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Inhibition of TRPA1 Attenuates Doxorubicin-Induced Acute
Cardiotoxicity by Suppressing Oxidative Stress, the Inflammatory
Response, and Endoplasmic Reticulum Stress
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The transient receptor potential ankyrin 1 (TRPA1) channel is expressed in cardiomyocytes and involved in many cardiovascular
diseases. However, the expression and function of TRPA1 in doxorubicin- (Dox-) induced acute cardiotoxicity have not been
elucidated. This study aimed at investigating whether blocking the TRPA1 channel with the specific inhibitor HC-030031 (HC)
attenuates Dox-induced cardiac injury. The animals were randomly divided into four groups: control, HC, Dox, and Dox+HC.
Echocardiography was used to evaluate cardiac function, and the heart was removed for molecular experiments. The results
showed that the expression of TRPA1 was increased in the heart after Dox treatment. Cardiac dysfunction and increased serum
CK-MB and LDH levels were induced by Dox, but these effects were attenuated by HC treatment. In addition, HC mitigated
Dox-induced oxidative stress, as evidenced by the decreased MDA level and increased GSH level and SOD activity in the
Dox +HC group. Meanwhile, HC treatment lowered the levels of the proinflammatory cytokines IL-1β, IL-6, IL-17, and
TNF-α induced by Dox. Furthermore, HC treatment mitigated endoplasmic reticulum (ER) stress and cardiomyocyte
apoptosis induced by Dox. These results indicated that inhibition of TRPA1 could prevent Dox-induced cardiomyocyte
apoptosis in mice by inhibiting oxidative stress, inflammation, and ER stress.

1. Introduction

Doxorubicin (Dox), an anthracycline anticancer drug, is one
of the most preferred agents for the treatment of different
malignant tumors, including leukemia, lymphomas, breast
cancer, and ovarian cancer. However, its application is ham-
pered due to a significant dose-dependent cardiotoxicity
manifested by cardiomyopathy and congestive heart failure
[1, 2]. A recent study reported that 21% of patients developed
chemotherapy-related cardiotoxicity after Dox administra-
tion [3]. Therefore, considerable efforts have been made to
identify an effective therapeutic target for mitigating Dox-
induced cardiac damage.

Transient receptor potential (TRP) channels are nonse-
lective cation channels that mediate sensory transduction
and respond to various stimuli. The 28 mammalian TRP
channels can be grouped into six subfamilies based on
sequence homology. Among them, TRPA1 is predominantly
expressed in nociceptive neurons and is also expressed at
high levels in the heart, lung, skeletal muscle, skin, and
vascular endothelial cells [4, 5]. It is well established that oxi-
dative stress metabolites, such as reactive oxygen species
(ROS) and specific metabolites of lipid peroxidation, are
endogenous agonists of TRPA1 [6]. Takahashi et al. demon-
strated that TRPA1 directly detects molecular oxygen and
plays a pivotal role in maintaining oxygen homeostasis [7].
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In addition, mounting evidence suggests that TRPA1 may be
a key gatekeeper in detecting stimuli and regulating the
inflammatory response [8, 9].

Accumulating evidence indicates the important role of
TRPA1 in the pathophysiology of cardiac disease [10].
TRPA1 activators given prophylactically could reduce the
infarct size in a rat model of myocardial ischemia-
reperfusion injury [11]. However, the role of TRPA1 in
Dox-induced cardiotoxicity is still unknown. In the present
study, we clearly show that the inhibition of TRPA1 amelio-
rated Dox-induced cardiomyocyte apoptosis and cardiac
dysfunction, which correlated with decreases in oxidative
stress products, proinflammatory cytokine levels, and endo-
plasmic reticulum (ER) stress.

2. Materials and Methods

2.1. Animals. All procedures involving animals were con-
ducted in compliance with the National Institutes of Health
(NIH) Guide for the Care and Use of Laboratory Animals
and were approved by the Ethics Committee for Animal
Research of Wuhan University (Wuhan, China). Male
C57BL/6J mice, aged 6–8 weeks and weighing 23–25 g, were
obtained from Vital River Laboratory Animal Technology
Co. Ltd. (Beijing, China). Mice were acclimatized for 7 days
before assignment to their experimental groups and housed
in a light-controlled room (12 h light/dark cycle) with free
access to standard chow and water. The animals (n = 80)
were randomly divided into four treatment groups of 20 mice
each: control (CTRL), HC-030031 (HC), Dox, and Dox
+HC. The CTRL and HC alone groups received an equiva-
lent volume of placebo or HC orally for ten consecutive days.
Dox-treated mice were injected with a single dose of Dox
dissolved in normal saline (20mg/kg i.p.) at day 5. Mice in
the Dox+HC group were pretreated with HC (10mg/kg)
for 5 days by gavage and then treated for 5 additional days
after the injection of Dox.

2.2. Echocardiography. Echocardiography was performed in
anesthetized (1.5–2% isoflurane) mice using a Mylab30CV
ultrasound (Biosound Esaote Inc.) equipped with a 10MHz
linear array ultrasound transducer. The left ventricle (LV)
was assessed in both parasternal long-axis and short-axis
views. End-systole and end-diastole were defined as the
phases in which the smallest and largest areas of the LV were
obtained, respectively. LV ejection fraction (EF) and LV
fractional shortening (FS) were measured via LV M-mode
tracing with a sweep speed of 50mm/s at the midpapillary
muscle level.

2.3. Biochemical Determination. Blood was collected, and the
serum was separated by centrifugation. Serum concentra-
tions of creatine kinase isoenzymes (CK-MB) and lactate
dehydrogenase (LDH) in different treatment groups were
measured by an automatic biochemical analyzer (ADVIA®
2400, Siemens Ltd., China).

2.4. Oxidative Stress Detection. At the end of the experiment,
the cardiac tissues were removed and washed in ice-cold
phosphate-buffered saline. The cardiac tissues (30mg) were

added to 300μl of phosphate-buffered saline, ground into
homogenates, and centrifuged at 3000 rpm at 4°C for
15min to collect the supernatant. The activities of superoxide
dismutase 1 (SOD) and the content of malondialdehyde
(MDA) and glutathione (GSH) were detected by commer-
cially available kits purchased from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China).

2.5. Histological Analysis. Hearts were arrested in diastole
with 10% potassium chloride solution, fixed by perfusion
with 10% paraformaldehyde, and embedded in paraffin. Sub-
sequently, heart paraffin blocks were transversely sectioned
at 4-5μm, stained with hematoxylin, and eosin (H&E) for
histopathology, and then visualized by light microscopy.

2.6. Western Blot. Protein was extracted from left ventricular
tissue, and the protein concentration was assessed using a
BCA protein assay kit (23,227, Thermo Fisher Scientific,
Waltham, MA, USA). Protein (50μg) was separated by 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), transferred onto polyvinylidene fluoride mem-
branes (IPFL00010, Millipore, Billerica, MA, USA), and
incubated with different primary antibodies. The following
primary antibodies were used: TRPA1 (1 : 1000 dilution,
NOVUS), GAPDH (1 : 1000 dilution, Cell Signaling Technol-
ogy), cleaved caspase-3 (1 : 1000 dilution, Cell Signaling
Technology), Bax (1 : 1000 dilution, Cell Signaling Technol-
ogy), Bcl-2 (1 : 1000 dilution, Cell Signaling Technology),
Phospho-NF-κB p65 (1 : 1000 dilution, Cell Signaling Tech-
nology), CHOP (1 : 1000 dilution, Cell Signaling Technol-
ogy), Phospho-eIF2α (1 : 1000 dilution, Cell Signaling
Technology), caspase-12 (1 : 1000 dilution, Cell Signaling
Technology), NF-κB p65 (1 : 1000 dilution, Bioworld), Nox2
(1 : 200 dilution, Santa Cruz Biotechnology), Nox4 (1 : 200
dilution, Santa Cruz Biotechnology), GRP78 (1 : 200 dilution,
Santa Cruz Biotechnology), ATF-6α (1 : 200 dilution, Santa
Cruz Biotechnology), and XBP-1 (1 : 200 dilution, Santa Cruz
Biotechnology). The secondary antibody, goat anti-rabbit
IgG (926–32,211; LI-COR), was incubated with the mem-
brane for 1 h. The bands were visualized using a two-
colored infrared imaging system (Odyssey; LI-COR) to quan-
tify protein expression. The protein expression levels were
normalized to GAPDH levels.

2.7. Real-Time Polymerase Chain Reaction Analysis. RNA
was collected from LV tissue using TRIzol (15596026; Invi-
trogen Life Technologies, Carlsbad, CA, USA). cDNA was
synthesized from 2g of RNA from each group using oligo
(DT) primers and the Transcriptor First Strand cDNA
Synthesis Kit (04896866001; Roche). Quantitative analysis
was conducted using a LightCycler 480 and SYBR Green
Master Mix (04707516001; Roche). All details about the
primers are presented in Table 1.

2.8. Statistical Analysis.Data are presented as the mean± S.D.
Comparisons between groups were made using analysis
of variance (ANOVA), followed by Dunnett’s test or Tukey’s
test. Differences with a P value less than 0.05 were consid-
ered significant.
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3. Results

3.1. Dox Treatment Increases Cardiac TRPA1 Expression. To
investigate the potential role of TRPA1 in the development
of Dox-induced myocardial lesions, we first examined the
expression of TRPA1 in the heart after Dox treatment. The
RT-PCR results showed that Dox treatment enhanced
myocardial TRPA1mRNA levels (Figure 1(a)). Then, western
blot results showed the same trend for TRPA1 expression in
the Dox-treated heart (Figure 1(b)). These results suggested
that TRPA1 expression is induced by Dox treatment and that
TRPA1 may be involved in Dox-induced cardiotoxicity.

3.2. Inhibition of TRPA1 Ameliorates Cardiac Dysfunction in
Mice Treated with Dox. To explore the potential function of
TRPA1 in Dox-induced cardiotoxicity, the TRPA1-specific
inhibitor HC was applied for 5 days before and after Dox
treatment. We first evaluated the body weight (BW) and
heart weight (HW) of mice in each group. Compared to
control mice, mice treated with Dox showed a decrease in
BW and HW (Figures 2(a)-2(b)). However, HC treatment
did not improve the decreased BW and HW induced by Dox.
The expression of serum enzymes such as CK-MB and LDH,

which reflect cardiac injuries, was significantly increased after
the administration of Dox (Figures 2(c)-2(d)). Interestingly,
the administration of HC significantly decreased the level
of serum enzymes, indicating attenuated cardiotoxicity. In
addition, the decreased cardiac ejection fraction (EF) and
fractional shortening (FS) in the Dox group were signifi-
cantly improved by HC treatment (Figures 2(e)-2(f)).
Histological examination revealed increased vacuolar and
myofibrillar disorganization in Dox-treated mice, and
these effects were significantly ameliorated in the Dox
+HC group (Figure 2(g)). The HC alone group did not
show any significant changes in any of these markers com-
pared to the control group (Figures 2(a)–2(g)).

3.3. Inhibition of TRPA1 Protects against Dox-Induced
Oxidative Stress in Cardiac Tissue. Dox treatment caused a
significant reduction in the activities of SOD and GSH and
an increase in the levels of MDA compared with the control
group (Figures 3(a)–3(c)). However, HC treatment signifi-
cantly decreased MDA levels and restored SOD activity and
GSH antioxidant levels compared with the Dox-treated mice
(Figures 3(a)–3(c)). Furthermore, the expression of Nox2

Table 1: Primers for quantitative polymerase chain reaction.

Gene Forward primer (5′-3′) Reverse primer (5′-3′)
TRPA1 GTCCAGGGCGTTGTCTATCG CGTGATGCAGAGGACAGAGAT

IL-1β GGGCCTCAAAGGAAAGAATC TACCAGTTGGGGAACTCTGC

IL-6 CCAAGAGGTGAGTGCTTCCC CTGTTGTTCAGACTCTCTCCCT

IL-17 TTTAACTCCCTTGGCGCAAAA CTTTCCCTCCGCATTGACAC

TNF-α GACGTGGAACTGGCAGAAGAG TTGGTGGTTTGTGAGTGTGAG

GAPDH AACTTTGGCATTGTGGAAGG CACATTGGGGGTAGGAACAC

⁎10

8

6

4

2

0

Re
lat

iv
e T

RP
A

1 
m

RN
A

 le
ve

l

CTRL Dox

(a)

TRPA1

2.5

2.0

TR
PA

1/
G

A
PD

H
(fo

ld
 ch

an
ge

)

1.5

1.0

0.5

0

GAPDH

CTRL

CTRL

Dox

Dox

110 kDa

37 kDa

⁎

(b)

Figure 1: Dox treatment increases TRPA1 expression in heart tissue. (a) The relative mRNA levels of TRPA1 in the left ventricle of mice from
the indicated groups. (b). Representative Western blot bands and quantitative results of protein levels of TRPA1 in Dox-induced cardiac
injury. (n = 6). ∗P < 0 05 versus CTRL.
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and Nox4, which are important generators of ROS, was lower
in the Dox+HC group compared with the Dox group
(Figure 3(d)). These findings indicate that HC treatment
decreases the cardiac oxidative stress induced by Dox.

3.4. Inhibition of TRPA1 Reduces Dox-Induced Inflammation
in Cardiac Tissue.As shown in Figure 4, the expression in the
heart of proinflammatory cytokines, including IL-1β, IL-6,
IL-17, and TNF-α, was significantly increased by Dox
(Figure 4(a)). Conversely, significant reductions in IL-1β,
IL-6, IL-17, and TNF-α were observed in the Dox+HC
group compared with the Dox group (Figure 4(a)). In

addition, the inhibitory effects of HC on inflammation were
further confirmed by western blot results showing that HC
reduced NF-κB signaling (Figure 4(b)). These results demon-
strate that HC protects against heart injury by inhibiting
inflammatory responses.

3.5. Inhibition of TRPA1 Attenuates Dox-Induced ER Stress.
Emerging evidence suggests that ER stress plays a crucial role
in Dox-induced cardiotoxicity [12, 13]. Thus, we investigated
whether the cardioprotective effects of HC against Dox-
induced cardiotoxicity are associated with decreased ER
stress. The results showed that HC treatment suppressed
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Figure 2: Inhibition of TRPA1 ameliorates cardiac function in mice treated with Dox. (a, b) The body weight (BW) and heart weight (HW) in
different groups (n = 10). (c, d) The serum levels of cardiotoxicity markers, including creatine kinase isoenzymes (CK-MB) and lactate
dehydrogenase (LDH) (n = 6). (e, f) The echocardiographic parameters in different groups (n = 8). (g) The pathological structure indicated
by HE staining (scale bar, 50μm) (n = 6). ∗P < 0 05 compared with the CTRL group. #P < 0 05 compared with the Dox group. EF: ejection
fraction; FS: fractional shortening.
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the expression of glucose-regulated protein 78 (GRP78), an
important marker indicating the severity of ER stress. In
addition, we found that Dox induction increased the levels
of C/EBP homologous protein (CHOP) and cleaved
caspase-12, important mediators of ER stress-induced apo-
ptosis, and this induction was attenuated by HC treatment.
Furthermore, the activation of ER stress signaling pathways
was inhibited by HC treatment, as evidenced by the
decreased expression of activating transcription factor 6
(ATF6), eukaryotic translation initiation factor 2α (eIF2α),
and X-box binding protein 1 (XBP-1) in the Dox+HC group
(Figure 5). These results indicate that HC treatment attenu-
ates the ER stress induced by Dox.

3.6. Inhibition of TRPA1 Attenuates Dox-Induced
Cardiomyocyte Apoptosis. It is well known that apoptosis is
involved in Dox-induced cardiotoxicity [14, 15]. We evalu-
ated the severity of apoptosis and identified the potential
signaling pathways related to apoptosis in the heart. The
levels of Bax and cleaved caspase-3 in myocardial tissue were
upregulated in the Dox group compared with the control
group (Figure 6). By contrast, the expression level of Bcl-2
was significantly lower in the Dox group than in the control
group. The HC alone group did not show any significant

changes in any of these markers compared to the control
group (Figure 6). However, HC treatment significantly atten-
uated the increased Bax and cleaved caspase-3 levels and
improved the expression of Bcl-2 after Dox treatment. These
findings demonstrate that HC can decrease Dox-induced
cardiomyocyte apoptosis.

4. Discussion

Cardiotoxicity is induced by a single intraperitoneal injection
of Dox (20mg/kg) in mice, which triggers the development of
cardiac dysfunction and congestive heart failure [16, 17]. The
present study demonstrated the potential role of TRPA1 in
Dox-induced cardiotoxicity and elucidated the potential
underlying molecular mechanisms. First, we observed that
the expression level of TRPA1 was upregulated in the heart
after Dox treatment. Moreover, we demonstrated that
inhibition of TRPA1 with the specific inhibitor HC amelio-
rated Dox-induced cardiac injuries, as evidenced by attenu-
ated heart dysfunction, structural damage, oxidative stress,
inflammatory response, and ER stress. More importantly,
Dox-induced cardiomyocyte apoptosis was attenuated by
HC treatment. These findings imply that the inhibition of
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Figure 3: Inhibition of TRPA1 protects against Dox-induced oxidative stress. The serum levels of superoxide dismutase (SOD) (a),
malondialdehyde (MDA) (b), and glutathione (GSH) (n = 6) (c). (d) Western blots showing the protein levels of Nox2 and Nox4 in
different groups (n = 6). ∗P < 0 05 compared with the CTRL group, #P < 0 05 compared with the Dox group.
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TRPA1 could effectively attenuate the progression of
Dox-induced cardiotoxicity.

Redox homeostasis, which depends on the fine balance
between enzymatic cascades, serves a pivotal role in adaptive

responses under stress conditions. However, uncontrolled
accumulation of reactive oxygen species (ROS), a state
known as oxidative stress, occurs during tissue damage and
impaired cell function [18, 19]. It is well established that

Re
lat

iv
e m

RN
A

ex
pr

es
sio

n 
(fo

ld
 ch

an
ge

)

CTRL HC
Dox + HCDox

30

#

⁎

#

⁎

#

⁎

#

⁎

20

10

0
IL-1�훽 IL-6 IL-17 TNF-�훼

(a)

#

⁎

4

3

2

1

0

CT
RL H

C

D
ox

D
ox

 +
 H

C

p-
p6

5/
p6

5
(fo

ld
 ch

an
ge

)

p-p65

p65

65 kDa

65 kDa

GAPDH 37 kDa

CTRL HC Dox + HCDox

(b)
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Figure 5: Inhibition of TRPA1 attenuates Dox-induced ER stress. Representative western blots (a) and quantitative results (b) showing the
expression of glucose-regulated protein 78 (GRP78), C/EBP homologous protein (CHOP), activating transcription factor 6 (ATF6),
eukaryotic translation initiation factor 2 (p-eIF2), X-box binding protein 1 (XBP-1), and caspase-12 in different groups (n = 6). ∗P < 0 05
compared with the CTRL group, #P < 0 05 compared with the Dox group.
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TRPA1 acts as a polymodal nociceptor and molecular inte-
grator of cellular stressors, including ROS and reactive nitro-
gen species (RNS) [20]. Genetic deletion of TRPA1, or the
blockade of its activation with a selective antagonist, abro-
gated trigeminal neuropathic pain and oxidative stress [21].

In the present study, the levels of myocardium bio-
markers, including lipid peroxidation products (MDA) and
antioxidant enzymes (SOD and GSH), were used to estimate
oxidative stress. The administration of Dox significantly
increased MDA levels, reduced the activity of SOD, and
reduced GSH content in the heart. Interestingly, HC treat-
ment reduced the extent of Dox-induced oxidative stress by
increasing SOD activity and MDA levels and decreasing
GSH levels. Furthermore, previous studies reported that
Dox could induce the production of ROS via activation of
the NADPH oxidase pathway [22]. Zhao et al. found that
Nox2 deficiency protected mice against cardiac injury and
apoptosis after Dox treatment [23]. Consistent with these
studies, we found that the expression of Nox2 and Nox4,
the pivotal NADPH oxidase subunit, was upregulated after
Dox administration. However, treatment with HC inhibited
the oxidative stress, possibly by downregulating the expres-
sion of Nox2 and Nox4 in the heart.

The inflammatory process is absolutely essential for
defense privilege that intended to eliminate or neutralize
invading pathogens, clear damaged tissues, and promote
their repair, but the termination of the response is of equal
importance. Failure to control inflammation can lead to
immunopathology, such as systemic inflammation leading
to organ dysfunction and death. In previous research, TRPA1
emerged as a key regulator of sensory neuropeptide release
and acute neurogenic inflammation. However, there is
accumulating evidence for a link between TRPA1 and
immunoinflammatory processes. In the cornea following a
chemical injury, the absence of TRPA1 or TRPA1 antagonist
treatment suppressed inflammation and fibrosis by decreas-
ing levels of IL-6, TGF-β1, and vascular endothelial growth
factor [24]. Similarly, loss of TRPA1 restrained neutrophil
infiltration and proinflammatory cytokines, mainly IL-1β,

produced by monosodium urate. These reports highlight
the potential for anti-inflammatory signaling via alternative
mechanisms targeting TRPA1 [25]. Besides its direct delete-
rious effect, Dox can also induce inflammatory responses
via enhanced expression and release of proinflammatory
cytokines [26, 27]. It has been demonstrated that Dox treat-
ment induces the release of proinflammatory cytokines, such
as TNF-α, via the activation of NF-κB in the heart [28]. Stud-
ies demonstrated that the inhibition of TRPA1 results in a
relevant reduction of the proinflammatory cytokines IL-1β
and TNF-α in cystic fibrosis patients [29]. Similarly, our
results indicated that Dox treatment provokes a series of
inflammatory responses and increases the expression levels
of inflammatory cytokines, which lead to the deterioration
of myocardial function. Inhibition of TRPA1 significantly
reduced the expression of proinflammatory cytokines, such
as IL-1β, IL-6, IL-17, and TNF-α and suppressed the
expression of NF-κB. This study indicates that the anti-
inflammatory consequences of TRPA1 inhibition may partly
contribute to the potential cardioprotective effect against
Dox-induced cardiotoxicity.

To further investigate the potential mechanisms behind
TRPA1-mediated Dox-induced cardiotoxicity in the heart,
we examined the level of ER stress that plays a pivotal role
in the development of heart failure [30, 31]. Consistent with
previous reports, ER stress-related proteins were enhanced in
Dox-treated mice. Many studies have demonstrated that Dox
promotes the endoplasmic reticulum-initiated apoptotic
response by activating the expression of proapoptotic factors
and inhibiting the expression of antiapoptotic factors [32].
As a specific proapoptotic pathway, ER stress can activate
the CHOP and caspase-12 pathways and thereby mediate
apoptosis [33]. In our study, HC treatment attenuated the
expression of CHOP and caspase-12, leading to decreased
myocardial apoptosis and ameliorated cardiac dysfunction.
Furthermore, many studies have demonstrated that CHOP
can also directly regulate apoptosis factors such as Bax, Bcl-
2, and cleaved caspase-3, which are key determinants of cell
death [34]. Our data also support this hypothesis, since HC
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Figure 6: Inhibition of TRPA1 attenuates Dox-induced cardiomyocyte apoptosis. Representative western blots (a) and quantitative results (b)
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compared with the Dox group.

7Oxidative Medicine and Cellular Longevity



treatment significantly increased the expression of Bcl-2 and
decreased the expression of Bax and cleaved caspase-3.

In conclusion, our study indicates that the inhibition of
TRPA1 could protect the heart from Dox-induced cardio-
myocyte apoptosis and cardiac dysfunction by inhibiting oxi-
dative stress, inflammatory responses, and ER stress. These
findings suggest that TRPA1 could be a potential therapeutic
target for the treatment of cardiotoxicity caused by Dox.
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