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Lapatinib induces mitochondrial dysfunction to enhance oxidative stress and
ferroptosis in doxorubicin-induced cardiomyocytes via inhibition of PI3K/AKT
signaling pathway
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ABSTRACT

Lapatinib (LAP) is an important anti-cancer drug and is frequently alongside doxorubicin (DOX) as
a combination therapy for better anti-cancer efficacy. However, many studies have reported that
LAP in combination with DOX may induce highly cardiotoxicity. Accordingly, we aimed to explore
the potential mechanism involved in the synergistic effect of LAP in DOX-induced cardiotoxicity.
Here, cell counting kit-8 was used to detect cell viability and lactate dehydrogenase measurement
was performed to assess cell injury. Cell apoptosis was evaluated by TUNEL assay and western blot
assay. Mitochondrial dysfunction was identified by JC-1 assay, adenosine triphosphate (ATP) and
Cytochrome C. Moreover, the activity of ROS, SOD, CAT and GSH were measured to elucidate
oxidative stress level. Ferroptosis was examined by levels of Fe?*, GPX4 and ASCL4. Expressions of
PI3K/AKT signaling were identified by western blot assay. The results revealed that LAP inhibited
the cell viability and exacerbated cell injury induced by Dox, as well as increased cell apoptosis.
LAP aggravated DOX-induced mitochondria damage by changed mitochondrial membrane
potential, decreased ATP and increased level of Cytochrome C. In addition, the combination of
LAP and DOX induced oxidative stress and ferroptosis in H9c2 cells. The activation of PI3K/AKT
signaling reversed the detrimental effects of LAP on DOX-induced H9c2 cells. The data in this
study showed for the first time that LAP aggravated Dox-induced cardiotoxicity by promoting
oxidative stress and ferroptosis in cardiomyocytes via PI3K/AKT-mediated mitochondrial dysfunc-
tion, suggesting that PI3K/AKT activation is a promising cardioprotective strategy for DOX /LAX
combination therapies.
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Introduction . : . .
when drug resistance emerges in patients with

Doxorubicin (DOX) is a kind of anthracyclines
and has been widely used as an effective antitumor
drug [1]. However, the clinical application of DOX
is limited because of various side effects, especially
its severe dose-dependent and cumulative cardio-
toxicity [2]. DOX may induce acute or chronic
cardiomyopathy, among which acute cardiotoxi-
city is unfrequent but chronic cardiactoxicity is
dose-dependent, resulting in cardiac dysfunction,
cardiomyopathy, heart failure and eventually death
[3,4]. Although in-depth study on DOX-induced
cardiotoxicity have proceeded for many years, the
underlying mechanisms responsible for DOX-
induced cardiotoxicity are still not understood [5].

Lapatinib (LAP) is an anticancer drug, which is
a tyrosine kinase inhibitor (Figure 1a). LAP is
regarded as a nice alternative to trastuzumab

metastatic human epidermal growth factor recep-
tor 2 (HER2)-positive breast cancer [6]. LAP is
usually used with the application of anthracyclines
(ANT) including DOX, as a combination therapy
for enhanced anti-tumor efficacy [7]. According to
the clinical data available so far, LAP may cause
adverse reactions in cardiovascular system [8].
Besides, LAP in combination with DOX may
highly damage cardiac myocytes. LAP alone did
not significantly cause myocyte injury at pharma-
cological concentrations [9]. However, DOX-
induced myocyte damage was greatly increased
by the addition of low concentrations of LAP
[10]. It has been shown that LAP synergistically
increased DOX toxicity in a time- and dose-
dependent manner in human pluripotent stem
cell-derived  cardiomyocytes through iNOS
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Figure 1. Effect of LAP on DOX-induced cytotoxicity in H9c2 cells. H9c2 cells were treated with 1 pM DOX with or without 1-3 uM
LAP for 24 h. A, Chemical structure of Lapatinib. B, Cytotoxicity effect of LAP on H9c2 cells. C, LDH level in DOX-induced cells with or
without different doses of LAP. D and E, Cell apoptosis was detected by TUNEL assay. Original magnification: x200. F, Protein levels
of Bcl-2 and Bax were measured by western blot assay. LAP: Lapatinib; DOX: Doxorubicin; LDH: Lactate dehydrogenase. Data are

+

expressed as mean
#p < 0.01, ™P < 0.001 versus DOX.

signaling [11]. Thus, understanding the molecular
mechanisms underlying cardiactoxicity of LAP/
DOX combination and developing preventive
strategies and effective treatments against LAP/
DOX combination-induced cardiotoxicity are
urgent.

SD calculated from three independent experiments. *P < 0.05, ***P < 0.001 versus control. *p < 0.05,

In this study, we aims to investigate the role of
LAP in DOX-induced cardiotoxicity and its possible
mechanism and we hypothesized that LAP plays
a reinforced role in DOX-induced cardiomyocyte
injury. We found that different doses of LAP aggra-
vated Dox-induced «cell injury, apoptosis,
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mitochondrial dysfunction, oxidative stress and fer-
roptosis by repressing the PI3K/Akt signaling path-
way. Conversely, 740Y-P, an agonist of PI3K/Akt
signaling pathway, alleviate Dox-induced cardio-
toxicity. The findings of this study might put for-
ward a novel fundamental insight into how LAP
exacerbates Dox-induced cardiotoxicity and provide
a potential target for intervention against cardiotoxi-
city induced Dox treatment.

Materials and methods
Cell culture and treatment

Rat cardiomyoblast cell line H9¢c2 was obtained from
Type Culture Collection of the Chinese Academy of
Sciences (Shanghai, China) and the cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM)
with 10% fetal bovine serum (FBS), 100 IU/mL peni-
cillin and 100 pg/mL streptomycin in a humidified 5%
CO2 atmosphere at 37°C. To assess the effects of LAP
on DOX-induced cardiotoxicity, H9c2 cells were trea-
ted with 1 uM Dox or co-treated with Dox (1 uM) plus
LAP (1-3 puM) for 24 h, respectively. In pathway
activation tests, H9c2 cells were pretreated with
30 uM 740Y-P (PI3K activator) for 1 h and then
incubated with 1 uM Dox or co-incubated with Dox
(1 uM) plus LAP (1-3 pM) for 24 h before analy-
sis [12].

Cell viability

Cell viability was measured using the cell counting kit-
8 (CCK-8) in accordance with the manufacturer’s
instructions [13]. Cells were seeded at a density of
5 x 10° cells/well in a 96-well plate and treated with
1 uM Dox in the presence and absence of 1, 2, 3 uM
LAP for 24 h. After that, 10 ul CCK-8 solution was
added to each well and cells were incubated at 37°C for
2 h. The absorbance at 450 nm was measured by
a microplate Reader (Bio-Rad, La Jolla, CA, USA).
Each group was repeated six times and all experiments
were done in triplicate.

Measurement of Lactate dehydrogenase (LDH)
activity

Myocardial cytotoxicity was detected by using a LDH
assay kit (Nanjing Jiancheng Biotechnology, Nanjing,

China) [14]. H9¢2 cells were seeded (1x10* cells/well)
in 96-well plates and were treated with 1 uM Dox or
co-treated with Dox (1 uM) plus LAP (1, 2, 3 uM) for
24 h. At the end of the treatment, the cell culture
media were harvested and the LDH activity was
detected at 530 nm using a microplate reader
(Benchmark; Bio-Rad Laboratories, Inc.).

Terminal deoxynucleotidyl transferasemediated
dUTP nick end-labeling (TUNEL)

TUNEL assay was performed to evaluate H9c2 cell
apoptosis [15]. After treatment with Dox or Dox plus
LAP, cells were washed and fixed with 4% paraformal-
dehyde at room temperature. After incubation with
proteinase K for 15 min, cells were placed in 3% H,0,
for 15 min at room temperature and treated by
TUNEL detection kit. After incubation, cells were co-
labeled with 1 pg/ml DAPI working solution for
10 min. The labeled H9¢2 cells were visualized by
a fluorescence microscope (Olympus BX53, Japan).

DCFH-DA staining

To identify the ROS production, a fluorescenceprobe
2, 7-dichlorofluorescin diacetate kit (DCFH-DA,
Sigma) was used [16]. H9c2 cells after the experiment
procedures were washed with PBS and incubated with
DCFH-DA without light for 30 min at 37°C. The cells
were then washed with PBS three times and the fluor-
escence intensity was detected by using a fluorescence
microscope (Thermo Fisher Scientific, Waltham, MA,
USA) at an excitation and an emission wavelength at
485 and 520 nm, respectively.

Detection of SOD, CAT and GSH level

H9c2 cells were seeded in six-well plates at
a density of 4 x 10° cells/well. Following treat-
ment of Dox or co-treatment with Dox plus
LAP, the activity of SOD, CAT and GSH in
cell media was analyzed with a SOD kit from
Beyotime Institute of Biotechnology (Jiangsu,
China). The absorbance at 532 nm was recorded
using a microplate reader (Benchmark; Bio-Rad
Laboratories, Inc.) [17].



Evaluation of mitochondrial membrane
motential (MMP)

Cationic dye 5, 5/, 6, 6'-tetrachloro-1, 1, 3, 3-tetra-
ethylbenzimidazolyl-carbocyanine iodide (JC-1,
Sigma-Aldrich, MO, USA) staining was conducted
to assess mitochondrial membrane motential
(MMP) [18]. Briefly, after treatment with Dox or
Dox plus LAP in the presence or absence of 30 uM
740Y-P, H9c2 cells were collected and incubated
with JC-1 for 20 min at 37°C, and were then
detected with fluorescence microscope. Red fluor-
escence represented a potential-dependent aggre-
gation in the mitochondria, reflecting AYm. Green
emission of the dye represented the monomeric
form of JC-1, appearing in the cytosol after mito-
chondrial membrane depolarization. The wave-
lengths of excitation and emission were 514 nm
and 529 nm for detection of monomeric form of
JC-1, while 585 nm and 590 nm were used to
detect aggregation of JC-1.

Measurement of Adenosine Triphosphate (ATP)
level and Fe**

The ATP level was evaluated by using the CellTiter-
Glo Luminescent Assay Kit (Promega K.K., Tokyo,
Japan) according to the manufacturer’s protocol [19].
In addition, Fe*" level was measured using kits from
Abcam (product code ab83366, 593 nm) according to
the manufacturer’s instructions.

Western blot analysis

The total proteins from H9c2 cells were extracted
using RIPA buffer (Bio-Rad, CA, USA). The protein
concentration was determined with Detergent
Compatible Bradford Protein Assay Kit (Beyotime,
Shanghai, China). The samples were separated by
10% SDS-PAGE (Bio-Rad, Hercules, CA) and trans-
ferred electrophoretically onto PVDF membranes
(Millipore, USA). Then the membranes were incu-
bated at 4°C overnight with the primary antibodies
targeting: Bcl-2 (1:2000; ab182858, Abcam), Bax
(1:1000; ab32503, Abcam), Cytochrome C (1:5000;
ab133504, Abcam), GPX4 (1:1000; ab125066,
Abcam), ASCL4 (1:1000; ab81150, Abcam), PI3K
(1:1000; #4292, Cell Signaling Technology), AKT
(1:1000; #9272, Cell Signaling Technology); p-PI3K
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(1:1000; #17,366, Cell Signaling Technology), p-AKT
(1:1000; #9611, Cell Signaling Technology) and
GAPDH (1:2500; ab9485, Abcam), and then incu-
bated with the corresponding HRP-conjugated sec-
ondary antibody (1:2000; ab6721, Abcam) for
2 hours at room temperature. The bands were
detected by using an ECL detection system
(Beyotime Institute of Biotechnology, China) and the
density of the bands was determined using Image]J
software (NIH, Bethesda, MD, USA) [20].

Statistical analysis

The statistical analysis was performed using
Graphpad Prism 8 (GraphPad Software, Inc.). All
data were reported as mean + standard deviation.
The differences between groups were examined
using one-way ANOVA followed by Bonferroni
post hoc test. P values of less than 0.05 were
considered statistically significant.

Results

In this study, we investigate the effects and the
potential mechanism of LAP in DOX-induced
H9c2 cells. The data revealed the administration
of LAP caused the increased DOX-induced car-
diotoxicity and  potentiated mitochondria
damage. In addition, LAP treatment exacerbate
DOX-stimulated oxidative stress and ferroptosis
in H9¢2 cells. Mechanistic investigations showed
that LAP in combination with DOX induced
elevated level of oxidative stress and ferroptosis
in H9c2 cells through inhibition of the PI3K/
AKT pathway. Overall, our study presented
a novel mechanism involved in ferroptosis for
the synergistic cardiotoxicity of LAP-plus-DOX
combination therapy, which may be associated
with the PI3K/Akt signaling. These findings pro-
vided a better understanding of the synergistic
toxicity of LAP-plus-DOX combined treatment.

LAP results in increased cytotoxicity in
DOX-induced H9c2 cells in a dose-dependent
manner

To investigate the effects of LAP on cardiac myo-
cytes following DOX treatment, cell viability of
H9c2 cells was measured firstly. As shown in
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Figures 1b, 1 uM DOX inhibited cell viability, and
LAP further resulted in a dose-dependent decrease
in cell viability. Additionally, the results from LDH
activity experiment showed that the LDH level was
dramatically increased by DOX treatment. LAP
exacerbated the production of LDH under expo-
sure of H9¢c2 cells to DOX for 24 h (Figure 1c).
Subsequently, we detected the effects of LAP-plus-
DOX combined treatment on cell apoptosis. As
presented in Figure 1d and E, DOX exposure
increased the rate of cell apoptosis, and the com-
bined treatment of LAP-plus-DOX promoted
more cell apoptosis when compared with DOX
alone. Expectedly, western blot assay results
revealed that LAP-plus-DOX combined treatment
reduced the Bcl-2 level while enhanced the Bax
level in HO9c2 cells (figure 1f), suggesting that
LAP reinforced DOX-induced toxicity in
cardiomyocytes.

LAP-plus-DOX combined treatment potentiates
mitochondria damage in H9¢2 cells

It has been reported that tyrosine-kinase inhibi-
tors, including LAP, affect normal mitochondria
structure and function [21,22]. With this in mind,
we evaluated mitochondria injury in H9c2 cells.
As shown in Figure 2a, aggregated JC-1 in mito-
chondria of normal cardiomyocytes exhibited red
fluorescence, and exposure to 1 uM DOX
increased dissipation of A¥m, with increased
green fluorescence (monomeric JC-1) in mito-
chondria. In addition, combined treatment (LAP-
plus-DOX) facilitated DOX-induced dissipation
of AYm in a concentration-dependent manner.
Furthermore, the ATP level was found to be
decreased in the DOX group compared to the
control group, and a less level of ATP was
shown in the combination group, as compared
to the DOX group (Figure 2b). Also, an increase
in the level of Cytochrome C was observed in
H9c2 cells induced with DOX for 24 h in contrast
to the control group. As expected, LAP treatment
for 24 h after DOX exposure significantly stimu-
lated  the  production of  Cytochrome
C (Figure 2c). These results indicate that LAP
synergistically enhances DOX-induced toxicity
by inducing mitochondrial dysfunction.

LAP aggravates DOX-induced oxidative stress
and ferroptosis in H9c2 cells

Mitochondria is the primary organelle that takes the
center role in substance and energy metabolism, and
iron metabolism in iron catabolic, anabolic and utili-
zation pathways, which are associated with the process
of oxidative stress and ferroptosis [23]. Thus, we
explore effects of mitochondrial dysfunction induced
by LAP treatment on oxidative stress and ferroptosis
in H9c2 cells. As shown in Figure 3a, the number of
stained cells was remarkably increased following expo-
sure of H9¢2 cells to DOX for 24 h. Besides, LAP-plus-
DOX caused an increase in ROS level compared with
the treatment of DOX alone in a dose-dependent
manner. Moreover, DOX induction significantly sup-
pressed the generations of SOD, CAT and GSH com-
pared to the control group, and the inhibitory effect
was more obvious upon supplementation with LAP
(Figure 3b-d). Then, ferroptosis in H9¢2 cells was
identified with detection of F** and western blot ana-
lysis. As depicted in Figure 4a, the content of F** in
cells treated with DOX was increased and was further
elevated in LAP-plus-DOX combined treatment.
Similarly, data from western blotting demonstrated
that, GPX4 level in DOX-stimulated cells, compared
with that in the control cells, was greatly reduced while
ASCLA4 level was increased in a dose-dependent man-
ner. In addition, exposure to LAP reduced DOX-
induced decreased GPX4 level but increased ASCL4
level to a higher degree (Figure 4b). These findings
suggest that LAP improves DOX-induced cell injury
by aggravating oxidative stress and ferroptosis in H9¢c2
cells.

PI3K/AKT signaling pathway is inhibited by LAP
upon exposure of H9¢c2 cells to DOX

To further understand the mechanism responsible for
the synergistic toxicity of LAP-plus-DOX combined
treatment, we detected the expression alteration of
PI3BK/AKT signaling after combining LAP-plus-
DOX. According to Figure 5, DOX alone restrained
the phosphorylation of both PI3K and AKT, and LAP-
plus-DOX combined treatment caused the lower
expressions of p-PI3K and p-AKT compared with
the DPX group. However, the total protein levels of
PI3K and AKT were not affected significantly by DOX
alone or combination of LAP-plus-DOX, suggesting
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Figure 2. Effect of LAP on DOX-induced mitochondria damage in H9¢2 cells. H9¢c2 cells were treated with 1 uM DOXwith or without
1-3 uM LAP for 24 h. A, MMP was identified by JC-1 staining. Red fluorescence represents the mitochondrial aggregate form of JC-1,
indicating intact mitochondrial membrane potential. Green fluorescence represents the monomeric form of JC-1, indicating
dissipation of AWm. Original magnification: x200. B, ATP level in DOX-induced cells with or without different doses of LAP. C,
Protein level of Cytochrome C was measured by western blot assay. LAP: Lapatinib; DOX: Doxorubicin; MMP: mitochondrial
membrane potential. Data are expressed as mean + SD calculated from three independent experiments. ***P < 0.001 versus

control. *P < 0.05, P < 0.001 versus DOX.

that the treatment of LAP may potentiate DOX-
induced cardiomyocyte injury and cytotoxicity via
blocking the PI3K/AKT signaling pathway.

LAP in combination with DOX promotes
mitochondria damage in H9c2 cells through
inhibition of PI3K/AKT pathway

To investigate the role of PI3K/AKT in regulation of
LAP in combination with DOX in H9¢2 cells, 30 uM
of 740Y-P was used to activate the PI3K/AKT path-
way. As shown in Figure 6a, LAP-plus-DOX com-
bined treatment significantly reduced aggregate JC-1
whereas increased monomeric JC-1, but 740Y-P

abated the dissipation of AWm, showing more red
fluorescence and less green  fluorescence.
Additionally, the ATP level was undermined by
combining LAP with DOX, while administration of
740Y-P reversed the decreased level of ATP in cells
co-treated with LAP with DOX (Figure 6b).
Subsequently, western blot assay revealed an increase
in Cytochrome C level was caused by DOX and
combination of LAP with DOX, but treatment of
740Y-P rehabilitated the level of Cytochrome
C (Figure 6c). Thus, our results indicated that
PI3K/AKT pathway is associated with mitochondria
injury induced by LAP-plus-DOX combined treat-
ment in H9¢2 cells.
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Figure 3. Effect of LAP on DOX-induced oxidative stress in H9c2 cells. H9c2 cells were treated with 1 uM DOXwith or without 1-3 uM
LAP for 24 h. A, ROS level was detected by DCFH-DA staining. Original magnification: x200. The activity of SOD (b), CAT (c) and GSH
(d) was assessed in DOX-induced cells with or without different doses of LAP. LAP: Lapatinib; DOX: Doxorubicin; ROS: Reactive
oxygen species; SOD: superoxide dismutase; CAT: Catalase; GSH: Glutathione. Data are expressed as mean + SD calculated from three
independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 versus control. P < 0.05, **P < 0.01, **P < 0.001 versus DOX.
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Figure 4. Effect of LAP on DOX-induced ferroptosis in H9¢2 cells. H9c2 cells were treated with 1 uM DOXwith or without 1-3 uM LAP
for 24 h. A, The level of Fe** in DOX-induced cells with or without different doses of LAP. B, Protein levels of GPX4 and ASCL4 were
evaluated by western blot assay. LAP: Lapatinib; DOX: Doxorubicin; GPX4: Glutathione peroxidase 4; ASCL4: acyl-CoA synthetase
long-chain family member 4. Data are expressed as mean + SD calculated from three independent experiments. *P < 0.05,
**p < 0,01 versus control. *P < 0.05, **P < 0.01, P < 0.001 versus DOX.

LAP in combination with DOX exacerbates oxidative
stress and ferroptosis in H9c2 cells induced by DOX
through inhibition of PI3K/AKT pathway

Finally, we investigated the role of PI3K/AKT pathway
in oxidative stress and ferroptosis upon LAP-plus-

DOX treatment. As illustrated in Figure 7a, following
treatment with DOX and LAP, the ROS production
was significantly increased but this effect was reversed
by 740Y-P treatment. The levels of SOD, CAT and
GSH were significantly abolished in the DOX group,
especially in the combination group. However, the
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Figure 5. Effect of LAP on PI3K/AKT signaling pathway in DOX-induced H9c2 cells. H9c2 cells were treated with 1 uM DOXwith or
without 1-3 puM LAP for 24 h. Protein levels of p-PI3K, PI3K, p-AKT and AKT were detected by western blot analysis. Data are
expressed as mean + SD calculated from three independent experiments. *P < 0.05, *P < 0.01, **P < 0.001 versus DOX.

740Y-P group showed the inverse results (Figure 7b-
d). In addition, the content of F**, compared with the
DOX group, was revealed to be elevated by LAP-plus-
DOX combined treatment, while the level was declin-
ing after 740Y-P was administrated (Figure 8a).
Moreover, GPX4 expression was decreased and
ASCLA4 level was higher following DOX treatment or
the combination therapy of LAP and DOX, but it was
observed that 740Y-P preconditioning enhanced
GPX4 expression while decreased ASCL4 expression
(Figure 8b). The data indicate that LAP facilitates
oxidative stress and ferroptosis in DOX-induced
H9c2 cells through blocking the PI3K/AKT pathway.

Discussion

In the present study, we examined the role of LAP
in DOX-induced cardiotoxicity and the mechan-
ism behind the synergistic cardiactoxicity of LAP-

plus-DOX combined treatment. Compared to
DOX alone, LAP in combination with DOX
could increase the cytotoxicity and apoptotic
death of H9¢2 cells, and DOX-induced A¥Ym dis-
sipation reinforced mitochondrial damage in myo-
cardial cells, with the decreased ATP level and
increased content of Cytochrome C. LAP also
facilitated severe oxidative stress and ferroptosis,
by regulating the activation of PI3K/AKT signaling
pathway. The effect of pro-apoptosis, promoting
mitochondrial dysfunction, oxidation, and ferrop-
tosis were leading to LAP’s synergistic cytotoxic
effect.

Although better anti-tumor effects exist upon
combined treatment with LAP-plus-DOX, the car-
diactoxicity due to combination therapy cannot be
ignored [24]. Mitochondria is the major target
organelle of DOX-induced toxicity in cardiomyo-
cytes [25]. DOX has an accumulation in



56 (&) L. SUNETAL.

a
2 Pe:. 3
- A re
Merge " " ' a ) X
4 i
To0m o > To0um ; * ooum
o - - -
" v
&%
» %
. 2 .
Monomeric JC-1 i T i P
it
Control Dox Dox+Lapatinib(3 pM) Dox+Lapatinib(3 pM)+720Y-P
b : c
150 £ 25
s Ty
@ L
8 5 2.0 A
8o oy
100 ge
g o CYOCHIOME C | e s @D W | 12 kD2 O £ 1.57
o A 0
:
50- # 5§ 197
GAPDH | D NS S g | 36 kD2 ge
@ T 0.5
< & & kS
0 & Qo "‘:Q W ]
+ S A [¢) éo\ So\ ¢ 0.0- ? r T
O S >
SIS & & &S &
® R\ FUANNECS 9 &S
& o & & &
R X Q Q 2 8
2 > 3 N3
» o M 2 N
S X Q"\\ +,\/ éo
o &L ) L &
» No
I X
® "
Q

Figure 6. Effects of the activation of PI3K/AKT pathway on mitochondria damage in H9c2 cells with combined treatment of LAP-plus
-DOX. 30 pM of 740Y-P was added to H9c2 cells with combined treatment of LAP-plus-DOX. A, MMP was identified by JC-1 staining.
Original magnification: x200. B, ATP level in DOX/LAP-induced cells with or without 740Y-P. C, Protein level of Cytochrome C was
measured by western blot assay. LAP: Lapatinib; DOX: Doxorubicin; MMP: mitochondrial membrane potential. Data are expressed as
mean + SD calculated from three independent experiments. **P < 0.01 versus control. “*P < 0.01, **#P < 0.001 versus DOX. “P < 0.05

versus DOX+Lapatinib (3 uM).

mitochondria, resulting in the greater mitochon-
drial concentration of DOX than the simultaneous
serum concentration from clinical data [26]. DOX
used the enzymatic-related mechanism in mito-
chondrial respiratory chain and promotes the
accumulation of ROS, which caused primarily
DOX-induced cardiotoxicity [27]. As reported by
Childs et al., generation of ROS induced by DOX
in mitochondrial leads to loss in mitochondrial
membrane potential (MMP), direct activation of
the mitochondrial permeability transition pore
(MPTP), and the release of Cytochrome C [28].

In addition, sufficient ATP production for sustain-
ing normal cardiac contraction is needed fue to
the high-energy-demand nature of the cardiac
muscle requires [29]. Wu et al. demonstrated
that Dox significantly damaged mitochondrial
function and ATP production in male rats [30].
In this study, LAP treatment significantly poten-
tiated DOX-induced HO9c2 cell toxicity by
increased LDH level and improved cell apoptosis,
and caused mitochondria damage with dissipating
MMP, reducing ATP level and enhancing
Cytochrome C.
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Figure 7. Effects of the activation of PI3K/AKT pathway on oxidative stress in H9c2 cells with combined treatment of LAP-plus-DOX.
30 pM of 740Y-P was added to H9c2 cells with combined treatment of LAP-plus-DOX. A, ROS level was detected by DCFH-DA
staining. Original magnification: x200. The activity of SOD (b), CAT (c) and GSH (d) was assessed in DOX/LAP-induced cells with or
without 740Y-P. LAP: Lapatinib; DOX: Doxorubicin; ROS: Reactive oxygen species; SOD: superoxide dismutase; CAT: Catalase; GSH:
Glutathione. Data are expressed as mean + SD calculated from three independent experiments. **P < 0.01 versus control.
#p < 0.001 versus DOX. 222P < 0.001 versus DOX+Lapatinib (3 pM).
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Figure 8. Effects of the activation of PI3K/AKT pathway on ferroptosis in H9c2 cells with combined treatment of LAP-plus-DOX.
30 uM of 740Y-P was added to H9c2 cells with combined treatment of LAP-plus-DOX. A, The level of Fe?* in DOX/LAP-induced cells
with or without 740Y-P. B, Protein levels of GPX4 and ASCL4 were evaluated by western blot assay. LAP: Lapatinib; DOX: Doxorubicin;
GPX4: Glutathione peroxidase 4; ASCL4: acyl-CoA synthetase long-chain family member 4. Data are expressed as mean + SD
calculated from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 versus control. “*#P < 0.001 versus DOX. 2P <
0.01, *2P < 0.001 versus DOX+Lapatinib (3 uM).



58 (&) L. SUNETAL.

Cardiac cells show low antioxidant enzyme activity
and are regarded as a main target for Dox-induced
oxidative stress [31]. In our study, exposure of H9c2
to Dox accelerated ROS production, and inhibited the
activities of SOD, CAT and GSH which have strong
anti-oxidative capacities. Meanwhile, LAP adminis-
tration promoted the production of ROS whereas
restrained the expressions of SOD, CAT and GSH,
suggesting the acceleration of LAP in DOX-treated
oxidative stress in cardiomyocytes, which was in line
with previous results [4,32].

ROS generation is considered as one of the
keys in regulating the process of ferroptosis
[33]. Ferroptosis is a novel iron-dependent regu-
lated cell death (RCD) upon intracellular and
occurs as a consequence of lethal lipid oxidation
[34-36]. Ferroptosis can be induced by the small
molecule erastin, causing the inactivation of the
glutathione peroxidase 4 (GPx4). Inactivation of
GPx4 lost the ability to regulate the production of
ROS, laeding to the accumulation of lipid perox-
idation and eventually cell death [37]. Acyl-CoA
synthetase long-chain family member 4 (ACSL4)
is an enzyme involved in the activation of poly-
unsaturated fatty acids and found to contribute to
ferroptosis [38]. ACSL4 expression has been used
as a meaningful biomarker for monitoring fer-
roptosis [39]. Furthermore, it has reported that
DOX treatment induced features of typical fer-
roptotic cell death in cardiomyocytes of murine
models of DOX induced cardiomyopathy [40].
Besides, Ma et al. revealed that treatment with
LAP synergistically induced ferroptosis in sira-
mesine-treated breast cancer cells [41]. Here,
DOX treatment induced the production of Fe®™,
reduced the protein expression of GPX4 but
enhanced the acyl-CoA synthetase long-chain
family member 4 (ASCL4) expression. LAP-plus-
DOX combined treatment caused higher level of
Fe’*, inhibitory expression of GPX4 and eleva-
tion of ASCL4 level, indicating LAP strengthened
DOX-induced ferroptosis in cardiomyocytes.

Previous studies have showed that PI3K/Akt sig-
naling is a key pathway of mitochondrial apoptosis
induced by DOX [42]. Li et al. also found that LAP
can effectively inhibit PI3K/Akt signal transduction
in non-small cell lung cancer [43]. Thus we specu-
lated the synergistic interaction of LAP and DOX
may be associated with the PI3K/Akt signaling

pathway. In the current study, 30 uM of 740Y-P
was used as an agonist of PI3K/Akt pathway and
added into DOX-induced or LAP-plus-DOX
induced cells. We found that 740Y-P treatment sig-
nificantly reversed the effects of LAP on mitochon-
drial dysfunction, oxidative stress and ferroptosis
upon DOX induction. In addition, the effects of
LAP explored in this study was at the cellular level,
and we will verify our results in animal experiments
and clinical trials in further study.

Conclusion

In conclusion, the results presented a novel mechan-
ism involved in ferroptosis for the synergistic cardi-
otoxicity of LAP-plus-DOX combination therapy
and these pernicious effects may be associated with
the PI3K/Akt signaling, which contributes to our
understanding of the mechanism behind the syner-
gistic toxicity of LAP-plus-DOX combined treat-
ment and provides targets for cardiactoxicity
induced by LAP-plus-DOX combination therapy.
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Highlights

® Lapatinib increases doxorubicin-induced
cytotoxicity and mitochondria damage in
cardiomyocytes.

e Lapatinib potentiates oxidative stress and ferrop-
tosis in doxorubicin-induced cardiomyocytes.

e Lapatinib blocks the PI3K/Akt signaling path-
way in doxorubicin-induced cardiomyocytes.



Lapatinib regulates doxorubicin-induced car-
diomyocytes through inhibiting the PI3K/Akt
signaling pathway.
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