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Abstract. Doxorubicin (Dox)‑induced myocardiopathy 
is a massive obstacle in administering chemotherapeutic 
drugs in cancer patients. In the present study, the effects of 
thymoquinone (TQ) on Dox‑induced cardiotoxicity were 
investigated in vitro. H9c2 cardiomyocytes were pre‑treated 
with TQ followed by Dox, and cell viability and cell death 
were subsequently measured. Flow cytometry was conducted 
to evaluate the apoptosis of H9c2  cells. Autophagy was 
assessed by immunofluorescence LC3 staining. Western blot 
analysis was performed to determine autophagy‑, apoptosis‑ 
and LKB1/AMPK‑related proteins. Dox‑induced H9c2 cell 
death and apoptosis were decreased after pretreatment with 
TQ in vitro. The number of autophagosomes and autophagic 
markers was further increased by TQ in the Dox‑treated 
H9c2 cells, which mediated LKB1/AMPK activation and the 
deactivation of mTOR. Suppression of autophagosomes abol‑
ished the TQ‑induced antiapoptotic effect. In conclusion, TQ 
reduces Dox‑induced apoptosis of cardiomyocytes by upregu‑
lating autophagy through activation of the LKB1/AMPK 
pathways. These novel results highlight the therapeutic 
potential of TQ to prevent Dox cardiotoxicity.

Introduction

Chemotherapy is the primary approach in the clinic for cancer 
treatment  (1). Doxorubicin (Dox) is a quinone‑containing 
anthracycline antibiotic widely used in clinics, frequently used 
for the treatment of multiple types of cancer, including breast 
cancer, lung cancer, sarcomas, as well as leukemia. It is one 
component in the CHOP regimen for lymphoma. However, 
the consequent dose‑limiting cardiotoxicity is a significant 
obstacle to the application of Dox and a chief limiting factor 

in delivering optimal chemotherapy to cancer patients  (2). 
Hence, investigating novel approaches to prevent Dox‑induced 
cardiotoxicity is urgently needed.

It has been identified that several molecular pathogenesis 
processes are involved in Dox‑induced cardiotoxicity  (3), 
including accumulation of reactive oxygen species (ROS), 
mitochondrial damage, mitochondrial iron accumulation, 
transcription alterations, as well as DNA damage repair (4). 
Moreover, it has been widely illustrated that autophagy 
reduction in cardiomyocytes may be responsible for the 
cardiotoxicity of Dox (5). Hence, autophagy acts as a potential 
target for preventing Dox‑induced cardiotoxicity.

Thymoquinone (2‑isopropyl‑5‑methylbenzo‑1, 4‑quinone) 
(TQ), the most abundant constituent of the volatile oil also 
present in the fixed oil, is the biologically active compound 
of Nigella sativa seeds (6). Several studies have suggested the 
capacity of TQ on immunomodulatory and anti‑inflammatory 
effects  (7). Earlier researh demonstrated that TQ showed 
significant protective effects against Dox‑induced cardiotox‑
icity in rats (8). More recently, a series of studies suggested 
that the inhibition of oxidative stress levels may be responsible 
for TQ action on the protective effects of cardiotoxicity (9,10). 
However, the potential mechanism of TQ on the protection 
of Dox‑induced cardiotoxicity is still not fully understood. In 
the present study, novel mechanisms of action involved in the 
TQ‑induced protective effects of cardiotoxicity were found 
to be related to an increased autophagy level and decreased 
apoptosis. Further mechanistic study suggested that TQ signif‑
icantly increased AMP‑activated protein kinase (AMPK) 
pathway activity. Our study may provide novel approaches 
to avoid cardiotoxicity when administering Dox in cancer 
patients.

Materials and methods

Cell culture. The H9c2 (rat heart‑derived embryonic 
myoblast) cell line was purchased from the American Type 
Culture Collection (ATCC). The H9c2 cells were passaged 
10  to 25  times before conducting experiments. Cells were 
cultured in Dulbecco's modified Eagle's medium (DMEM; 
Gibco; Thermo Fisher Scientific, Inc.), referred to as a 
high‑glucose medium, supplemented with 10% fetal bovine 
serum (FBS) and 100 U/ml of penicillin/streptomycin within 
cultured dishes incubated at 37˚C in a humidified atmosphere 
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of 5% CO2. After application of 0.5% FBS‑supplemented 
DMEM for 24 h, H9c2 cardiomyocytes were subjected to 
treatment with Dox (Energy Chemical) for 24 h or pretreat‑
ment with TQ (Energy Chemical) for 30 min before Dox. 
To analyze the consequence of whether autophagy exerts 
apoptosis, cells were pretreated with bafilomycin A1 (Energy 
Chemical) for 30 min before exposure to TQ or Dox for 24 h.

CCK‑8 and lactate dehydrogenase (LDH) assays for 
H9c2 cells. The CCK‑8 (Sigma‑Adrich; Merck KGaA) and 
LDH (Promega Corp.) assays were conducted to evaluate 
H9c2 cell proliferation. The H9c2 cells were harvested and 
plated into 96‑well plates at a final concentration of 5x105 cells 
per well. The cells were pretreated with TQ (5 and 10 µM) 
30 min before administration of Dox (5 µM). After another 
24‑h incubation at 37˚C, CCK‑8 solution (10 µl) was added to 
each well. After incubation for 4 h, the optical density (OD) 
values were detected at 450 nm. For the LDH detection assay, 
LDH reagent was added to the collected culture medium incu‑
bated for 30 min at room temperature (RT), protected from 
light. Then, the OD value was quantified by a spectropho‑
tometer at 490 nm. The cell survival rates (%) of the different 
groups were determined by dividing the OD value of the 
experimental group by the control group in the CCK‑8 assays. 
The relative cell death rate (%) was calculated by dividing the 
OD value of the experimental group by the control group in 
the LDH assays.

Apoptosis detection in the H9c2  cells. The apoptosis of 
H9c2  cells was conducted using an Annexin V‑FITC 
Apoptosis Detection Kit (Solarbio) according to the manufac‑
turer's instructions. Cells were fixed with cold 70% ethanol 
for 1 h and then centrifuged and washed twice using cold PBS. 
Then the cells were incubated with Annexin V (1X) and prop‑
idium iodide (PI) (1X) for 30 min in the dark. The cells were 
washed twice again with PBS and re‑suspended with detec‑
tion buffer. An Accuri C6 flow cytometer (BD Biosciences) 
was used to detect apoptotic cells. The quantification was 
analyzed by Flowjo 7.6.5 software (Becton‑Dickinson and 
Company).

Immunofluorescence. The H9c2 cells were fixed with 4% 
paraformaldehyde for 15  min at RT. Subsequently, the 
cells were washed with NaCl/Pi, permeabilized with 0.2% 
Triton X‑100, and then were incubated with the LC3B primary 
rabbit antibody (cat: 3868; 1:100) at 4˚C overnight. Cells were 
then incubated with Alexa 594‑conjugated goat‑anti‑rabbit 
secondary antibody (cat: 8889, 1:200) for 1 h at 37˚C. The 
images were captured by DMi8 fluorescence microscope 
(x400 magnification) (Leica Microsystems GmbH). The LC3 
puncta were measured by ImageJ software (v1.8.0) (National 
Institutes of Health, Bethesda, MD, USA).

Western blot analysis. Homogenates of H9c2  cells were 
used for western blot analysis. Protein (30 µg per lane) was 
separated on a 10% gel by SDS‑PAGE and transferred to a 
PVDF membrane. The membranes were blocked with 5% 
skim milk in 1X Tris‑buffer containing 0.1% Tween‑20 for 1 h. 
The blots were incubated overnight with primary antibodies, 
including apoptosis, autophagic protein markers, and key 

molecules in the AMPK pathway. Rabbit‑cleaved caspase‑3 
(cat:  9664), LC3B (cat:  3868), phosphorylated (p‑)LKB1 
(cat: 3050), LKB1 (cat: 3055), AMPKα (cat: 5832), p‑AMPKα 
(Thr172) (cat: 50081), p‑ULK1 (Ser555) (cat: 5869), p‑ULK1 
(Ser317) (cat: 37762), ULK1 (cat: 8054), mTor (cat: 2972), 
p‑mTOR (cat: 5536), and β‑actin (cat: 3700) (dilution 1:1,000, 
Cell Signaling Technology, Inc.), were incubated with the 
membranes at 4˚C overnight, which were further incubated 
with anti‑rabbit horseradish peroxidase (HRP)‑conjugated 
secondary antibody (cat:  7074) (dilution 1:2,000; Cell 
Signaling Technology, Inc.) for 1 h at RT. The blots were 
developed with an ECL chemiluminescence detection reagent 
(Bio‑Rad Laboratories, Inc.). The protein bands were visual‑
ized by a ChemiDoc XRS+ Imager (Bio‑Rad Laboratories, 
Inc.). ImageJ software (v1.8.0) was used to analyze the relative 
intensity.

Statistics. The data were analyzed by GraphPad 8.00 soft‑
ware (GraphPad Software, Inc.). The data are expressed as 
the mean ± SD, of three independent experiments. Unpaired 
Student's t‑test was used to carry out the significance comparing 
2 groups. Multigroup comparisons of the means were carried 
out by one‑way analysis of variance (ANOVA) test with post 
hoc contrasts by Student‑Newman‑Keuls test when comparing 
groups ≤3. For groups >3, Tukey's test was conducted as a post 
hoc test. Student's t‑test was used for two group comparisons. 
Statistical significance for all tests was set at P<0.05 (*).

Results

TQ reverses Dox‑induced H9c2 cell death. Firstly, to choose 
the non‑toxic concentration of TQ, the CCK‑8 assay was 
conducted. As shown in Fig. 1A, no significant toxicity of TQ 
on H9c2 cells was noted under 10 µM after a 24‑h incubation. 
Subsequently, as described in ‘Materials and methods’ section, 
cells were pre‑treated with TQ and Dox was administrated for 
subsequent CCK‑8 assay of cell viability. As illustrated in 
Fig. 1B, administration of Dox (5 µM) significantly decreased 
the viability of H9c2 cells, while TQ significantly reversed the 
inhibition of Dox‑induced H9c2 cell viability. LDH assay was 
further conducted to evaluate cell death after co‑administrated 
of Dox and TQ. As shown in Fig. 1C, although Dox signifi‑
cantly induced H9c2 cell death, TQ significantly decreased 
the cell death of H9ce cells in a dose‑dependent manner. 
As shown in Fig. 1B and 1C, dexrazoxane (DEX) was used 
as a positive control, which is the only clinically approved 
drug for anthracycline‑induced myocardial damage. These 
results preliminarily demonstrated that TQ is a candidate 
cardio‑protective molecule, for which its mechanisms should 
be studied further.

TQ antagonizes Dox‑induced apoptosis of H9c2 cells. Flow 
cytometry was conducted to evaluate the effects of the 
co‑administration of Dox and TQ on H9c2 cell apoptosis. As 
shown in Fig. 2A, Dox (5 µM) significantly induced H9c2 cell 
apoptosis. The apoptotic cells under Dox treatment were 
approximately 20%. Pre‑treatment with TQ significantly 
and dose‑dependently decreased the Dox‑induced apoptosis. 
These results further verified that TQ can recover H9c2 cell 
proliferation under Dox treatment.
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TQ regulates autophagy in H9c2 cells. Autophagy protein 
LC3 was visualized by immunofluorescence. As shown in 
Fig. 3A and B, the percentage of LC3 puncta formation in 

Dox‑treatment H9c2 cells was upregulated. However, in the 
TQ co‑treatment groups, the rate of LC3 puncta formation 
was significantly and potently increased in a dose‑dependent 

Figure 2. Effects of TQ pre‑administration with Dox treatment on cardiomyocyte apoptosis. (A) The Annexin V/PI double staining flow cytometry analysis is 
shown as dot plots after treatment with Dox and/or TQ. The x‑axis indicates the Annexin V‑positive cell population, while the y‑axis illustrates the PI‑positive 
cell population. (B) The quantitative results of A were determined by calculating the percentages of the Annexin V‑positive and Annexin V/PI‑double posi‑
tive cell populations. Data are presented as the mean ± SD of three independent experiments. A one‑way ANOVA test with post hoc Tukey's test was 
used for evaluating the differences. Significance was indicated at P<0.05: #P<0.05 vs. the control group; *P<0.05, vs. the Dox group. TQ, thymoquinone; 
Dox, doxorubicin.

Figure 1. Effects of TQ pre‑administration with Dox treatment on cardiomyocyte cell viability. (A) H9c2 cells were incubated with different concentrations 
of TQ for 24 h. The CCK‑8 cell viability assay was performed according to the manufacturer's protocols. Cytotoxicity was not observed when the dose of 
TQ was <10 µM. (B) H9c2 cardiac myocytes were pre‑treated with the indicated concentration of TQ for 30 min followed by Dox treatment. After 24 h, 
CCK‑8 cell viability assay was performed. The cell viability was calculated by the dividing experimental group OD values by the control group OD values. 
(C) H9c2 cardiac myocytes were pre‑treated with the indicated concentration of TQ for 30 min followed by Dox treatment. After 24 h, LDH cell death assay 
was performed. Data are presented as the mean ± SD of three independent experiments. A one‑way ANOVA test with post hoc Tukey's test was used for 
evaluating the difference. Significance was indicated at P<0.05: #P<0.05, vs. the control group; *P<0.05, vs. the Dox group. LDH, lactate dehydrogenase; 
TQ, thymoquinone; Dox, doxorubicin; OD, optical density.
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manner, which indicated that TQ treatment upregulated the 
autophagy level in the H9c2 cells. Furthermore, as shown in 
Fig. 3C and D, western blot analysis of LC3 protein showed 
that, after co‑treatment with TQ, the LC3II/LC3I ratio was 
significantly upregulated, suggesting that TQ regulated 
autophagy in the H9c2 cells.

TQ‑induced autophagy regulates Dox‑induced apoptosis 
in H9c2 cells. To assess the role of TQ‑induced autophagy 
in Dox‑mediated apoptosis, H9c2 cells were pretreated with 
bafilomycin A1, an inhibitor of autophagic flux by disruption 
of vacuolar‑type H+‑ATPase. Bafilomycin (Baf) pretreat‑
ment restored the decreased percentage of apoptotic cells 
(Fig.  4A and C). In addition, the TQ‑induced increase in 
the ratio of LC3II to LC3I was enhanced with bafilomycin 
(Fig. 4B and D). Moreover, bafilomycin pretreatment also 
increased active caspase‑3 expression (Fig. 4B and E). These 

results indicated that the activation of autophagy may be 
responsible for reversing apoptosis in H9c2 cells induced 
by TQ.

TQ decreases Dox‑mediated H9c2  cell cytotoxicity by 
activating the LKB1/AMPK/ULK1 axis. Western blot analysis 
was conducted to evaluate the effect of TQ on AMPK‑related 
molecules. As shown in Fig. 5A‑C, the expression levels of 
phosphorylated (p‑)LKB1, p‑AMPKα, and p‑ULK1 at Ser317 
were significantly increased after TQ treatment, indicating 
that activation of LKB1/AMPK signaling is responsible for 
the mechanisms of action of TQ. Moreover, the expression 
levels of p‑mTOR and p‑ULK1 at Ser575 were significantly 
decreased after TQ treatment, which further verified that 
the activation of AMPK signaling is a crucial mechanism 
of TQ‑mediated reversal of the apoptosis induced by Dox in 
H9c2 cells.

Figure 3. Doxorubicin‑induced autophagic cell numbers increase with TQ pre‑treatment. (A) Representative LC3 staining were observed in H9c2 cells incu‑
bated with Dox with or without TQ (5 and 10 µM) pretreatment to evaluate formation of autophagosomes (scale bar, 100 µm). (B) Statistical analysis of the 
number of LC3 puncta per cell in A as evaluated by Image J software. (C) Representative blot of autophagic markers in H9c2 cells after co‑administration of 
TQ and Dox. (D) The intensity of the LC3II/LC3I ratio normalized to the loading control. Data are presented as the mean ± SD of three independent experi‑
ments. A one‑way ANOVA test with post hoc Tukey's test was used for evaluating the differences. Significance was indicated at P<0.05: *P<0.05, vs. the Dox 
group. TQ, thymoquinone; Dox, doxorubicin; LC3, microtubule‑associated protein 1A/1B‑light chain 3.
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Discussion

Chemotherapeutic drug‑induced cardiomyopathy is a 
complication associated with high morbidity during chemo‑
therapy (11). Doxorubicin (Dox) is an anthracycline drugs 
which has been utilized for anti‑neoplastic therapy for 
several years. Nevertheless, cardiac toxicity induced by Dox 
greatly limits its further application, and is always difficult to 
predict, remaining the most prevalent side effect threatening 
the survival of patients (12,13). Although adequate treatment 
strategies may decrease the risk of cardiotoxicity of Dox, the 
prognosis of Dox‑induced heart failure remains uncertain or 
uncontrollable (14). Hence, the investigation of novel strategies 
for preventing myocardial cells from Dox‑induced toxicity is 
still urgently needed.

Thymoquinone (TQ) is one of the most abundant constitu‑
ents of the volatile oil (also present in the fixed oil) and is 
a biologically active compound of Nigella sativa seeds. TQ 
has been documented as exhibiting a series of bioactivities 
on anti‑inflammatory, antioxidant, anti‑cancer, as well as 
antimicrobial properties (15‑18). Previously, TQ has shown 
promising roles against oxidative damage‑induced free 
radical agents and Dox, which induce cardiotoxicity. It 
exerts suppressive activity on carcinogenesis, eicosanoid 
production, and membrane lipid peroxidation. Moreover, 
TQ works as an effective chemo‑protective phytochemical, 
and destroys Fe‑NTA‑induced oxidative stress  (19‑21). In 

the present study, we reported the novel protective effects of 
TQ on Dox‑induced cardiotoxicity in an H9c2 cell in vitro 
model. TQ showed significant protective effects against 
Dox‑induced H9c2 cell death. This result was in accordance 
with recent documented studies (9,22). Based on this finding, 
we further evaluated the potential mechanisms of action of 
the TQ effects on protecting Dox‑induced cardiotoxicity. The 
apoptotic rates in H9c2 cells were significantly decreased by 
TQ administration, indicating the definite protective effects 
of TQ on Dox‑induced cardiotoxicity. Dox‑induced cardio‑
toxicity is involved in a series of molecular mechanisms and 
signaling pathways, including oxidative stress, autophagy, 
iron metabolism, and inflammation (23). More recently, it has 
been indicated that dysregulation of autophagy plays a vital 
role in Dox‑induced cardiotoxicity (24), and a series of natural 
products were reported to activate the protective effects on 
cardiotoxicity by inducing autophagy  (25‑27). Hence, the 
potential autophagy influenced by TQ was evaluated in 
H9c2 cells after Dox treatment. As expected, the autophagy 
level was significantly upregulated after administration of 
TQ. Therefore, we hypothesized that the mechanisms of 
action of TQ were involved in inducing protective autophagy 
in Dox‑treated H9c2 cells and preventing apoptosis, thereby 
preventing cardiotoxicity.

The autophagy inhibitor bafilomycin A1 was used to 
verify the results. After co‑treatment with bafilomycin A1, the 
TQ‑induced myocardial cell protection effect was diminished. 

Figure 4. Anti‑apoptotic effect of TQ is mediated by autophagy. Cells were pre‑treated with Baf (1 nM) for 30 min prior to exposure to TQ (5 µM) and Dox 
for 24 h. (A) The Annexin V/PI double staining flow cytometry analysis is shown as dot plots after treatment with Dox and TQ, and pre‑treatment with Baf. 
(B) Autophagic and apoptosis markers in H9c2 cells were determined by western blot assay after treatment with Dox and TQ, and pre‑treatment with Baf. 
(C) Representative apoptotic cells of H9c2 in A. (D) The percentage of LC3II/LC3I in B. (E) Representative intensity of cleaved‑caspase‑3 in B. Data are 
presented as the mean ± SD of three independent experiments. Student's t‑test was used for evaluating the difference. Significance was indicated at P<0.05: 
*P<0.05, vs. the Dox+TQ group. Baf, bafilomycin A1; TQ, thymoquinone; Dox, doxorubicin.

https://www.spandidos-publications.com/10.3892/etm.2022.11630
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Moreover, western blot assays showed that after bafilomycin A1 
co‑administration, autophagy‑ and apoptosis‑related proteins 
came back to the level of the Dox‑treated group only. These 
findings demonstrated that TQ prevents Dox‑induced H9c2 cell 
apoptosis through induction of autophagy.

Autophagy is able to be mediated by several pathways. For 
example, the kinase mTOR is a critical regulator of autophagy 
induction, with activated mTOR (Akt and MAPK signaling) 
suppressing autophagy and negative regulation of mTOR 
(AMPK and p53 signaling) promoting it (28). In the present 
study, after screening a series of signaling pathways, we found 
that the activation of LKB1/AMPK and downregulation of 
mTOR activity were involved in the mechanisms of action of 
TQ. In the aforementioned western blot assays, TQ was able to 
significantly upregulate the level of phosphorylated (p‑)LKB1 
and p‑AMPK in the TQ+Dox group, compared with that in the 
Dox group. Moreover, the level of p‑mTOR and its downstream 
molecule, p‑ULK1 (ser575) was downregulated in the TQ+Dox 
group. In addition, the expression level of neither AMPK nor 
mTOR were significantly altered. These results indicated that 
the activation of the LKB1/AMPK pathway is responsible for 
the protective effects of TQ in the H9c2 cell model.

Candidate drugs for treating degenerative diseases 
are responsible for producing toxicity  (29). Although in 
our evaluation, TQ showed less toxicity in H9c2 cells, it 
is necessary to understand the potential toxic effects and 
safety and risk for possible human use. One of the positive 
characteristics of bioactive compounds of medicinal plants 
is their low toxicity, which demonstrates promising and 
prominent effects in health management (30,31). For TQ, 
it is documented that no toxic effects were found toward 
fibroblast‑like synoviocytes at less than 10 µM. In addition, 
TQ supplementation did not show any toxic effect on the 
liver and reduced the aspartate aminotransferase (AST) and 
alanine aminotransferase (ALT) levels in treated rats (32). 
Moreover, two studies indicated that an acceptable dose 
of TQ (0.6 mg/kg/day) is suitable for humans (33,34). The 
above information preliminarily confirms that TQ is a safe 
bioactive agent for humans.

TQ has also been subjected to intensive exploration in 
regards to its toxicity, appropriate dose, and upper tolerable 
limit through various animal‑based efficacy trials. The 
outcomes of most of the trials confirmed that TQ does not 
display any toxic effect within the range of 10‑100 mg/kg 

Figure 5. TQ activates the LKB1/AMPK/ULK1 pathway. (A) Western blot analysis shows the expression of p‑LKB1, LKB1, p‑AMPKα, AMPKα, p‑ULK1 
(ser317), p‑mTOR, and p‑ULK1 (ser575) after Dox or Dox in combination use with TQ. (B) Relative intensity (% of loading control) of p‑LKB1, LKB1, 
p‑AMPKα, AMPKα, p‑ULK1 (ser317), p‑mTOR, and p‑ULK1 (ser575) after Dox or Dox in combination use with TQ which was determined by Image J 
software. (C) Relative intensity (% of total subtype) of p-LKB1, LKB1, p-AMPKα, AMPKα, p-ULK1 (ser317), p-mTOR, and p-ULK1 (ser575) after Dox 
or Dox in combination use with TQ which was determined by Image J software. Data are presented as the mean ± SD of three independent experiments. A 
one‑way ANOVA test with post hoc Student‑Newman‑Keuls test was used for evaluating the difference. Significance was indicated at P<0.05: *P<0.05, Dox 
vs. the Dox+TQ group. TQ, thymoquinone; Dox, doxorubicin; LKB1, liver kinase B1; AMPK, AMP‑activated protein kinase; ULK1, unc‑51‑like kinase 1; 
mTOR, mammalian target of rapamycin; p‑, phosphorylated.
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body both in subchronic and subacute doses (35). Moreover, 
Gali‑Muhtasib  et  al  (36) found that TQ exhibited its 
anti‑oncogenic perspective at minimum doses of 5‑20 mg/kg 
rather than its reported LD50 value. Several investigations 
revealed no side effect of TQ prolonged consumption at 
10‑100 mg/kg for up to 20 weeks (36). Hence, these suffi‑
cient shreds of evidence indicate that TQ is a safe agent for 
humans, and well‑designed clinical trials in humans are 
required to confirm these effects for Dox‑induced cardio‑
toxicity patients.

While this study was being conducted, it was documented 
that TQ could attenuate Dox‑induced cardiotoxicity in rats, 
which further verify our positive results (9). In addition, our 
study further indicated the potential and novel mechanisms of 
action of TQ on protective effects of cardiomyocytes, which 
has not yet been reported. Hence, based on multiple evidence, 
TQ is a potential active molecule and provides insight for 
further evaluation on antagonizing anthracycline‑induced 
cardiotoxicity.

In conclusion, TQ has been preliminarily confirmed to be a 
potential candidate for protecting Dox‑induced cardiotoxicity. 
The mechanisms of action involved in the TQ‑mediated cardio‑
protective effects consist in the upregulation of autophagy in 
cardiomyocytes. However, well‑designed clinical trials in 
humans are required to confirm these effects for Dox‑induced 
cardiotoxicity in these patients.
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