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Gefitinib is a tyrosine kinase inhibitor (TKI) of the epidermal growth factor receptor (EGFR), used
for the treatment of advanced or metastatic non-small cell lung cancer. Recently, studies proved
that Gefitinib-induced cardiotoxicity through induction of oxidative stress leads to cardiac hypertro-
phy. The current study was conducted to understand the mechanisms underlying gefitinib-induced
cardiac hypertrophy through studying the roles of angiotensin II (AngII), oxidative stress, and
mitogen-activated protein kinase (MAPK) pathway. Male Wistar albino rats were treated with
valsartan, gefitinib, or both for four weeks. Blood samples were collected for AngII and cardiac
markers measurement, and hearts were harvested for histological study and biochemical analysis.
Gefitinib caused histological changes in the cardiac tissues and increased levels of cardiac hypertro-
phy markers, AngII and its receptors. Blocking of AngII type 1 receptor (AT1R) via valsartan
protected hearts and normalized cardiac markers, AngII levels, and the expression of its receptors
during gefitinib treatment. valsartan attenuated gefitinib-induced NADPH oxidase and oxidative
stress leading to down-regulation of JNK/p38-MAPK pathway. Collectively, AT1R blockade adjusted
AngII-induced NADPH oxidase and JNK/p38-MAPK leading to attenuation of gefitinib-induced
cardiac hypertrophy. This study found a pivotal role of AngII/AT1R signaling in gefitinib-induced
cardiac hypertrophy, which may provide novel approaches in the management of EGFRIs-induced
cardiotoxicity.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Receptor tyrosine kinases (RTKs) play an essential role in the
regulation of a wide range of cellular processes including cell
growth, differentiation, motility, survival and metabolism govern-
ing cancer cell growth (Lemmon and Schlessinger 2010). Over the
past two decades, dysregulated RTKs were involved in the progres-
sion of cancer which became a target for cancer treatment by
developing tyrosine kinase inhibitors (TKIs). Currently, more than
100 TKIs are in late stages of clinical development with promising
clinical outcomes (Pottier et al., 2020). TKIs were sorted based on
their targeted pathways EGFR, vascular endothelial growth factor
receptor (VEGFR), and anaplastic lymphoma tyrosine kinase
(Pottier et al., 2020). Despite the clinical benefits of TKIs, cancer
management with TKIs causes toxicity and organ dysfunction that
reduce the quality of life and commitment of therapy (Tseng et al.,
2020). Among these toxicities, cardiotoxicity is one of the major
complications that are related to TKIs therapy, which is varying
in the degree of frequency and severity between TKIs including
hypertension, cardiac hypertrophy, and myocardial infarction
(Chaar et al., 2018).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsps.2022.06.020&domain=pdf
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Table 1
Type of treatment and duration.

Group Type of treatment and Duration

Control Vehicle for 28 days
Valsartan Valsartan (30 mg/kg/day, i.p.) for 28 days
Gefitinib Vehicle for 7 days Gefitinib (30 mg/kg/day, o.p.) for

21 days
GEF + VAL Valsartan (30 mg/kg)

for 7 days
Valsartan (30 mg/kg) + Gefitinib
(30 mg/kg) for 21 days
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Gefitinib is, a small tyrosine kinase inhibitor, used for treat-
ment of advanced or metastatic non-small cell lung cancer
(NSCLC) in adult patients with over-expressed epidermal EGFR
(Kazandjian et al., 2016). Gefitinib binds to ATP-binding site
causing downregulation of EGFR leading to deactivation of the
related down signaling pathways and inhibition of tumor patho-
genesis in lung cancer (Seshacharyulu et al., 2012, Zhao et al.,
2016). In 2015, gefitinib has been approved by The United
States Food and Drug Administration (FDA) as the first-line
therapy of patients with metastatic NSCLC (Kazandjian et al.,
2016). Although gefitinib provides a significant advance in can-
cer treatment and survival rate, cardiovascular complications
have been indicated during treatment include arterial fibrilla-
tion, electrocardiogram changes, and myocarditis (Zaborowska-
Szmit et al., 2020). Recently, in-vitro and in-vivo studies have
found a correlation between gefitinib and induction of cardiac
hypertrophy (Korashy et al., 2016). It was examined through
the evaluation of cardiac hypertrophy markers and histological
changes in cardiomyocyte cell line (H9c2) and rodent models
(Korashy et al., 2016). On the molecular levels, various mecha-
nistic pathways were in-volved in gefitinib-induced cardiac
hypertrophy causing oxidative stress and apoptosis (Korashy
et al., 2016). Still, further investigation is needed to understand
the mechanism underlying gefitinib-induced cardiac hypertro-
phy, and protective therapy approach is required to reduce its
cardiovascular toxicity.

Renin angiotensin II system (RAS) is one of the major factors
that contribute to the pathogenesis of hypertension and cardiac
hypertrophy (Ahmad et al., 2009, Kurdi and Booz 2011). These
actions are mainly induced through the overproduction of angio-
tensin II (AngII) leading to in-crease in vascular tone and blood
intravascular volume (Cowan and Young 2009, Kurdi and Booz
2011). AngII exerts its actions through binding to its type 1
receptor (AT1R) causing hypertension that deleteriously affects
heart function leading to left ventricular hypertrophy and fibro-
sis (Cowan and Young 2009, Kurdi and Booz 2011). Other evi-
dence supports that the presence of local RAS in the cardiac
tissues including all the components of RAS for synthesis and
the release of AngII causing cardiac hypertrophy independently
of blood pressure (Mazzolai et al., 1998, Piratello et al., 2010).
Previous studies showed a correlation be-tween activation of
AT1R and NADPH oxidase in the production of reactive oxygen
species (ROS), which are implicated in the pathogenesis of
hypertension and cardiac hypertrophy (Nguyen Dinh Cat et al.,
2013, Chen et al., 2020). Growing evidence shows that the acti-
vation of AngII/AT1R down signaling pathways is mostly associ-
ated with the induction of NADPH oxidase-derived ROS (Nguyen
Dinh Cat et al., 2013, Chen et al., 2020). ROS formation induces
phosphorylation of p38 and JNK and activation of mitogen-
activated protein kinase (MAPK) signaling pathway leading to
induction of cardiac hypertrophy as recently approved (Chen
et al., 2020, Liu et al., 2021). However, AT1R blockade attenuates
various pathological pathways associated with AngII/AT1R sig-
naling and manages AngII-induced cardiac hypertrophy (Kawai
et al., 2017). Treatment with selective AT1R blockers (ARBs) pro-
vides cardioprotection through an increased antioxidant capacity
and regulation of MAPK pathway in the cardiomyocyte leading
to reduce the cardiovascular mortality and morbidity rates
(Ararat and Brozovich, 2009; Munger, 2011; Streicher et al.,
2010).

Therefore, this study was conducted to identify the role of RAS
in gefitinib-induced cardiac hypertrophy and investigate if AT1R
blockade via valsartan can attenuate cardiac hypertrophy induced
by gefitinib via assessment of cardiac enzymes include creatine
kinase-MB (CK-MB), N-terminal pro-B-type natriuretic peptide
(NT-proBNP), and cardiac troponin I (cTnI).
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2. Materials and methods

2.1. Animal

Male Wistar albino rats weighing 180–200 g (n = 32) were
obtained from the Animal Care Center, College of Pharmacy, King
Saud University (Riyadh, Saudi Arabia). Rats were fed with a stan-
dard chow pellet diet and had free access to water under controlled
conditions (25 �C and a 12 h light/dark cycle). All animal experi-
ments described in this study complied with the National Insti-
tutes of Health guidelines for the Care and Use of Laboratory
Animals and were approved by the local institutional research
ethics committee of King Saud University on March 4, 2021
(KSU-SE-21-22).

2.2. Treatment

Thirty-two rats were divided into four groups (n = 8 rats/group)
and treated for continuous 28 days as shown in Table 1. The first
group received saline vehicle by intraperitoneal (i.p.) injection for
28 days as a control group. The second group was treated with val-
sartan (Ark Pharm, USA) (30 mg/kg/day, i.p.) for 28 days. The third
group was treated with vehicle for 7 days and then received gefi-
tinib (Ark Pharm, USA) (30 mg/kg/day, o.p.) for 21 days. The last
group was treated with valsartan (30 mg/kg/day) for 7 days and
then received both valsartan and gefitinib (30 mg/kg/day) for
21 days. Gefitinib was prepared daily before administration in corn
oil (0.5 ml) (Zhang et al., 2017), whereas rat nontreated with gefi-
tinib were received 0.5 ml corn oil orally as a vehicle. Valsartan
was dissolved in saline by adding 0.1 M NaOH to obtain a clear
solution and the PH was normalized using 0.1 M HCl (Jiao et al.,
2012). The dose of gefitinib (Korashy et al., 2016, Alhoshani et al.,
2020), and valsartan (Alhazzani et al., 2021, Ulutas et al., 2021)
were selected based on previous published articles.

On day 28th, rats were anesthetized using ketamine/xylazine
mixture and then the blood and hearts were harvested for further
studies. Serum was separated for measurement of cardiac
enzymes, while plasma was collected for AngII measurement.
Hearts were washed with ice-cold phosphate buffer saline (PBS)
and weighed for HW/BW ratio as cardiac hypertrophy index, and
then fixed in 4% formaldehyde solution for histopathology studies.
Other hearts were snap-frozen by direct immersion in liquid nitro-
gen and stored at �80 �C until analysis using western blot analysis
and biochemical assays.

2.3. Cardiac histology

The immersed hearts into formaldehyde were kept at room
temperature for at least 48 hrs and then embedded in a paraffin
block. The left ventricles of the fixed hearts were sectioned at
3 lm thickness and deparaffinized and hydrated with xylene and
alcohol for staining with hematoxylin and eosin (H&E). The ven-
tricular wall thickness was taken from five different regions of
the heart of each group. For the TUNEL assay and according to
the manufacturer’s instructions, paraffin-embedded cardiac
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sections were stained using the in situ BrdU-Red DNA fragmenta-
tion (Abcam, USA). The deparaffinized heart sections were incu-
bated with Br-dUTP for 1 hr at 37 �C followed by 30 min
incubation with anti-BrdU-Red antibodies at room temperature
(25 �C). Percentage of apoptotic cells was obtained via number of
apoptotic cells divided by total number cells then multiplied by
100. The prepared slides were evaluated by a specialized
histopathologist to identify the structural changes and apoptosis
in the cardiac tissues in all groups.

2.4. Assessment of cardiac enzymes and AngII levels by ELISA

At the time of analysis, the frozen serum and plasma samples
were thawed at room temperature (25 �C). Commercial ELISA kits
were used to measure serum protein levels of CK-MB, NT-proBNP,
cTnI (G-biosciences, USA), and plasma levels of AngII (ABclonal
Technology, USA) as per manufacturer’s protocol.

2.5. Detection of apoptosis by flow cytometry

Rat cardiomyocyte H9c2 cells (ATCC�, USA) were seeded in 12-
well plates at a density of 105 cells/well and cultured at 37 �C in 5%
CO2. Cells were treated for 24 hrs with vehicle (DMSO), valsartan
(10 lm), gefitinib (10 lm), or GEF + VAL to determine the apoptotic
rate using annexin V staining (Korashy et al., 2016, Tian et al.,
2018). In valsartan groups, cells were incubated for 1 hr with val-
sartan (10 lm) followed by 24 hrs incubation with DMSO or gefi-
tinib, respectively. After incubation, cardiomyocytes from all
treated groups were washed with PBS and then centrifuged at
300 � g for 5 min. Cells were resuspended with 0.5 ml PBS and
stained with annexin V-FITC/Propidium Iodide (PI) for analysis
using Cytomics FC500 Flow Cytometer (Beckman Coulter, Inc.,
USA).

2.6. Detection of cardiomyocytes with reactive oxygen species (ROS) by
Muse cell Analyzer

The detection of cardiomyocytes undergoing oxidative stress
was performed using Muse Oxidative Stress Kit (Millipore, USA).
According to the manufacturer’s protocol, treated cells were incu-
bated with dihydroethidium (DHE), which is a cell mem-brane-
permeable redox-sensitive probe that reacted with superoxide
anions and formed DNA-binding fluorophore. The percentage of
cells with reactive oxygen species (ROS + ) or without reactive oxy-
gen species (ROS-) were quantified using Muse Cell Analyzer (Mil-
lipore, USA).

2.7. Western blot analysis

A small portion of the heart was cut into small pieces and then
homogenized using Potter Elvehjem homogenizer in a mixture of
RIPA buffer and protease/phosphatase inhibitor cocktail. The
homogenate was centrifuged at 14,000 � g for 10 min and then
protein concentration was measured via Direct Detect� Spectrom-
eter (Millipore, USA). At the time of analysis, the supernatant was
added to 2x Laemmli sample loading buffer containing b-
Mercaptoethanol with total protein 40 lg. The mixture was
resolved on 10% SDS-PAGE gels and transferred to PVDF mem-
branes via a Trans-Blot Turbo Transfer System. Then, the mem-
brane was blocked using 5% non-fat milk in Tris Buffered Saline
(TBS) with 0.1% TWEEN 20 at room temperature for 1 h. The mem-
brane was washed using TBST and incubated at 4 �C overnight into
anti-AT1R, AT2R, NOX2, NOX4 (Abcam, USA), phospho-p38, total
p38, phospho-JNK, total JNK primary antibody (Cell Signaling Tech-
nology, USA) or GAPDH primary antibody (ABclonal Technology,
USA) as a housekeeping protein. All the primary antibodies were
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diluted at a ratio 1:1000. After incubation with the primary anti-
body, the membrane was washed and incubated with secondary
goat anti-rabbit or goat anti-mouse IgG for 1 hr at room tempera-
ture (25 �C). After washing with TBST, bands were visualized by
Immobilon Western Chemiluminescent HRP Substrate (Millipore,
USA) using a Bio-Rad gel-imaging system (Bio-Rad, USA). Image J
software was used to quantify the data.

2.8. Measurement of oxidative stress markers in hearts

Cardiac tissues were homogenized in ice-cold phosphate buffer
and then centrifuged using refrigerated centrifuge and Direct
Detect� Spectrometer was used to determine the protein concen-
tration in the collected supernatant. Each sample was aliquoted
for measurement of glutathione (GSH), malondialdehyde (MDA),
and catalase (CAT) levels to assess the effect of gefitinib and valsar-
tan on the cardiac oxidative stress.

Sedlak and Lindsay’s method was used to measure GSH concen-
tration in the cardiac tissues as described before (Imam et al.,
2018). Samples and standards were mixed with dithiobis(2-
nitrobenzoic acid) (DTNB) and then the absorbance of the mixture
was taken within 5 min at 412 nm.

MDA levels were measured as an indicator of lipid peroxidation
(LPO) (Imam et al., 2018). As described before, the collected super-
natant was mixed with trichloroacetic acid (TCA) and thiobarbi-
turic acid (TBA) and heated for 1 hr at 90 ± 5 �C in water bath.
All samples were kept in ice cold water for 10 min and then cen-
trifuged at 8000 � g for 10 min. The supernatant was separated,
and the absorbance was taken at 650 nm (Imam et al., 2018).

Cardiac CAT activity was evaluated using Claibone method
through incubation of the supernatant with hydrogen peroxide
(H2O2) (Imam et al., 2018). CAT-dependent H2O2 consumption
was measured through observing the reduction of H2O2 absor-
bance each minute at 240 nm. It was expressed as nm of H2O2 con-
sumed/min/mg protein (Imam et al., 2018).

2.9. Statistical analysis

The statistical comparisons between groups were performed via
an analysis of variance (ANOVA) approach followed by the Tukey–
Kramer multiple comparison test using GraphPad prism 9. Data
were expressed as mean ± SEM and P value < 0.05 was considered
statistically significant.
3. Results

3.1. Effect of gefitinib and valsartan on heart weight to body weight
(HW/BW) ratio and cardiac hypertrophy markers

HW/BW ratio index was calculated to assess the hypertrophic
response to gefitinib and valsartan treatment as an indicator of car-
diac hypertrophy. Gefitinib treatment increased HW/BW ratio sig-
nificantly as compared with control group, which showed that
gefitinib treatment might induce cardiac hypertrophy (Fig. 1A). In
contrast, GEF + VAL group possessed a lower HW/BW ratio than
the untreated gefitinib group (Fig. 1A). In control and valsartan
groups, no significant difference in HW/BW ratio was noticed
among the study (Fig. 1A). For further investigation, serum levels
of CK-MB, NT-proBNP, and cTnI were measured to evaluate the car-
diac hypertrophy induced by gefitinib and the role of valsartan in
preventing this action. As expected, gefitinib significantly
increased CK-MB, NT-proBNP, and cTnI levels in serum. Valsartan
attenuated the induction of cardiac hypertrophy markers in
GEF + VAL group (Fig. 1B-D). These results approved that gefitinib
causes cardiac hypertrophy and can be prevented by blocking
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Fig. 1. HW/BW index and serum cardiac hypertrophy markers after treatment with gefitinib (30 mg/kg) and/or valsartan (30 mg/kg). (A) Effect of gefitinib and/or valsartan on
heart weight to body weight ratio index. (B, C, D) Effect of gefitinib and/or valsartan on serum levels of c-TnI, TN-proBNP, and CK-MB, respectively. Data are expressed as the
mean ± SEM; n = 6. *P < 0.05, **P < 0.01, ****P < 0.0001. GEF, gefitinib; VAL, valsartan.
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AT1R. Moreover, histological examinations and RAS were exam-
ined for further study of AT1R blockade in prevention of
gefitinib-induced cardiac hypertrophy.

3.2. Histological changes during gefitinib and valsartan treatment in
cardiac tissues

Gefitinib caused cardiac hypertrophy characterized by marked
increased thickness of the myocardium (Fig. 2C). The ventricular
thickness was measured at x4 magnification, and it found high
thickness with constriction and congestion in the gefitinib group
(Fig. 2G, I). In GEF + VAL, normal thickness of the myocardium
was shown in (Fig. 2D, H, I), whereas valsartan treatment pre-
vented the induced cardiac injuries caused by gefitinib. Normal
thickness of the ventricular wall was noticed in control and valsar-
tan groups (Fig. 2A-B, E-F, I). These results found that histological
changes occurred only in the gefitinib group, which was blocked
through administration of valsartan with gefitinib as shown in
(Fig. 2C, G, I) and (Fig. 2D, H, I), respectively.

3.3. Effect of gefitinib and valsartan on apoptosis

The result of TUNEL assay showed that gefitinib treatment was
able to induce apoptosis, which showed a high number of apop-
totic nuclei in cardiomyocytes and endothelial cells (Fig. 3A-D).
The percentage of apoptotic cells to the total number cells was
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significantly increased (�55%) in the gefitinib group as compared
to the control group (�3%) (Fig. 3E). Valsartan co-treatment atten-
uated the induction of apoptosis by gefitinib in the GEF + VAL
group. The results showed decrease in the number of apoptotic
nuclei and percentage of apoptotic cells (�13%) in the GEF + VAL
group as compared to the gefitinib group (Fig. 3C-E). In the control
and valsartan groups, results showed a few numbers of apoptotic
nuclei and ratio of apoptosis (Fig. 3A, B, E).
3.4. Effect of gefitinib and valsartan on AngII levels and the expression
of its cardiac receptors

Plasma levels of AngII were significantly increased during gefi-
tinib treatment (Fig. 4A). Induction of AngII might lead to increase
in the expression of its receptors, whereas AT1R and AT2R were
highly expressed in the cardiac tissues as shown in western blot
data (Fig. 4B-D). In contrast, blocking AT1R by valsartan during
gefitinib treatment attenuated the induction of plasma AngII
levels, AT1R, and AT2R expression (Fig. 4A-B). In control and val-
sartan groups, results showed normal levels of AngII and its car-
diac receptors expression (Fig. 4). Induction of RAS system in
gefitinib-induced cardiac hypertrophy might be related to the
pathogenesis of the disease. However, AT1R overactivation
through gefitinib-induced AngII was studied to find its roles in
the activation of down signaling pathways causing cardiomyocyte
hypertrophy.
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3.5. Effect of gefitinib and valsartan on apoptosis and oxidative stress
in rat cardiomyocyte

In vitro studies on rat cardiomyocyte H9c2 cells were per-
formed to study the effect of gefitinib and valsartan on apoptosis
and oxidative stress. The obtained results showed that gefitinib
increased the early apoptotic/apoptotic cardiomyocytes but co-
treatment with valsartan reversed the effect mediated by gefitinib
(Fig. 5A-C). In oxidative stress assessment, gefitinib markedly
1163
decreased the percentage of cardiomyocytes with ROS- and
increased the percentage of cardiomyocytes with ROS + as com-
pared with vehicle-treated cells (Fig. 5D-F). In contrast, concomi-
tant treatment of valsartan with gefitinib increased the
percentage of cardiomyocytes with ROS- and reduced the percent-
age of cardiomyocytes with ROS + as compared with gefitinib alone
treated cells (Fig. 5D-F).

To confirm the role of AT1R blockade in the prevention of
gefitinib-mediated oxidative stress, cardiac oxidative stress was
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evaluated through measurement of GSH, MDA, and CAT enzyme
levels in cardiac homogenates. Gefitinib decreased the antioxi-
dants (GSH & CAT) levels and induced the oxidant (MDA) levels
in the heart (Fig. 5G-I). In contrast, GSH, MDA and CAT levels were
corrected to the normal levels with valsartan treatment as shown
in (Fig. 5G-I). Results demonstrated that gefitinib disturbed the
balance between the antioxidants and oxidants, which might be
related to the excessive production of ROS in the heart.

3.6. Effect of gefitinib and valsartan on NADPH oxidase expression

For further investigation of the effect of gefitinib and valsartan
in the induction of cardiac oxidative stress. This study assessed the
expression of NADPH oxidase, which is the main source of ROS in
the cardiac tissues, through protein levels measurement of its car-
diac subunits (NOX2 & NOX4). Gefitinib increased the protein
expression of NOX2 and NOX4 as compared with control group,
but the co-treatment with valsartan reversed the effect mediated
by gefitinib in GEF + VAL group (Fig. 6A-C). Results showed that
gefitinib induced NADPH oxidase leading to ROS formation and
oxidative stress in the heart.

3.7. Effect of gefitinib and valsartan on JNK/p38-MAPK expression

NADPH oxidase-mediated ROS formation might activate MAPK
pathway in cardiac hypertrophy induced by gefitinib. As expected,
gefitinib increased the protein levels of the phosphorylated JNK/
1164
p38-MAPK as compared with control group (Fig. 6A, D, E). AT1R
blockade via valsartan downregulated the expression of the phos-
phorylated JNK/p38-MAPK in GEF + VAL group (Fig. 6A, D, E). These
results revealed that gefitinib induced MAPK pathway via ROS for-
mation mediated by activation of AngII/AT1R/NOX in the
cardiomyocyte.
4. Discussion

Management of cardiotoxicity associated with EGFRIs therapy
is a clinical challenge in cancer patients that requires a multi-
faceted approach for diagnosis and treatment. EGFRI-associated
cardiac adverse events (CAE) vary widely, depending on each
specific drug, duration of treatment and comorbid health prob-
lems. CAE induced by EGFRIs ranges from QT prolongation to heart
failure (Morissette et al., 2015). Still, the correlation between RAS
and induction of cardiovascular complications in EGFRIs therapy
is not fully understood. In the current study, our results demon-
strate that 21 days of gefitinib treatment caused cardiac hypertro-
phy as approved by the elevation of cardiac enzymes (CK-MB, NT-
proBNP, and cTnI) and the histological changes in the heart. Fur-
thermore, the finding results revealed that an increase in plasma
AngII levels, cardiac AT1R/AT2R expression, oxidative stress,
NADPH oxidase and JNK/p38-MAPK activation during gefitinib
treatment. In contrast, AT1R blockade by valsartan managed the
associated cardiac complications on the histological, enzymatic,
and cellular levels, whereas the dysregulation of RAS, oxidant/an-
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tioxidant balance, NADPH oxidase and JNK/p38-MAPK was modi-
fied in the cardiac tissues.

Gefitinib has been reported in induction of cardiovascular com-
plications in many cases (Zaborowska-Szmit et al., 2020). One of
the most vascular complications of gefitinib is induction of acute
coronary syndrome, which was noticed in a study of twenty
patients who received gefitinib for two weeks (Kanazawa et al.,
2005). Thereafter, a diabetic and hypertensive female patient had
lung adenocarcinoma and then diagnosed with acute coronary syn-
drome after two months of gefitinib treatment course (Yamaguchi
et al., 2005). However, antiplatelet drugs were recommended with
gefitinib treatment to avoid the incidence of acute coronary syn-
drome (Zaborowska-Szmit et al., 2020). Cardiotoxicity induced by
gefitinib has been reported in several cases including myocarditis
and myocardial infarction (Truell et al., 2005, Lynch et al., 2011).
In 2005, a case of a 71-year-old male was reported with fulminant
myocarditis after a week of gefitinib treatment (Morissette et al.,
2015). In addition, recurrent myocardial infarction was reported
in a patient treated with gefitinib for metastatic carcinoid tumor
(Lynch et al., 2011). Thereafter, in-vitro and in-vivo studies were
conducted to understand the mechanisms underlying gefitinib-
induced QT prolongation and cardiotoxicity (Korashy et al., 2016,
Jie et al., 2021). Studies approved the ability of gefitinib to cause
cardiac hypertrophy in cardiomyocyte cell line (H9c2) and Wistar
albino rats through induction of oxidative stress and apoptosis
(Zaborowska-Szmit et al., 2020). The findings from the present
study were consistent with previous studies in showing the capa-
bility of gefitinib to induce cardiac hypertrophy as approved by
histological studies and measurement of serum cardiac enzymes.
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Furthermore, current study validated gefitinib-induced oxidative
stress via in-vitro and in-vivo studies, which found an elevation
in ROS formation and disruption of oxidant/antioxidant balance
in the cardiomyocytes and the cardiac tissues, respectively.

AngII is a potent cardiac hypertrophic agent that has been
involved in the pathogenesis of cardiac hypertrophy in various
pathological conditions such as diabetes, hypertension and
anticancer-mediated cardiotoxicity (Ahmad et al., 2009, Masuda
et al., 2012, Pinter et al., 2018). Our findings demonstrated that
RAS systemmight be involved in the induction of cardiac hypertro-
phy induced by gefitinib. As expected, it was found that 21 days of
gefitinib treatment increased plasma AngII levels and its cardiac
AT1R/AT2R expression. Although the AT1R induces the majority
of AngII effects, effects of AT2R upon binding to AngII are still
insufficiently understood. Studies showed that AT2R attenuated
AT1R-mediated pathways such as proliferation and apoptosis
(Dasgupta and Zhang 2011). In contrast, other study demonstrated
that AT2R can mediate cardiomyocyte hypertrophy with no effects
on AT1R-induced hypertrophy in cardiomyocytes treated with
AngII (D’Amore et al., 2005). As described in the previous studies,
AT2R expression is usually low during health condition, and
increased in pathological situation as a tissue response to damage
(Barker et al., 2006). In the current study, AT1R blockade via valsar-
tan during gefitinib treatment might contribute to prevent the
induced cardiac injury leading to return AT2R receptor to the nor-
mal expression. Still, the exact mechanisms of gefitinib-induced
RAS including AT2R and downregulation of AT2R after AT1R block-
ade in gefitinib-induced cardiotoxicity are not clear and need fur-
ther investigation. AT1R is the main participant in activation of



Fig. 7. Graphical summary. Gefitinib induced RAS system mediating cardiac oxidative stress and activation of JNK/p38 MAPK pathway leading to cardiac hypertrophy.
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NADPH oxidase provoking superoxide production and imbalance
between oxidants/antioxidants causing oxidative stress in cardio-
vascular diseases (Hingtgen et al., 2006). Previous studies found
that AT1R activation upon binding to AngII stimulated NOX2-
containing NADPH oxidase leading to induction of ROS-induced
cardiac hypertrophy (Hingtgen et al., 2006). NOX2 and NOX4 are
the predominant subunits of NADPH oxidase found in the heart
(Sirker et al., 2007). In heart diseases, it was found that upregula-
tion of NADPH oxidase induces ROS formation through superoxide
production in the cardiomyocytes causing cell injury and hypertro-
phy (Sirker et al., 2007, Dikalov and Nazarewicz 2013). Our results
found that NOX2 and NOX4 were highly expressed in the cardiac
tissues and ROS production was increased in the cardiomyocytes
in gefitinib-mediated oxidative stress, which might be promoted
by the induced AT1R. In the current study, activation of AT1R-
mediated NADPH oxidase inducing ROS formation is consistent
with previous studies that demonstrated the role of ROS in
AngII-induced cardiac hypertrophy (Wen et al., 2019). AT1R is
redox dependent receptor causing overproduction of ROS and
might result in overactivation of AT1R-mediated cardiomyocyte
signaling pathways such as MAPK (Dikalov and Nazarewicz
2013). As shown in a previous study, overproduction of ROS
induced by NADPH oxidase led to activation of JNK/p38-MAPK
pathway that plays a pivotal role in cardiomyocyte hypertrophy
and apoptosis in a rat model of pancreatitis (Wen et al., 2019).
Moreover, another research study showed the role of AngII-
induced ROS in activation JNK/p38-MAPK pathway resulted in
hypertrophic responses in rat neonatal cardiomyocytes (Nishida
et al., 2005). Consistent with previous studies, our findings demon-
strated that gefitinib stimulated AngII/AT1R-mediated ROS forma-
tion and JNK/p38-MAPK pathway causing cardiac hypertrophy. For
further investigation, the present study was also conducted to
identify the role of AT1R blockade in the prevention of conse-
quences that associated with RAS activation and providing cardiac
protection in cardiotoxicity induced by gefitinib.
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AT1R blockers (ARBs) are classified chemically into bi-phenyl
tetrazole analogs (azilsartan, candesartan, irbesartan, losartan,
olmesartan and valsartan) or non-biphenyl tetrazole analogs
(eprosartan and telmisartan) (Singh et al., 2018). ARBs provide a
cardioprotective role in various pathological conditions through
downregulation of AngII-mediated pathways causing oxidative
stress, inflammation and apoptosis in the cardiomyocyte
(Munger 2011, Escobales et al., 2019). Valsartan is a potent AT1R
blocker that showed a beneficial effect in the prevention of car-
diotoxicity and cardiovascular diseases (Goyal et al., 2011,
Akolkar et al., 2015, Zhang et al., 2016). The current study found
that valsartan downregulated the induced AngII receptors,
whereas AT1R blockade corrected the histological changes and car-
diac enzymes in gefitinib treatment. Valsartan attenuated AngII-
mediated NADPH oxidase leading to regulation of ROS formation,
MDA, GSH and CAT levels in the cardiomyocyte during cardiac
hypertrophy induced by gefitinib. Moreover, AT1R blockade by val-
sartan downregulated JNK/p38-MAPK through inhibition of AT1R-
mediated NADPH oxidase and ROS formation. These findings corre-
spond with previous study demonstrated that valsartan corrected
AT1R-induced NOX/ROS/MAPK pathway leading to the prevention
of cardiomyocyte hypertrophy (Cheng et al., 2021). To our knowl-
edge, there is no prospective study showed the link between the
cardiotoxicity of gefitinib and RAS system. Still, further investiga-
tion is needed to identify the factors that involved in induction
of AngII formation and expression of AT1R and AT2R in gefitinib-
induced cardiac hypertrophy.
5. Conclusions

In the current study, our results showed that gefitinib-induced
cardiac hypertrophy through overactivation of AngII/AT1R leading
to NOX-mediated ROS formation resulted in activation of JNK/p38-
MAPK signaling pathway in the cardiomyocyte. AT1R blockade by
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valsartan attenuated these effects provided cardioprotection dur-
ing gefitinib treatment (Fig. 7). However, our study demonstrated
that AngII and its receptors might be a potential target in the man-
agement of gefitinib-induced cardiotoxicity.
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