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Abstract

Background: Lung cancer is one of the major cause of death globally. Crizotinib is a first-line drug used in treating non-small-cell
lung cancer (NSCLC). However, the pathophysiological mechanisms underlying its cardiotoxicity are unknown. This study investi-
gated the mechanisms of crizotinib-induced cardiotoxicity and explored whether this toxicity can be prevented by the angiotensin recep-
tor/neprilysin inhibitor sacubitril/valsartan. Methods: Male C57BL/6 mice were randomly divided into three groups: control, crizotinib
(40 mg·kg−1·d−1 for four weeks), and crizotinib + sacubitril/valsartan (40 mg·kg−1·d−1/60 mg·kg−1·d−1 for four weeks). Expres-
sion of genes in myocardial tissue were detected by transcriptomic sequencing, with verification of the differentially expressed genes
(DEGs) using Real time-polymerase chain reaction (RT-PCR). Blood pressure (BP) and cardiac function of animals were measured using
non-invasive monitoring and echocardiography approaches. Ventricular refractory period (RP), as well as the induction rate and score
of ventricular arrhythmias (VAs) were detected by in vivo electrophysiology. Epicardial conductance was measured by mapping. Ex-
pression of Myh7 in myocardium was detected by western blot and RT-PCR. Results: DEGs detected using transcriptomic sequencing
included 10 up-regulated and 20 down-regulated genes. The first 5 DEGs identified were Myh7, Ngp, Lcn2, Ciart and Ptgds. Kyoto
Encyclopedia of Genes and Genomes (KEGG) result indicated thatMyh7 is involved in myocarditis, cardiomyopathy, and cardiac muscle
contraction. Crizotinib treatment increased blood pressure, prolonged QTc interval, shortened ventricular RP, increased the incidence
and score of right VAs, and increased Myh7 expression. Most of these responses were limited by sacubitril/valsartan. Conclusions:
Crizotinib induced a range of cardiotoxic side effects in a mouse model and increased Myh7 expression represents a biomarker for this
response. These cardiovascular toxic responses can be largely prevented by sacubitril/valsartan.
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1. Introduction

Lung cancer is one of the major cause of deaths glob-
ally. Non-small cell lung cancer (NSCLC) contributes to
80–85% of all lung cancer cases [1–3]. Rearrangements in
the genes encoding for anaplastic lymphoma kinase (ALK)
and v-ros UR2 sarcoma virus oncogene homolog 1 (ROS1)
are observed in 2–7% and 1–2% of NSCLC samples, re-
spectively [4,5]. Crizotinib, an adenosine-triphosphate
(ATP)-competitive small molecule inhibitor, was the first
oral ALK inhibitor approved by the Food and Drug Admin-
istration (FDA) in August 2011 for the treatment of NSCLC
to inhibit the receptor tyrosine kinases ALK, ROS1, and
mesenchymal-epithelial transition (MET) [5–9]. Crizo-
tinib can also be used to treat multiple myeloma [10–12]
and, although crizotinib is prone to drug resistance with
repeated use, it remains a promising option for the treat-
ment of NSCLCs [13]. For ALK-positive NSCLC, crizo-
tinib is more effective and better tolerated than chemother-
apy [14,15]. In NSCLC with ROS1 rearrangement, crizo-
tinib can be used as first-line treatment [5–8]; however, car-

diotoxicity caused by different anti-cancer drugs has long
been recognized [11]. Previous studies showed that crizo-
tinib induces various cardiotoxicities such as bradycardia,
QT prolongation, ventricular rhythm, and ventricular fib-
rillation [16–18]. Among these side effects, the most com-
mon reports are that crizotinib prolongs the QT interval and
reduces heart rate [19–21]. Thus, patients receiving crizo-
tinib should receive close and regular monitoring of both
the QT interval and heart rate [20]. Early identification of
the cardiotoxicities associated with crizotinib is conducive
to rational drug use; however, the specific mechanism(s)
underlying crizotinib cardiotoxicity remain unclear.

To avoid, or reduce, cardiotoxicity associated with
anti-cancer drugs, the administration of cardioprotective
agents is critical. For example, prophylactic administra-
tion of a renin-angiotensin system (RAS) antagonist par-
tially attenuates the cardiotoxic effects of doxorubicin in a
chronic mouse model of chemotherapy-induced cardiac in-
sufficiency [22]. Left ventricular ejection fraction (LVEF)
was increased, and troponin I (TnI) was decreased, dur-
ing a 6-month follow-up period of anthracycline treatment
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combined with carvedilol, suggesting a protective effect
for carvedilol against myocardial injury [23]. The an-
giotensin receptor/neprilysin inhibitor sacubitril/valsartan
is also used to treat heart failure and hypertension [24–26].
Previous studies using either animal models or human clin-
ical trials showed that sacubitril/valsartan reversed cardiac
remodeling, modulated heart failure biomarkers, reduced
arrhythmias, improved renal function, improved the qual-
ity of life, and reduced mortality and/or the risk of hos-
pitalization [27–30]. Sacubitril/valsartan has also demon-
strated utility in the treatment of cancer therapy-related car-
diac dysfunction [31,32] and with findings of improved
cardiac function and cardiac-related symptoms [33]. In a
study that combined sacubitril/valsartan and doxorubicin,
sacubitril/valsartan was found to attenuate doxorubicin-
induced apoptosis and endoplasmic reticulum stress in cul-
turedH9C2 cardiomyocytes [34]. Similar findingswere ob-
served in a doxorubicin-induced rat cardiotoxicity model
that examined biochemical markers, contractile function,
endoplasmic reticulum stress, and attenuated doxorubicin-
induced apoptosis in rat heart [35]. However, whether
sacubitril/valsartan can reduce the cardiotoxicity induced
by crizotinib, as well as the molecular nature of crizo-
tinib induced cardiotoxicity remains unclear. Herein, we
sought to investigate the effects of crizotinib on cardiotoxi-
city and determine whether sacubitril/valsartan can amelio-
rate crizotinib-induced cardiotoxicity.

2. Methods
2.1 Experimental Animal

This study was approved by the Laboratory Ani-
mal Ethical Committee of Chinese Academy Medical Sci-
ences Institute of Radiation Medicine. A total of 36 male
C57BL/6 mice were divided randomly into three groups:
control (CON group), crizotinib (CRI group) and crizotinib
+ sacubitril/valsartan group (CRI + SV group). Mice in
the crizotinib group were administered 40 mg·kg−1·d−1

crizotinib, dissolved in dimethyl sulfoxide (DMSO), for
four consecutive weeks. Mice in the crizotinib + sacu-
bitril/valsartan group were administered 40 mg·kg−1·d−1

crizotinib and 60 mg·kg−1·d−1 sacubitril/valsartan (also
dissolved in DMSO). Cardiography, mapping, and cardiac
electrophysiology in vivo were conducted, and myocardial
tissue was dissected after sacrifice for subsequent experi-
ments.

2.2 BP Measurement in Mice
Conscious animals were pre-warmed in a warm-up

chamber at 36 °C–37 °C for 15mins and their systolic, dias-
tolic and mean arterial blood pressure (SBP, DBP andMBP,
respectively) were recorded by using tail sleeve plethys-
mography (BP98AL, Softron, Tokyo, Japan).

2.3 Echocardiography
After weighing mice, chest hair was removed with a

hair removal cream, followed by anesthesia with 2% isoflu-
rane. Transthoracic echocardiography was performed us-
ing Imaging System (Vevo 2100, VisualSonics, Toronto,
Canada). Data collected included left atrial diameter
(LAD), left ventricular diameter at systolic and diastolic
period (LVIDs and LVIDd, respectively), left ventricu-
lar anterior wall thickness at systolic and diastolic period
(LVAWs and LVAWd, respectively), left ventricular poste-
rior wall thickness at systolic and diastolic period (LVPWs
and LVPWd, respectively), interventricular septum thick-
ness at systolic and diastolic period (IVSs and IVSd, re-
spectively), pulmonary artery acceleration time (PAT), left
ventricular fractional shortening (FS), and left ventricular
ejection fraction (EF).

2.4 Mapping
Using mice anesthetized with 1.5% tribromoethanol

(0.02 mL/g; WXBD3759V, Sigma, St. Louis, Missouri,
USA), and supported by a tracheal intubation ventilator,
mouse chests were surgically opened with full exposure to
the heart. Following this, the pericardium was removed,
epicardial conduction velocity (CV), absolute inhomogene-
ity and inhomogeneity index was recorded and analyzed
using the Electrical Mapping System (EMS64-USB-1003,
MappingLab, Oxford, UK) and EMapScope 4.0 (Map-
pingLab, Oxford, UK), as detailed previously [36].

2.5 Cardiac Electrophysiology in vivo
A programmed electrical stimulation protocol was

performed using electrodes on the epicardial surface of the
right ventricle (RV) and left ventricle (LV). The stimulation
was performed at eight beats (120 ms, 8 × S1), followed
by one extrastimulus (S2). The S1S2 interval gradually
narrowed until a refractory period (RP) of RV and LV ap-
peared. The stimulation was performed at eight beats (120
ms, 8 × S1), followed by one to three extra stimuli (S2,
S3, and S4). The stimulation method was used to detect the
ventricular arrhythmia score (VAs). At the same time, RV
and LV was stimulated by burst (4 V, 20 Hz, 5 s) to detect
the induction rate of VAs. The experimental protocols were
typically completed within 20 mins [37].

2.6 The Transcriptome Sequencing and Bioinformatics
Analysis

RNA extraction, transcriptome sequencing, and data
analysis was performed by OE Biotech Co., Ltd. (Shang-
hai, China). In brief, total myocardial tissue RNA frommy-
ocardial in control (n = 3) and crizotinib groups (n = 3) was
isolated by the mirVana™miRNA ISOlation Kit (AM1561,
Ambion, Austin, TX, USA). Following this, synthesis, pu-
rification and adapter ligation of cDNA was carried out.
DNA libraries were created using TruSeq Stranded mRNA
LTSample Prep Kit (NR604-02, Illumina, San Diego, CA,
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USA). The quality of libraries was assessed using an Ag-
ilent 2100 Bioanalyzer (2100, Agilent, Santa Clara, CA,
USA). DNA libraries were sequenced using an Illumina se-
quencing platform (Nova6000, Illumina, San Diego, CA,
USA).

p value < 0.05 and fold change (FC) >2 or FC <0.5
were used as the thresholds for screening for differentially
expressed genes (DEGs). Hierarchical cluster analysis of
DEGs was carried out to investigate DEGs expression pat-
tern. A volcanic map of DEGs was drawn to understand
the overall distribution of differential genes. Gene ontol-
ogy (GO) enrichment and Kyoto encyclopedia of genes and
genomes (KEGG) enrichment analysis of DEGs were per-
formed to determine the biological function or pathways
impacted by DEGs.

2.7 Myocardial Histopathology
Mouse ventricular tissue was perfused with 10% neu-

tral buffered formalin for 72 h at room temperature. These
tissues were then dehydrated with an ethanol at different
concentrations, followed by xylene and finally paraffin em-
bedding and storage at –20 °C overnight. Embedded tis-
sue was cut into 4 µm thick sections and hematoxylin and
eosin (HE) (20220211, Solarbio, Beijing, China) staining
was conducted to observe whether there are any changes in
the arrangement or size of the cardiomyocyte nuclei. Mas-
son Tricolor Staining (20220214, Solarbio, Beijing, China)
was used to observe whether myocardial tissue was fibrotic.

2.8 Real Time-Polymerase Chain Reaction (RT-PCR)
RNA extraction (0000458714, Promega, Beijing,

China) followed by reverse transcription of RNA into
cDNA was conducted using a reverse transcription kit
(X0222, Tiangen, Beijing, China). Subsequently, RT-qPCR
was conducted using SYBR green (P31221, TransGen, Bei-
jing, China) and a Quant Gene 9600 System (9600, Bioer
Technology, Hangzhou, China). The 2−∆∆CT method was
used to obtain relative mRNA levels. Primers used for RT-
PCR are detailed in Table 1.

2.9 Western Blot
Total tissue protein was isolated by RIPA buffer

(01408/15322, Cwbio, Beijing, China) and PMSF protease
inhibitor (01392/06122, Cwbio, Beijing, China). Protein
concentrations were measured using a bicinchoninic acid
(BCA) Protein Concentration Assay Kit. The protein sam-
ples were separated on an 8% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) gel and sub-
sequently transferred to a polyvinylidene fluoride (PVDF)
membrane. The PVDF membrane was blocked with 5%
milk, subsequent incubation with primary β-actin antibody
(1:5000, F210074, Proteintech, Wuhan, China) and Myh7
(1:1000, 00101476, Proteintech, Wuhan, China) primary
antibody at 4 °C overnight. Following this, the membranes
were washed with TBST, and incubated with goat anti-

Table 1. Primer sequences.
Gene name Primer sequence

Myh7
forward GACAGGAAGAACCTACTGCG
reverse GAACTTGGACAGGTTGGTGT

Ciart
forward AGTGAAGAAGCTGCATACCG
reverse CAGCTCCCGTAGTACCAAAG

Ngp
forward GAGGCCCTTCGACAACTAAG
reverse TTCTGACTAGAAGGCGGAGT

Lcn2
forward TGACAACTGAATGGGTGGTG
reverse GATGCTCCTTGGTATGGTGG

Ptgds
forward CTCCTTCTGCCCAGTTTTCC
reverse AATCCCAAGAGACCCAGGAG

Myh7, myosin, heavy polypeptide 7, cardiac muscle, beta;
Ciart, circadian associated repressor of transcription; Ngp,
neutrophilic granule protein; Lcn2, lipocalin 2; Ptgds,
prostaglandin D2 synthase.

rabbit secondary antibody (1:5000) for one hour at room
temperature, the color developer Rhea ECL (LEK22118,
Life-iLab, Shanghai, China) was used to develop the west-
ern blots and band intensity was analyzed using Image Lab
software and relative protein abundance computed using β-
actin as the internal standard.

2.10 Statistical Analysis

The data analysis was carried out using Origin 6.0
(OriginLab, Northampton, MA, USA) and SPSS 17.0
(SPSS Inc., Chicago, IL, USA) software. The results are
presented are expressed as mean± standard deviation (SD).
A one-way ANOVA was used to compare the groups and
least significant difference (LSD)-t test was conducted for
post-hoc analysis. Statistically significant results were de-
fined as having a p-value of less than 0.05.

3. Results
3.1 Effects of Crizotinib on Blood Pressure, Pathology,
and Epicardial Electrical Conduction

To study the cardiotoxicity caused by crizotinib, the
blood pressure (BP) of mice after crizotinib administration
was measured. The SBP, DBP and MBP were significantly
higher following crizotinib treatment for 1 week (n = 10,
SBP, p = 0.000; DBP, p = 0.000; MBP, p = 0.000), and re-
mained significantly elevated at 4weeks after treatment (n =
10, SBP, p = 0.000; DBP, p = 0.009; MBP, p = 0.001) when
compared to the control group (Fig. 1A–C). HE and Mas-
son staining was performed on ventricular muscle tissue ob-
tained from mice 4 weeks after crizotinib use. No signifi-
cant changes in myocardial tissue structure nor significant
myocardial fibrosis was observed in control and crizotinib
group mice (n = 5) (Fig. 1D,E). We also recorded the char-
acteristics of epicardial electrical conduction of mice using
mapping. Fig. 1F is a representative epicardial electrical
mapping of LV. The calculated CV (n = 5, p = 0.553), ab-
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Table 2. KEGG enrichmen related to cardiovascular diseases.
ID Term Classification_level1 Classification_level2 p values GeneID

mmu05416 Viral myocarditis Human diseases Cardiovascular disease 0.132 Myh7
mmu04260 Cardiac muscle contraction Organismal systems Circulatory system 0.135 Myh7
mmu05410 Hypertrophic cardiomyopathy Human diseases Cardiovascular disease 0.147 Myh7
mmu05414 Dilated cardiomyopathy Human diseases Cardiovascular disease 0.152 Myh7
mmu04261 Adrenergic signaling in cardiomyocytes Organismal systems Circulatory system 0.234 Myh7
mmu05418 Fluid shear stress and atherosclerosis Human diseases Cardiovascular disease 0.227 Fos
mmu05417 Lipid and atherosclerosis Human diseases Cardiovascular disease 0.316 Fos
KEGG, Kyoto Encyclopedia of Genes and Genomes;Myh7, myosin, heavy polypeptide 7, cardiac muscle, beta; Fos, FBJ osteosar-
coma oncogene.

Table 3. Echocardiographic parameters.
CON (n = 10) CRI (n = 10) CRI + SV (n = 10) p values

PAT (ms) 15.97 ± 2.56 20.39 ± 2.38* 15.53 ± 2.67 0.000
IVS;s (mm) 1.37 ± 0.33 1.09 ± 0.23* 1.32 ± 0.16 0.045
IVS;d (mm) 0.83 ± 0.17 0.72 ± 0.10 0.78 ± 0.12 0.198
LVPW;s (mm) 1.41 ± 0.20 1.38 ± 0.14 1.42 ± 0.26 0.933
LVPW;d (mm) 0.96 ± 0.11 0.92 ± 0.15 0.94 ± 0.18 0.894
LVID;s (mm) 1.94 ± 0.50 2.04 ± 0.31 2.03 ± 0.35 0.847
LVID;d (mm) 3.30 ± 0.21 3.26 ± 0.18 3.30 ± 0.36 0.910
LVAW;s (mm) 1.35 ± 0.23 1.33 ± 0.21 1.29 ± 0.21 0.793
LVAW;d (mm) 0.80 ± 0.13 0.90 ± 0.16 0.77 ± 0.13 0.113
FS (%) 41.55 ± 13.05 37.72 ± 7.10 39.00 ± 5.78 0.642
EF (%) 71.53 ± 13.96 68.47 ± 8.96 70.25 ± 7.09 0.806
LAD (mm) 2.34 ± 0.3 2.39 ± 0.22 2.38 ± 0.48 0.954
*p < 0.05 vs CON group. CON, control group; CRI, crizotinib group; CRI + SV,
crizotinib + sacubitril/valsartan group; PAT, pulmonary artery acceleration time; LAD,
left atrial diameter; FS, fractional shortening; LVID, left ventricular diameter; LVAW,
left ventricular anterior wall thickness; LVPW, left ventricular posterior wall thickness;
IVS, interventricular septum thickness; EF, ejection fraction.

solute inhomogeneity (n = 5, p = 0.365), and inhomogeneity
index (n = 5, p = 0.404) of LV were not significantly differ-
ent between the control and crizotinib groups (Fig. 1G–I). A
representative epicardial electrical mapping of RV is shown
in Fig. 1J. The calculated CV (n = 5, p = 0.532), absolute
inhomogeneity (n = 5, p = 0.702), and inhomogeneity in-
dex (n = 5, p = 0.926) of RV was also found to not change
significantly in control and crizotinib groups (Fig. 1K–M).

3.2 Effects of Crizotinib on Myocardial Transcriptomics
and Validation of Gene Expression

To screen for alterations in gene expression follow-
ing crizotinib treatment of myocardial tissue, we performed
transcriptomic analysis on control and crizotinib group
mice. Three mouse myocardial tissue samples in each
group were analyzed. p value < 0.05 and FC >2 or FC
<0.5 were used as the threshold for establishing DEGs.
Compared with controls, there were 30 DEGs identified in
the crizotinib group mice, these included 10 up-regulated
and 20 down-regulated genes (Fig. 2A). Fig. 2B shows the
the DEGs using a volcano map. Fig. 2C shows a cluster
heatmap of DEGs.

Among the DEGs, we were most interested in highly
expressed genes after crizotinib exposure. This led us to
select the top five differentially up-regulated genes for val-
idation using RT-PCR (primer sequences given in Table 1).
These genes includedMyh7 (myosin, heavy polypeptide 7,
cardiac muscle, beta), Ciart (circadian associated repressor
of transcription), Ngp (neutrophilic granule protein), Lcn2
(lipocalin 2), and Ptgds (prostaglandin D2 synthase). RT-
PCR results showed that 4 of these 5 genes displayed sig-
nificantly increased expression in crizotinib mice (n = 5,
Myh7, p = 0.007; Ngp, p = 0.015; Lcn2, p = 0.011; Ciart, p
= 0.245; Ptgds, p = 0.016), which was in good agreement
with the results of transcriptomic analysis except for Ciart
(Fig. 2D–H).

3.3 GO/KEGG Analysis of DEGs and Screening of Key
Genes

Following identification of DEGs, we next analyzed
these genes using GO/KEGG to understand their func-
tions. These genes were grouped into categories accord-
ing to their characteristics in “biological process”, “cellu-
lar component”, and “molecular function”. The top 3 GO
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Fig. 1. Effect of crizotinib on BP, myocardial pathology, and electrical conduction characteristics in control and crizotinib group
mice. (A) Effects of crizotinib on SBP. (B) Effects of crizotinib on DBP. (C) Effects of crizotinib on MBP. (D) Typical sample of HE
staining in control and crizotinib group. (E) Typical sample of Masson staining in control and crizotinib group. (F) Representative
epicardial electrical mapping of recorded LV. (G) CV of LV. (H) Absolute inhomogeneity of LV. (I) Inhomogeneity index of LV. (J)
Representative epicardial electrical mapping recording of RV. (K) CV of RV. (L) Absolute inhomogeneity of RV. (M) Inhomogeneity index
of RV. *p< 0.05 vs CON group. CON, control group; CRI, crizotinib group; BP, blood pressure; SBP, DBP and MBP, systolic, diastolic
and mean arterial blood pressure respectively; LV, left ventricular; RV, right ventricular; CV, conduction velocity; HE, hematoxylin and
eosin.

terms for “biological process” were “cell cycle”, “response
to bacterium”, and “circadian regulation of gene expres-
sion”. The top 3 GO terms for “cellular component” were
“nucleoplasm”, “spindle”, and “nucleus”. The top 3 GO

terms for “molecular function” were “microtubule bind-
ing”, “transcription cis-regulatory region binding”, and “hi-
stone deacetylase binding” (Fig. 3A). According to the as-
signed characteristics of “biological process”, “cell com-
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Fig. 2. Characteristics of DEGs. (A) 30 DEGs identified in the crizotinib group, including 10 up-regulated and 20 down-regulated
genes (the ordinate is differently expressed up-regulated and down-regulated gene number). (B) Volcano map of DEGs (the abscissa is
log2 (FC)). The ordinate is –log10 (q-value). The green, red and gray dots indicate down-regulated DEGs, up-regulated DEGs and non-
significantly regulated genes, respectively. (C) Cluster heatmap of the 30 DEGs. Red and blue indicates high and low expression genes
respectively. (D–H) Validation of Myh7, Ngp, Lcn2, Ciart and Ptgds by Real time-polymerase chain reaction (RT-PCR). Three samples
per group for myocardial transcriptomics experiments, and five samples per group for RT-PCR experiments. *p < 0.05 vs CON group.
CON, control group; CRI, crizotinib group; DEGs, differentially expressed genes; Myh7, myosin, heavy polypeptide 7, cardiac muscle,
beta; Ciart, circadian associated repressor of transcription; Ngp, neutrophilic granule protein; Lcn2, lipocalin 2; Ptgds, prostaglandin D2
synthase.

position” and “molecular function” of these genes, their
level 2 function was graded. The functional distribution
of all DEGs at GO Level 2 is shown in Fig. 3B. The func-
tional distributions of differentially up-regulated and down-
regulated genes at GO Level 2 is shown in Fig. 3C.

KEGGanalysis was performed on the identifiedDEGs
to systematically analyze the their regulatory role. KEGG
enrichment of the top 20 identified genes is shown in
Fig. 3D, the roles only include the term “human T-cell

leukemia virus 1 infection”. Further, the distributions of
all genes and DEGs at KEGG Level 2 is displayed in
Fig. 3E. The distributions of up and down-regulated DEGs
at KEGG Level 2 are shown in Fig. 3F. Finally, we investi-
gated the interaction relationship between DEGs using the
STRING database (Fig. 3G). This analysis of gene interac-
tions showed that one gene interacts directly or indirectly
with another or more other genes.
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Among the DEGs, we paid close attention to those
related to human cardiovascular diseases. We screened 7
items inKEGGenrichment by classification_level1 ‘human
disease’ or ‘organismal Systems’ and classification_level2
‘cardiovascular diseases’ or ‘circulatory system’ (Table 2).
This analysis indicated that Myh7 is not only highly ex-
pressed, but also involved in multiple processes in KEGG
enrichment. Myh7 is closely related to a variety of car-
diomyopathies, myocardial contraction, and adrenergic sig-
naling in cardiomyocytes. Therefore, Myh7 may be a po-
tential gene target associated with crizotinib-induced car-
diotoxicity.

3.4 Effects of Crizotinib and Sacubitril/Valsartan on Blood
Pressure and Cardiac Function

In view of the above results, crizotinib cardiotoxicity
appears to be principally manifested as an increase in BP.
Sacubitril/valsartan is a commonly used drug for BP reduc-
tion, thus we added an additional animal group to our study
composed of crizotinib combined with sacubitril/valsartan,
this was termed the crizotinib + sacubitril/valsartan group.
The SBP, DBP andMBP line charts of the three experimen-
tal groups are shown in Fig. 4A–C. It can be seen that that
the rise of SBP, DBP and MBP was caused by crizotinib
at different timepoints (n = 10). However, data gathered
indicate that sacubitril/valsartan given in combination with
crizotinib can reduce elevated BP at 4 weeks when com-
pared with the control group, SBP, p = 0.054; DBP, p =
0.473; MBP, p = 0.967.

To observe the effect of the crizotinib + sacubi-
tril/valsartan combination on cardiac function we recorded
the echocardiography of control, crizotinib, and crizotinib
+ sacubitril/valsartan groups. Fig. 4D–H shows typical im-
ages of the parasternal LV long-axis view. Also shown
are B-type and M-type echocardiograms of long and short-
axis views, and doppler pulse wave of pulmonary valve
flow. Echocardiographic parameters of these three groups
are shown in Table 3. The results indicated that there was
no significant difference in IVSd, LVPWs, LVPWd, LVIDs,
LVIDd, LVAWs, LVAWd, FS, EF or LAD among the three
groups (n = 10). However, we found that the PAT of crizo-
tinib group increased and the IVSs decreased when com-
pared with the control group (n = 10). However, these two
values returned to the level of the control group after crizo-
tinib was combined with sacubitril/valsartan (n = 10).

3.5 Effects of Crizotinib and Sacubitril/Valsartan on
Cardiac Electrophysiological Properties

The effects of combination crizotinib and sacubi-
tril/valsartan on cardiac electrophysiology in vivo were ex-
plored. Analysis of ECGs showed that the crizotinib group
displayed faster heart rates, shorter RR intervals, and longer
QTc compared to the control group (Table 4). Moreover,
these abnormalities were restored in the crizotinib + sacu-
bitril/valsartan group. A programmed electrical stimula-

tion protocol was performed by stimulating the epicardial
surface of the LV and RV. The RPs of LV and RV in the
control (n = 7), crizotinib (n = 9), and crizotinib + sacubi-
tril/valsartan (n = 8) groups are shown in Fig. 5A. A typical
example of VAs occurring after 8 S1 stimulation followed
by one to three extra stimuli (S2, S3, and S4) is shown in
Fig. 5B. The VAs scores of the three groups were calcu-
lated and are shown in Fig. 5C and a typical example of VAs
induced by burst stimulation is shown in Fig. 5D. The ef-
fects of crizotinib and sacubitril/valsartan on VAs induction
rate after burst stimulation in the three groups are given in
Fig. 5E. These data showed that crizotinib reduced the RPs
of the LV and RV (LV, p = 0.006; RV, p = 0.010), increased
the VAs score (p = 0.045), and increased the induction rate
in the RV. Most of these abnormalities were prevented in
the crizotinib + sacubitril/valsartan group when compared
with controls (LV RPs, p = 0.130; VAs score of RV, p =
0.280). The exception to this was the RV RPs (p = 0.003).

3.6 Effects of Crizotinib and Sacubitril/Valsartan on the
Expression of Myh7 in Myocardial Tissue

Finally, changes in the Myh7 expression levels by
crizotinib with or without sacubitril/valsartan were deter-
mined by western blot and RT-PCR (Fig. 5F,G). Crizotinib
increased both the mRNA and protein abundance of Myh7
in the myocardium (n = 5, mRNA, p = 0.001; protein, p
= 0.000). This effect was blunted by the use of crizotinib
combined with sacubitril/valsartan when compared to con-
trols (n = 5, mRNA: p = 0.414; protein: p = 0.803).

4. Discussion
In this study we reported the cardiotoxic side effects

associated with crizotinib exposure, including increased BP
and prolonged QTc intervals. These were associated with
increased right VAs scores and induction rates, and in-
creased myocardial expression of Myh7 which is the most
frequently mutated gene in hypertrophic cardiomyopathy.
Most of these abnormalities were limited by co-treatment
with sacubitril/valsartan.

4.1 Crizotinib and its Cardiotoxicity
Lung cancer is one of the major contributor to deaths

globally, with NSCLC accounting for a large proportion
of the tumor burden [1–3]. Crizotinib is approved for the
treatment of NSCLC cases in which rearrangements in the
genes encoding for ALK, ROS1 and MET are found [5,7–
9,38]. Approximately 2–7% and 1–2% of NSCLC sam-
ples show rearrangements in ALK and ROS1, respectively
[5]. For ALK inhibition in NSCLC, crizotinib is more
effective and better tolerated than chemotherapy [39,40].
However, patients treated with crizotinib develop drug re-
sistance, requiring the use of second-generation ALK in-
hibitors to overcome crizotinib resistance. ROS1 rearrange-
ment defines a second molecular subgroup of NSCLC for
which crizotinib is highly active [7], and crizotinib dis-
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Fig. 3. GO and KEGG analysis of DEGs. (A) Top 30 GO terms. The abscissa is the GO term, the ordinate is –log10 (p-value). (B)
Comparative distribution of all genes and DEGs at GO level 2. The abscissa is the GO term, the ordinate is the number and its percentage
of genes. (C) Comparative distribution of up and down-regulated DEGs at GO level 2. The abscissa is the GO term, ordinate is the number
and its percentage of genes. (D) KEGG enrichment top 20 identified DEGs. The abscissa is the enrichment score, and the ordinate is
the pathway information. (E) The distribution of all genes and DEGs at KEGG level 2. The abscissa is the number and ratio (%) of all
genes and DEGs. The ordinate is the name of the pathway. (F) The distribution of up and down-regulated DEGs at KEGG level 2. The
abscissa is the number and ratio (%) of up and down-regulated DEGs. The ordinate is the name of the pathway. (G) Gene interaction
network showing interaction between DEGs. CON, control group; CRI, crizotinib group; DEGs, differentially expressed genes; KEGG,
Kyoto Encyclopedia of Genes and Genomes; GO, gene ontology; ATP, adenosine-triphosphate; Fos, FBJ osteosarcoma oncogene;Uhrf1,
ubiquitin-like, containing PHD and RING finger domains, 1; Racgap1, Rac GTPase-activating protein 1; Mki67, antigen identified by
monoclonal antibody Ki 67; Ube2c, ubiquitin-conjugating enzyme E2C; Pbk, PDZ binding kinase; Prc1, protein regulator of cytokinesis
1; Tpx2, microtubule-associated; Ccna2, cyclin A2; Top2a, topoisomerase (DNA) II alpha; Inmt, indolethylamine N-methyltransferase;
Ddc, dopa decarboxylase; Egr1, early growth response 1.
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Fig. 4. Effect of crizotinib and sacubitril/valsartan on BP and cardiac function in control, crizotinib, and crizotinib + sacubi-
tril/valsartan mouse groups. (A) Effects of crizotinib and sacubitril/valsartan on SBP. (B) Effects of crizotinib and sacubitril/valsartan
on DBP. (C) Effects of crizotinib and sacubitril/valsartan onMBP. (D,E) B- andM-type echocardiogram long-axis view of the parasternal
LV. (F,G) B- and M-type echocardiogram short-axis view. (H) Doppler pulse wave of pulmonary valve flow. *p < 0.05 vs CON group.
CON, control group; CRI, crizotinib group; CRI + SV, crizotinib + sacubitril/valsartan group; BP, blood pressure; SBP, DBP and MBP,
systolic, diastolic and mean arterial blood pressure respectively.
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Fig. 5. Effects of crizotinib and sacubitril/valsartan on ventricular electrophysiology in control, crizotinib, and crizotinib +
sacubitril/valsartan groups. (A) Effects of crizotinib and sacubitril/valsartan on ventricular RP. (B) Typical examples of VAs occurring
after 8 S1 stimulation followed by one to three extra stimuli (S2, S3, and S4). (C) Effect of crizotinib and sacubitril/valsartan on VAs
score. (D) Typical examples of VAs occurring after burst stimulation. (E) Effect of crizotinib and sacubitril/valsartan on VAs induction
rate after burst stimulation. (F) Effects of crizotinib and sacubitril/valsartan on Myh7 mRNA expression. (G) Effects of crizotinib and
sacubitril/valsartan on Myh7 protein expression. *p < 0.05 vs CON group. CON, control group; CRI, crizotinib group; CRI + SV,
crizotinib + sacubitril/valsartan group; VAs, ventricular arrhythmias; RP, refractory period; LV, left ventricular; RV, right ventricular;
Myh7, myosin, heavy polypeptide 7, cardiac muscle, beta.
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Table 4. ECG parameters.
CON (n = 10) CRI (n = 15) CRI + SV (n = 10) p values

BW (g) 25.18 ± 1.15 23.27 ± 1.83 23.74 ± 4.10 0.197
HR (bpm) 389.70 ± 83.76 459.13 ± 70.72* 401.80 ± 67.70 0.053
RR interval (ms) 160.20 ± 32.91 133.73 ± 21.80* 153.20 ± 25.98 0.046
PR interval (ms) 44.70 ± 8.14 36.00 ± 12.91 46.40 ± 6.06 0.030
QT interval (ms) 74.90 ± 10.89 81.73 ± 14.41 64.40 ± 14.82 0.014
QTc (s) 0.19 ± 0.02 0.22 ± 0.04* 0.16 ± 0.03 0.000
*p < 0.05 vs CON group. CON, control group; CRI, crizotinib group; CRI + SV, crizotinib +
sacubitril/valsartan group; ECG, electrocardiogram; BW, body weight; HR, heart rate; RR, R
wave-to-R wave; PR, P wave-to-R wave.

plays marked antitumor activity in patients with advanced
NSCLC with ROS1 rearrangement. In NSCLC with ROS1
rearrangement, crizotinib can be used as first-line treat-
ment [5–8]. Currently, only crizotinib is used for Anaplas-
tic Large Cell Lymphoma (ALCL), belonging to the first
generation of this drug class [4]. In crizotinib phase I
studies, 94 percent of patients displayed some degree of
tumor shrinkage during the study. In a phase 3, open-
label trial comparing the differences between crizotinib
and chemotherapy, the median progression-free survival of
crizotinib was significantly higher than that of chemother-
apy [7]. Previous studies have confirmed that crizotinib is
superior to pemetrexed cisplatin or carboplatin, and is as-
sociated with a reduction in the main symptoms associated
with lung cancer including cough, pain, and dyspnea [6].

Cardiotoxicity caused by anti-cancer drugs, includ-
ing hypertension, arrhythmias, QTc interval prolongation,
and left ventricular systolic dysfunction have long been
a focus of attention [11]. Previous studies have demon-
strated crizotinib-related cardiotoxicities of QT prolonga-
tion, bradycardia, ventricular fibrillation, and ventricular
tachycardia [16]. In NSCLC, crizotinib was found to cause
adverse cardiovascular side effects such as bradycardia, QT
interval prolongation, ventricular rhythm, ventricular fibril-
lation, and pericarditis [17]. Another study reported QT in-
terval prolongation, mild motion wall abnormalities in the
left anterior wall and chamber door, small amounts of peri-
cardial effusion, and even transient ventricular tachycardia
and ventricular fibrillation [41]. In our mouse study, crizo-
tinib exposure led to side effects such as increased BP, pro-
longedQTc, and inducible ventricular arrhythmias. We also
observed a significant prolongation in PAT in the crizotinib
group, suggesting that increased pulmonary artery pres-
sure may cause right ventricular dysfunction in mice [42],
whereas long QT interval is mainly associated with im-
paired ventricular function and cardiac exhaustion [43].

4.2 The Role of Myh7 in Crizotinib Induced Cardiotoxicity

Crizotinib can lead to increased caspase activation,
cholesterol accumulation, and ion channel dysfunction [42].
Effective control of tumor growth can be achieved by
dose-dependent inhibition of tyrosine phosphorylation of

MET kinase and ALK [19]. After inhibition of 2-DIG-
mediated glycolysis, crizotinib is inhibited by cell prolifera-
tion, migration, ATP production, mitochondrial transmem-
brane potential, or apoptosis signaling of mitochondria-
associated cells. These findings suggest that crizotinib in-
duces mitochondrial hypofunction and compensatory hy-
peroxic metabolism, without maintenance of adequate ATP
levels. Moreover, the exchange pattern and inadequate
supply of ATP may be an antitumor property of crizotinib
[44]. Crizotinib is also a MET inhibitor, and MET has
been implicated in cardiovascular remodeling after tissue
injury aswell as regulatingmRNA levels of Glut4 and Ppars
[45]. Further, the inhibition of potassium channels encoded
by human ether-a-go-go (hERG)-related genes can lead to
delayed repolarization, prolonged QT intervals, and life-
threatening polymorphic ventricular tachycardia or Tor-
sades de Pointes [46].

To further elucidate the mechanisms responsible for
crizotinib-induced cardiotoxicity and to identify the genes
that underlie its pathological effects, transcriptome se-
quencing of cardiac muscle tissue was used and this ap-
proach identified 10 up-regulated and 20 down-regulated
genes in response to crizotinib exposure. Using GO and
KEGG analysis of these DEGs, we selected terms directly
related to cardiovascular disease and the circulatory sys-
tem. Myh7 is both highly expressed and involved in mul-
tiple processes in KEGG enrichment, including a variety
of cardiomyopathy, myocardial contraction, and adrener-
gic signaling in cardiomyocytes. Therefore, Myh7 may be
a potential gene target of crizotinib-induced cardiotoxicity.

The Myh7 gene encodes the beta myosin heavy chain
subunit of cardiac myosin (beta-MHC). Changes in myosin
expression can affect the contractile capacity of cardiomy-
ocytes and lead to abnormal myocardial structure and/or
function. Modification of myosin may affect the mechan-
ical function of the myocardium and are therefore consid-
ered to be linked to myocardial dysfunction leading to heart
failure [47]. To date, 186 and 73 β-Myh7 gene mutations
have been reported in cases of hypertrophic cardiomyopa-
thy and dilated cardiomyopathy (DCM), respectively [48].
Myh7 is predominantly expressed in the embryonic heart
and is rarely expressed in adulthood. Myh7 pathogenic
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variants can cause a variety of cardiac diseases, including
hypertrophic cardiomyopathy, DCM, left ventricular non-
compaction cardiomyopathy, congenital fiber-type dispro-
portion, and myosin myopathy [47]. Myh7-related DCM
complications principally manifest as VAs and heart failure.
Our results showed that with the occurrence of crizotinib-
associated cardiac toxicity, the expression of Myh7 in my-
ocardium increased significantly suggesting thatMyh7may
be an important biomarker of crizotinib-induced cardiotox-
icity.

4.3 Effect of Sacubitril/Valsartan on Improving Crizotinib
Induced Cardiotoxicity

Sacubitril/valsartan is used clinically in hypertension
and heart failure. It can reverse left ventricular hypertro-
phy and delays left ventricular remodeling. These effects
reduce the risks of cardiovascular death or hospitalization,
improve symptoms, in-hospital outcomes and mortality in
patients with heart failure [49,50]. Clinical practice guide-
lines classify sacubitril/valsartan as a Class I recommenda-
tion as an alternative to angiotensin converting enzyme in-
hibitor [51] and that sacubitril/valsartan is associated with
a reduced incidence of VAs in heart failure with reduced
ejection fraction (HFrEF) [52,53]. In patients with nonis-
chemic DCM, the use of sacubitril/valsartan can also im-
prove ventricular function and clinical outcomes [54]. In
regards to possible cardiac protection in cancer patients re-
ceiving anti-cancer therapies, the international guidelines
for sacubitril/valsartan are less clear. However, an increas-
ing body of evidence has reported the benefits of sacubi-
tril/valsartan [24,27] on, for example, doxorubicin-related
cardiotoxicity [34]. Specifically, sacubitril/valsartan can
limit doxorubicin-induced apoptosis and endoplasmic retic-
ulum stress in cultured H9C2 cardiomyocytes and can im-
prove biochemical markers, contractile function, and en-
doplasmic reticulum stress in a rat doxorubicin-induced
cardiotoxicity model [35]. Indeed, the potential benefits
of sacubitril/valsartan in patients with cancer treatment-
related cardiac insufficiency are increasingly recognized
[28] and results shown in this study indicate that sacu-
bitril/valsartan can significantly reduce the cardiotoxicity
caused by crizotinib.

5. Conclusions
Crizotinib induced a range of cardiotoxic side effects

in a mouse model, and that increased expression of Myh7
represents a biomarker for this cardiotoxicity. These car-
diovascular abnormalities can be largely prevented by the
co-administration of sacubitril/valsartan.
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