2 (20.0)

Clinical outcomes

Discharge from hospital 8 (80.0)

Death 2 (20.0)

Hospital stay (Pts.

discharge), days

10.5 (5.75–23.0)

Time from diagnosis of

cardiac irAE to death, days

7.5 (5.0–10.0), N = 2

Rechallenge ICIs

Yes 1 (10.0)

No 7 (70.0)

IQR, interquartile range; AECI/ARB/ARNI, angiotensin II converting enzyme

inhibitors/angiotensin receptor blocker/Angiotensin receptor neprilysin inhibitor;

ECMO, extracorporeal membrane oxygenation; ICU, intensive care unit; CCD, cardiac

conduction defect; ICIs, immune checkpoint inhibitors.
a1 case with heart failure and myasthenia, the other case with respiratory failure,

and myasthenia.
b1 case complicated with CCD, heart failure, respiratory failure, and cardiac arrest.
c1 case complicated with CCD, heart failure, respiratory failure, cardiac arrest,

and myasthenia.

broad, including arrhythmia (atrial tachyarrhythmia, premature
ventricular contractions, and ventricular tachycardia, ST-T
wave abnormalities, PR segment changes, cardiac conduction
defects, and so on) (11). Patients with ICI related myocarditis
may present changes including left ventricular dysfunction
and segmental wall motion abnormality in echocardiography
however it is non-sensitive and unspecific (12). Cardiac magnetic
resonance imaging (CMR) is preferred to echocardiography
when diagnosing myocarditis. The presence of late gadolinium
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enhancement (LGE) was 48% in patients and the presence
of elevated T2-weighted short tau inversion recovery (STIR)
was 28% (13). Endomyocardial biopsy typically demonstrates
infiltration of CD8+ T-cells, CD68+ macrophages, and signs of
myocardial fibrosis (14).

By integrating all the related clinical characteristics, the
uniform diagnostic criteria for ICI related myocarditis were
proposed in 2019 (9). According to the principle, only two
of our cases were definite myocarditis. Based on current
criteria, evidence from cardiac biopsy, CMR and ultrasound
are vital in diagnosing definite myocarditis. However, cardiac
biopsy is hard to perform not only due to its technical
difficulty but also the poor health condition of most cancer
patients. CMR and ultrasound are easier to access, but
in our cases, patients who underwent CMR showed no
instructional abnormality and most echocardiograms showed
no change compared to the previous results. Therefore, it
is sometimes confusing in clinical work to give a definite
diagnosis when confronted with myocardial injury after ICI
treatment, especially when some rule out the need for potentially
harmful examinations such as coronary CTA or angiography.
Apart from myocarditis, another cardiotoxicity related to ICI
has been reported. B.P. Geisler et al. reported a case of
takotsubo-like syndrome in a melanoma patient treated with
ipilimumab (15). ICI-induced hypertension, symptomatic sinus
tachycardia, and angina pectoris have also been reported (16).
In our cases, one patient developed I◦AVB without elevation
of hsTnI. Thus, a comprehensive understanding of ICI related
cardiotoxicity and specific biomarkers for each cardiac irAEs
are needed.

While T cell-mediated cardiac impairment is considered the
overarching mechanism for ICI-related myocardial injuries,
the PD-1 deficiency animal models suggest a potential
role of heart-specific autoantibodies involved in myocardial
injuries. Genetic deletion of PD-1 led to spontaneous dilated
cardiomyopathy caused by autoantibodies targeting cardiac
troponin I in BALB/c mice (17, 18). PD-1 deficiency in
autoimmune Murphy Roths Large mice led to the development
of fatal myocarditis with T cell and macrophage infiltration
and generation of high-titer autoantibodies against cardiac
myosin (19). There has also been an increasing number
of reports regarding irAEs with the autoantibody profiles
traditionally associated with autoimmune diseases, such as
myositis (20), hypothyroidism (21), dermatitis (22, 23), and
nephritis (24). However, to date, antibody-antigen deposits were
not found in biopsy specimens from ICI-associated myocarditis
in humans (8). Interestingly, we found two cases that were
positive for circulating heart-specific autoantibodies related
to heart failure. These autoantibodies can influence cardiac
function by negative chronotropic and/or negative inotropic
effects. Removing or neutralizing circulating autoantibodies
by immunoadsorption or intravenous immunoglobulins may
improve cardiac function and reduce morbidity in patients with
heart failure (25). Further studies are warranted to elucidate
the generation of circulating autoantibodies against heart
and autoantibody-mediated damage on cardiac function in
ICI-related myocardial injuries.

High dose steroids are currently regarded as the first-
line treatment for rescuing the unspecific hyperactive immune
response caused by ICI therapy. It was recommended that
initiated 1–2 mg/kg/d of methylprednisolone followed by an oral
steroid tapered slowly could be effective (26). However, it might
be insufficient to deal with severe ICI-related cardiotoxicity by
steroids alone. The other immunosuppressive therapies including
plasmapheresis, intravenous immunoglobulins, mycophenolate,
tacrolimus, and infliximab also should be considered if the
patients get worse after steroid treatment for 24 h (27).
Patients should also be treated with conventional therapy for
each cardiovascular manifestation such as heart failure. In
our cases, most patients responded well to steroid therapy,
and traditional therapy for myocarditis including large doses
of vitamin C, trimetazidine, and coenzyme Q10, might
also help.

Compared with chemotherapy or radiotherapy, ICIs
significantly improve the durable response rate and prolongs
long-term survival with relatively limited adverse effects in both
monotherapy and combination therapy for advanced cancers. In
the last 3 years,∼11 kinds of ICIs have been approved for clinical
application in various advanced cancers worldwide, as well as in
China. More interdisciplinary physicians have also performed
ICIs due to their accessibility and relatively low economic
burden, especially for domestic ICIs drugs. In our study, we
found that the systemic steroids were initiated 9 days (IQR
7.0–15.0) after symptom onset or detection of increased serum
marker, which is not a relative early initiation time (6). This
indicated relatively insufficient familiarity with adverse reactions
for interdisciplinary physicians. The management of adverse
events implicated assessment significantly, including cardiac
baseline assessment, subsequent monitoring, multidisciplinary
consultation, high clinical suspicion, and early diagnosis.
Especially for ICI related myocarditis, which is a rare but
potentially fatal and fulminant side effect, it is imperative to
transfer patients in which this is suspected to a cardiology
department or ICU for early improvement. Furthermore,
currently, there is no treatment regime for different clinical
types of ICI related myocardial injury that has been tested by
randomized clinical trials. Perspective cohorts and randomized
clinical trials are required to gain further information and
standardize the management of ICI induced cardiac irAEs.

There are several limitations to our study. First, because
four of our cases were asymptomatic and three of our cases
were fulminant, it was challenging to perform confirmation
tests (such as myocardial biopsy, CMR and coronary tests) in
every case. Therefore, several cases could only be classified as
unspecific myocardial injuries (9). Second, cases were collected
from different sub-specialty departments and were of different
severity, which restricted our overall analysis. Third, we collected
cases mainly from 2018 to 2019, when guidelines were lacking for
the diagnosis and treatment of ICI related myocardial injury.

To sum up, ICIs are currently increasingly utilized for a
wide variety of malignancies. Along with the prosperity of
ICIs, clinicians need to be aware of irAEs especially cardiac
toxicities because of the potentially high risk for mortality in the
short term.
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Supplementary Figure 1 | Clinical characteristics of case 1. (A) Typical

electrocardiograms (ECG) of case 1: ECG on the left indicated II◦ atrioventricular

block; ECG on the right side indicated III◦ atrioventricular block. (B) SPECT of

case 1 showed extensive myocardial perfusion reduction. (C) Serum level of hsTnI

and CK-MB. (D) Endomyocardial biopsy of the patient showed cardiomyocyte

degeneration and mild effusion.

Supplementary Figure 2 | Clinical characteristics of case 2. (A) Serum level of

hsTnI and CK-MB. (B) Typical ECGs of case 2 showed sinus tachycardia on the

left side and III◦AVB and elevation of ST segment in I and aVL on the right side.

Supplementary Figure 3 | Clinical characteristics of case 3. (A) Typical

electrocardiogram of case 3 showed elevated ST segment in II, III, aVF and V1-6

leads and complete right bundle branch block. (B) Serum level of hsTnI and

CK-MB. (C) Typical electrocardiogram of case 3 showed complete right bundle

branch block.
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Background: Several anti-cancer drugs have been linked to new onset atrial fibrillation

(AF) but the true association of these drugs with AF is unknown. The FDA Adverse Event

Reporting System (FAERS), a publicly available pharmacovigilance mechanism provided

by the FDA, collects adverse event reports from the United States and other countries,

thus providing real-world data.

Objectives: To identify anti-cancer drugs associatedwith AF using the FAERS database.

Methods: The FAERS database was searched for all drugs reporting AF as an adverse

event (AE). The top 30 anti-cancer drugs reporting AF cases were shortlisted and

analyzed. Proportional reporting ratio (PRR) was used to measure disproportionality in

reporting of adverse events for these drugs.

Results: When analyzed for AF as a percentage of all reported AE for a particular

drug, Ibrutinib had the highest percentage (5.3%) followed distantly by venetoclax (1.6%),

bortezomib (1.6%), carfilzomib (1.5%), and nilotinib (1.4%). The percentage of cardiac AE

attributable to AF was also highest for ibrutinib (41.5%), followed by venetoclax (28.4%),

pomalidomide (23.9%), bortezomib (18.2%), and lenalidomide (18.2%). Drugs with the

highest PRR for AF included ibrutinib (5.96, 95% CI= 5.70–6.23), bortezomib (1.65, 95%

CI = 1.52–1.79), venetoclax (1.65, 95% CI = 1.46–1.85), carfilzomib (1.53, 95% CI =

1.33–1.77), and nilotinib (1.46, 95% CI = 1.31–1.63).

Conclusions: While newer anti-cancer drugs have improved the prognosis in cancer

patients, it is important to identify any arrhythmias they may cause early on to prevent

increased morbidity and mortality. Prospective studies are needed to better understand

the true incidence of new onset AF associated with anti-cancer drugs.

Keywords: chemotherapy, atrial fibrillation, cardiotoxicity, cardiac adverse events, FAERS
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INTRODUCTION

The introduction of novel anti-cancer agents has significantly
increased the survival in many malignancies, but none of these
drugs is free of adverse effects. Rigorous identification of the
toxicity profile of these drugs is crucial, given the better prognosis
for patients treated with the newer agents. Cardiovascular
toxicity is well established as a side effect of cancer therapy and
is likely to be one of the most morbid of all adverse reactions.
Although frequently reported as a part of the cardiovascular
toxicity of anti-cancer drugs, cardiac arrhythmias, particularly
atrial fibrillation (AF), have not been studied in a controlled
manner (1).

AF is the most common cardiac arrhythmia, with an overall
prevalence of 1–2% in the United States. The risk of AF
increases with age, which is also a known risk factor for
cancer (2). Management of AF in cancer patients can pose a
unique challenge, particularly in hematological malignancies,
where the risk of thrombogenesis has to be weighed against the
risk of increased bleeding. Various anti-cancer agents have also
been reported to cause new onset AF, but the true incidence
is ambiguous. Although there is some emerging literature
describing cancer treatment-induced arrhythmias, there is a
dearth of real-world data exploring the association of AF with
specific anti-cancer drugs (1). Ibrutinib is the only anti-cancer
agent that has been relatively well studied with respect to the
development of AF, with a reported incidence of 4–16% (3, 4)
from clinical trials.

The importance of post-marketing surveillance of drugs
cannot be emphasized enough as the real-world use of drugs
and their adverse events (AE) differs from their use (and AE)
in controlled clinical trials that are short-term and usually
exclude vulnerable populations. FAERS is a publicly accessible
international database containing AE reports submitted to the
FDA by healthcare professionals, consumers, and manufacturers.
We used the FAERS database to study anti-cancer drugs reported
to have caused AF, to better understand the association of AFwith
these drugs.

METHODS

Study Design and Data Source
A retrospective, observational, pharmacovigilance study was
done on a de-identified publicly available FAERS dataset,
which did not require IRB approval. FAERS complies with
the international safety reporting guidance issued by the
International Conference on Harmonization (ICH E2B). It
collects AER submitted by healthcare professionals, consumers,
and manufacturers around the world.

The database was searched using the reaction term “Atrial
Fibrillation.” All the reported cases of AF for each drug (queried
by generic names) were collected from inception to February 10,
2021, and a shortlist created of the top 30 anti-cancer drugs based
on reported AF cases. The selected drugs were then individually
searched using the generic names and the reported AE were
collected individually for each drug. Data were further narrowed

down by applying various filters such as age, received year, sex,
and outcomes (Figure 1).

Statistical Methods and Analysis
First, a descriptive analysis of the data was performed. Then,
a comparative analysis was done among the drugs in the
group. The proportional reporting ratio (PRR) (5) was calculated
for various parameters to determine the disproportionality in
reporting. Data on patient characteristics and outcomes were
collected and analyzed.

Descriptive Analysis
For each drug, AF cases were represented as a percentage of all
AE as well as cardiac adverse events (CAE). In addition, AF cases
by sex and by age were calculated as percentage of the total AF
cases for the drug. The proportion of deaths among reported AF
cases for each drug of interest was calculated. This proportion
was then divided by the proportion of deaths among reported AF
cases for all drugs that are reported to FAERS for AF to arrive at
comparative mortality ratio (CMR).

Disproportionality Approach
PRR is a statistical tool used for quantitative signal detection
in surveillance databases (6). PRR compares the frequency of
reporting of an AE of a certain drug to the frequency of reporting
of the same AE for other drugs in the reference group. A PRR
>1 for a drug indicates that an AE is reported more frequently
for the drug of interest relative to the drugs in the comparison
group. Similarly, a PRR of 2 will suggest that the AE was reported
twice as frequently for that drug compared to other drugs in
the analysis and a PRR of 2 or more is generally considered
significant disproportionality in AE reporting. We calculated the
PRR of each drug for CAE, total AF cases, AF cases by sex, and
total deaths in reported AF cases.

RESULTS

A total of 72,488 cases of AF were reported to FAERS. The top 30
anti-cancer drugs accounted for 17,098 of these cases (23.5% of
total AF reports in FAERS). These drugs are listed in Table 1.

Anti-cancer Drugs and Cardiac Adverse
Events (CAE)
Nilotinib had the highest proportion of CAE, which accounted
for 15.6% of the total reported AE of the drug, followed by
trastuzumab (14.5%), ibrutinib (12.8%), carfilzomib (12.5%), and
doxorubicin (11%). Nilotinib had the highest PRR for CAE (2.05,
95% CI = 1.99–2.11), followed by trastuzumab (1.92, 95% CI =
1.87–1.97), ibrutinib (1.68, 95% CI = 1.64–1.73) and carfilzomib
(1.63, 95% CI= 1.56–1.71) (Figure 2).

Anti-cancer Drugs and AF
When analyzed for AF as a percentage of all reported AE for
a particular drug, Ibrutinib had the highest percentage (5.3%)
followed distantly by venetoclax (1.6%), bortezomib (1.6%),
carfilzomib (1.5%), and nilotinib (1.4%). Similarly, the percentage
of CAE attributable to AF was also highest for ibrutinib
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FIGURE 1 | Algorithm of FAERS search and selection of anti-cancer drugs reported for AF.

(41.5%), followed by venetoclax (28.4%), pomalidomide (23.9%),
bortezomib (18.2%), and lenalidomide (18.2%). Drugs with the
highest PRR for AF included ibrutinib (5.96, 95% CI = 5.70–
6.23), bortezomib (1.65, 95% CI = 1.52–1.79), venetoclax (1.65,
95%CI= 1.46–1.86), carfilzomib (1.53, 95%CI= 1.33–1.77), and
nilotinib (1.46, 95% CI= 1.31–1.63) (Figure 3).

The PRR for AF in men was highest for ibrutinib (6.95,
95% CI = 6.55–7.37), followed by venetoclax (2.17, 95% CI =
1.87–2.51), carfilzomib (1.81, 95% CI = 1.50–2.17), nilotinib
(1.70, 95% CI = 1.47–1.96), and bortezomib (1.65, 95% CI =
1.47–1.84) (Supplementary Figure 1). Similarly, PRR for AF in
women was also highest for ibrutinib (4.12, 95% CI = 3.78–
4.49), followed by trastuzumab (1.66, 95% CI = 1.45–1.91),
paclitaxel (1.59, 95% CI = 1.44–1.76), nilotinib (1.37, 95% CI
= 1.13 −1.65), and bortezomib (1.32, 95% CI = 1.14–1.53)
(Supplementary Figure 2).

Deaths in Patients Reported to Have AF
During Anti-cancer Therapy
The percentage of reported AF cases in patients who died, of
the total number of deaths reported for a drug, was highest for
cytarabine (35.9%), followed by capecitabine (30.2%), etoposide
(26.9%), gemcitabine (26.5%) and cisplatin (25.9%). Paralleling

this, the comparative mortality ratio (CMR) was highest for
cytarabine (2.7), followed by capecitabine (2.2), etoposide (2.03),
gemcitabine (2) and cisplatin (1.9). However, when assessed
using disproportional reporting measures, the PRR for deaths
in reported AF cases was highest for ibrutinib (4.62, 95% CI =
4.07–5.24), followed by carfilzomib (2.06, 95% CI = 1.51–2.82),
bortezomib (1.72, 95% CI= 1.44–2.06), cisplatin (1.44, 95% CI=
1.22–1.70), and cytarabine (1.44, 95%CI= 1.21–1.71) (Figure 4).

DISCUSSION

Key Results
Our comparison of anti-cancer drugs using the PRR to assess
the signal-to-noise ratio of public reporting to FAERS of
cardiac-related AE showed that nilotinib, ibrutinib, trastuzumab,
and carfilzomib had the most CAE reported, while ibrutinib,
venetoclax, bortezomib, carfilzomib, and nilotinib had the
highest AF cases reported when compared to other drugs
in the analysis (Figure 5). The drugs with highest reported
deaths among AF cases were ibrutinib, bortezomib, carfilzomib,
cisplatin, and cytarabine.

Atrial fibrillation in cancer patients has been shown to
be associated with poor outcomes (7). The incidence of
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TABLE 1 | The proportion of cases of AF, CAE, deaths, and PRR for all variables for all 30 drugs included in the analysis.

Drug Total

AEs

reported

Total

CAEs

reported

Total

AF

cases

CAE

as %

of

Total

AE

PRR

of

CAE

AF as

% of

all AE

of the

drug

PRR

of AF

AF as

% of

CAE

of the

drug

PRR

of AF

as %

of

CAE

PRR

of AF

in

men

PRR

of AF

in

women

Comparative

mortality

ratio

PRR

of AF

deaths

1 Lenalidomide 231,623 12,954 2,363 5.59 0.695 1.02 1.027 18.24 1.479 1.115 1.127 1.154 1.012

2 Ibrutinib 40,151 5,149 2,138 12.82 1.688 5.32 5.961 41.52 3.532 6.953 4.126 0.887 4.625

3 Rituximab 109,507 9,130 1,225 8.33 1.086 1.12 1.131 13.42 1.042 0.82 1.255 1.27 1.222

4 Cyclophosphamide 104,111 9,110 959 8.75 1.143 0.92 0.919 10.53 0.804 0.722 1.07 1.796 1.015

5 Paclitaxel 71,106 6,934 762 9.75 1.278 1.07 1.078 10.99 0.844 0.823 1.594 1.636 1.409

6 Doxorubicin 73,947 8,183 749 11.06 1.462 1.01 1.017 9.15 0.695 0.752 1.289 1.765 1.216

7 Bortezomib 37,496 3,337 609 8.89 1.157 1.62 1.652 18.25 1.428 1.653 1.326 1.526 1.728

8 Carboplatin 58,634 4,999 599 8.52 1.108 1.02 1.026 11.98 0.925 0.989 1.166 1.702 1.347

9 Pomalidomide 49,099 2,421 579 4.93 0.632 1.18 1.189 23.92 1.882 1.362 1.274 1.005 0.941

10 Methotrexate 12,9001 7,000 578 5.42 0.686 0.45 0.43 8.26 0.627 0.255 0.738 1.372 0.886

11 Cisplatin 52,205 4,522 574 8.66 1.126 1.1 1.106 12.69 0.982 1.463 0.707 1.961 1.445

12 Bevacizumab 72,696 4,998 558 6.87 0.886 0.77 0.762 11.16 0.86 0.687 0.864 1.218 0.496

13 Fluorouracil 57,638 5,459 521 9.47 1.237 0.9 0.904 9.54 0.731 0.989 0.872 1.174 0.948

14 Docetaxel 68,681 4,045 410 5.88 0.755 0.6 0.589 10.14 0.78 0.625 0.651 1.732 1.219

15 Oxaliplatin 42,595 3,960 388 9.29 1.21 0.91 0.912 9.8 0.753 1.062 0.749 1.616 1.348

16 Cytarabine 38,000 3,609 376 9.49 1.237 0.99 0.992 10.42 0.802 1.098 0.67 2.712 1.442

17 Nivolumab 47,764 3,174 362 6.64 0.857 0.76 0.755 11.41 0.881 1.023 0.535 1.836 0.639

18 Thalidomide 37,592 3,163 353 8.41 1.092 0.94 0.941 11.16 0.861 0.983 0.961 1.798 0.538

19 Etoposide 41,950 3,569 342 8.50 1.105 0.82 0.814 9.58 0.737 0.983 0.502 2.032 0.891

20 Nilotinib 22,347 3,496 325 15.64 2.054 1.45 1.468 9.3 0.714 1.705 1.371 0.906 1.028

21 Capecitabine 59,896 3,890 291 6.49 0.836 0.49 0.478 7.48 0.572 0.488 0.505 2.284 0.522

22 Venetoclax 16,683 958 273 5.74 0.742 1.64 1.652 28.5 2.226 2.171 1.216 1.024 0.709

23 Imatinib 49,904 3,241 260 6.49 0.837 0.52 0.515 8.02 0.615 0.535 0.582 1.395 0.259

24 Ruxolitinib 38,969 1,917 241 4.91 0.632 0.62 0.615 12.57 0.973 0.255 0.279 1.661 0.797

25 Trastuzumab 33,628 4,904 240 14.58 1.923 0.71 0.712 4.89 0.37 0.057 1.666 1.668 1.135

26 Vincristine 30,753 2,129 225 6.92 0.895 0.73 0.73 10.57 0.816 0.584 0.725 1.679 0.769

27 Enzalutamide 44,071 1,776 214 4.02 0.515 0.49 0.481 12.05 0.932 0.912 0 1.377 0.421

28 Ipilimumab 23,455 1,313 206 5.59 0.722 0.88 0.879 15.69 1.217 1.274 0.537 1.76 1.029

29 Carfilzomib 12,437 1,565 190 12.58 1.637 1.53 1.538 12.14 0.939 1.81 0.802 1.551 2.066

30 Gemcitabine 18,915 1,488 188 7.86 1.019 0.99 0.997 12.63 0.978 1.029 0.883 2.009 1.315
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FIGURE 2 | Forest plot showing the PRR of CAE for the top 10 drugs. Nilotinib and trastuzumab have higher PRR compared to all other drugs.

FIGURE 3 | Forest plot showing the PRR of AF for the top 10 drugs. Ibrutinib has a significantly higher PRR compared to all other drugs.
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FIGURE 4 | Forest plot showing the PRR of deaths in AF cases for the top 10 drugs. Ibrutinib has a significantly higher PRR compared to all other drugs.

thromboembolism in cancer patients with new onset AF
increases two-fold (8). In addition, various anti-cancer drugs
increase the risk of thrombogenesis (9). Finally, the risk of
bleeding in cancer patients on anticoagulants is higher than that
in patients who do not have cancer (10). All these factors make
the management of AF in cancer patients a unique challenge,
underscoring the relevance of our findings identifying newer
anti-cancer drugs that are disproportionately reported to FAERS
for AF as an AE.

Anti-cancer Therapy and AF
A variety of modalities of cancer treatment, including
chemotherapy, immunotherapy, hormone and radiation therapy,
and surgical resection, have each been separately associated with
AF. Various anti-cancer drugs, including ibrutinib, doxorubicin,
and cisplatin, amongst others, have been associated with AF
(11). We have previously established that radiation therapy
may be an independent risk factor for AF development (12).
Postoperative AF has been associated with surgical resection of
lung, colorectal, and esophageal tumors (13–15). Patients with
cancer often receive multiple treatment modalities and multiple
chemotherapeutic agents. The amalgamation of conventional
risk factors, cancer itself, and cancer treatment creates a unique
scenario in which the assessment of the specific AF risk with a
certain drug can be challenging. Below, we briefly discuss some of
the drugs from our analysis that had significantly disproportional
reporting for AF and what is known in terms of their association
with AF.

Ibrutinib and Nilotinib
Ibrutinib is an irreversible Bruton’s tyrosine kinase inhibitor
that prevents downstream activation of B-cells. It is currently
used in the treatment of chronic lymphocytic leukemia
(CLL), mantle cell lymphoma, marginal zone lymphoma,
small lymphocytic lymphoma, and the plasma cell disorder
Waldenstrom’s macroglobulinemia. An AF incidence of 6%
was noted for ibrutinib in the landmark RESONATE and
RESONATE-2 trials that led to the FDA approval of the drug (16).
A meta-analysis by Yun et al. (17) of AF in patients treated with
ibrutinib vs. other chemo-immunotherapeutic agents for B-cell
malignancies showed an approximately nine-fold increased risk
of AF following treatment with ibrutinib. Our results showing the
highest AF PRR for ibrutinib (5.96, 95% CI = 5.70–6.23) are in
line with the known evidence for AF and the drug. Based on a risk
prediction model, the risk of AF in patients treated with ibrutinib
may be modified by co-existent conditions, including age >65
years, male sex, valvular heart disease, cardiomyopathy, thyroid
abnormality, chronic lung disease, diabetes mellitus, and grade-3
infections (18). The precise mechanism behind the pathogenesis
of AF in connection with ibrutinib treatment is unknown.

Nilotinib is another member of the TKI family used in the
treatment of CML (19), that is known to be highly vasculotoxic
and cardiotoxic. No prior evidence of an association between
AF and nilotinib exists in the literature. In a Phase II trial in
which 73 patients treated with nilotinib were followed for 6 years,
only 1 developed AF. Similarly, another study reported that AF
occurred in 1 of 81 patients treated with nilotinib (20). Another
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FIGURE 5 | Tree map showing the PRR of AF for top 30 anti-cancer drugs included in the analysis.

study of the cardiotoxicity of TKI in the FAERS database reported
a significantly increased adjusted Reporting Odds Ratio (aROR)
for cardiac arrhythmias following treatment with nilotinib (2.7),
but did not specify the type of arrhythmia (21). While our
study highlights a potential novel association, further prospective
studies are warranted to confirm the association and determine
the causation.

Bortezomib and Carfilzomib
Bortezomib and carfilzomib are both proteasome inhibitors (PI)
that act by inhibiting the NF-κB pathway on multiple myeloma
(MM) cells leading to cell death. The available data on the
incidence of AF in connection with these drugs are scarce and
inconsistent. A study of four Phase II clinical trials of carfilzomib
showed that cardiac arrhythmias developed in 13.3% of the
patients (n = 526); however, 73.6% of the patients enrolled had
a prior history of cardiovascular events (22). Another meta-
analysis of cardiovascular adverse events related to treatment
with carfilzomib reported cardiac arrhythmias in 2.4% of patients
from a total of 13 studies (23). A smaller prospective study
(n = 95) compared the CAE that resulted from treatment
with carfilzomib to those of bortezomib. Results showed that
the CAE were significantly higher in patients treated with
carfilzomib than in those treated with bortezomib (51% vs.
17% respectively), consistent with our results (PRR for CAE:
carfilzomib, 1.63 (95% CI = 1.56–1.71) vs. bortezomib, 1.15
(95% CI = 1.11–1.19). The incidence of AF was comparable for

the two drugs, with 2 of 65 patients treated with carfilzomib
and 1 of 30 patients treated with bortezomib developing AF
(24). Similar to these results, we found a comparable increase
in the reporting of AF for both bortezomib and carfilzomib
[1.65 (95% CI = 1.52–1.79) and 1.53 (95% CI = 1.33–
1.77), respectively].

One difficulty in differentiating between these two drugs
and their association with AF is that carfilzomib is mostly
reserved for relapsed or refractory MM and most of the
patients receiving carfilzomib had already been treated with
bortezomib (25). Bortezomib is one of the newer anti-cancer
drugs identified for its association with AF by Alexandre
et al. in their pharmacovigilance study based on the World
Health Organization’s Vigibase AE dataset; however, any
association of AF with carfilzomib was not reported (26).
Even though our study highlights a potential association
between proteasome inhibitors and AF, the results should
be looked upon with caution. Due to lack of comorbidity
data and temporal association, causation and definitive
conclusions cannot be drawn. An important confounding
factor in these drugs is the high prevalence of cardiac
disease in MM patients due to increased age, hyper-viscosity,
arteriovenous shunts, anemia, and amyloidosis (27). It cannot
be determined whether the AF was caused by the drugs
alone, or by the combination of all other factors, but the
over-reporting in studies from two different databases merits
further investigation.
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Venetoclax and Pomalidomide
Venetoclax is a B-cell lymphoma (BCL-2) homology domain-
3 (BH-3) mimetic, selective B-cell lymphoma (BCL-2) inhibitor
used in the treatment of lymphomas and leukemias (28). We
found increased reporting of AF with venetoclax (PRR 1.65, 95%
CI= 1.46–1.85). It is difficult to positively identify the association
of venetoclax with AF, because it is used either as first line for
the treatment of CLL or used subsequently after progression on
ibrutinib, that is known for its association with AF. A Phase II
RCT investigating the combination of ibrutinib and venetoclax
used to treat high-risk elderly CLL patients showed an incidence
of AF in 15% of the patients (29) that is nearly the same as
that reported for ibrutinib (30), providing strong evidence for
ibrutinib as the cause of AF rather than venetoclax (29). No
studies have reported on the incidence of AF during treatment
with venetoclax alone.

Pomalidomide is a novel immunomodulatory agent used in
the treatment of MM. Prior to our study, pharmacovigilance
analysis of the Vigibase dataset showed that AF was reported
to occur following treatment with pomalidomide (26). It should
be noted that this drug is approved for use in treating MM
that is refractory to at least two prior therapies, including
lenalidomide and bortezomib, both of which have been reported
to be associated with AF. It is important to note that patients
with MM are at increased risk of AF in the first place due to age
and high cardiovascular disease burden. While there is increased
reporting of AF with the above-mentioned drugs, the results
should be interpreted with caution as the association does not
imply causation.

Mortality Associated With Reported AF
Cases
AF increases the risk of heart failure, bleeding complications,
myocardial infarction, and all-cause mortality (7, 31). Although
a large number of AF patients reported to be on treatment
with cytarabine (35.9%), etoposide (26.9%), and gemcitabine
(26.5%) died compared to AF patients being treated with
other chemotherapeutic agents, this could reflect the severity
of the cancer being treated with these drugs rather than
an association with the AF reported for the drug. These
traditional chemotherapeutic drugs are commonly used to
treat cancers with unfavorable survival rates such as AML,
pancreatic cancer, bladder cancer, metastatic lung cancer, and
ovarian cancer. Therefore, to refine the signal-to-noise ratio,
we calculated the PRR for deaths in patients with reported
AF. Ibrutinib had a significantly higher PRR for deaths in
patients with reported AF, almost three-fold higher than the
PRR for the next highest anti-cancer drug, carfilzomib. This
suggests that the adverse events related to AF with Ibrutinib
could be associated with increased mortality and merits further
prospective studies.

Evidence Concerning AF and Anti-cancer
Drugs: Vigibase vs. FAERS
Recently, a pharmacovigilance study by Alexandre et al.
(26) based on the Vigibase dataset identified 19 anti-cancer

drugs associated with AF. Of the 19 drugs identified, new
associations with AF were reported for nine drugs including
lenalidomide, pomalidomide, nilotinib, ponatinib, midostaurin,
azacytidine, clofarabine, docetaxel, and obinutuzumab. Our
results confirm the over-reporting of AF with lenalidomide,
pomalidomide, and nilotinib, but our PRR for docetaxel was <1.
In addition, ponatinib, midostaurin, azacytidine, clofarabine, and
obinutuzumab were not included in our analysis due to the small
number of cases reported to FAERS. For example, midostaurin
has had no AF cases reported to FAERS, and the study by
Alexandre et al. had only 20 AF cases. On the other hand, we
found significant over-reporting of cases for AF following use of
carfilzomib and venetoclax.

In general, FAERS had a higher number of total AF cases
reported for most of the chemotherapeutic drugs compared to
reports in Vigibase, which is a global database. In addition,
we used a different quantitative signal detection tool than
Alexandre et al. used; in their study, the Reporting Odds Ratio
(ROR) was used as a measure of disproportionality analysis,
but on the other hand we used PRR. While PRR and ROR
are two different measures and have their own advantages and
drawbacks, both are authentic qualitative signal detection tools
(5). Another difference is that Alexandre et al. adjusted the ROR
for age, sex, geographical region, and comorbidities, whereas
inconsistent reporting in FAERS prevented us from performing
such adjustments.

LIMITATIONS

Our study had limitations inherent to pharmacovigilance design.
First, since there was no reported temporal relationship between
the incidence of AF or the outcomes and the specified drug,
causation could not be established. To overcome this, we
calculated the PRR to detect the disproportionality in reporting
and to aid in quantitative signal detection. Second, it is possible
that both under-reporting and over-reporting occurred due to
missing and duplicate reports. Reported adverse event data
cannot be used to calculate the incidence of AF in the population;
instead, it should be used to identify the potential hazards of
the drug. Third, we did not have data on co-morbidities of the
patients to calculate the adjusted reporting ratio. Finally, we
shortlisted the drugs by the number of AF cases reported to
FAERS. Therefore, comparatively newer drugs, or infrequently
used drugs, which might have been associated with AF but had
inadequate cases reported to FAERS, could have been missed in
our analysis.

CONCLUSION

Atrial fibrillation associated with cancer therapy has lately
attracted the attention of the cardio-oncology community, but
there is no real data available to help guide the detection,
monitoring, and treatment of AF in these patients. Our analysis
of the reported cases to FAERS has uncovered anti-cancer drugs
that were previously less known for their association with AF.
Focused prospective studies should be conducted to gain a better
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understanding of the true incidence of AF associated with these
anti-cancer agents.
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