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Abstract  Doxorubicin-induced cardiotoxicity (DIC) 
poses a threat to the health and prognosis of cancer 
patients. It is important to find a safe and effective method 
for the prevention and treatment of DIC. eEF2K, which 
is a highly conserved α-kinase, is thought to be a thera-
peutic target for several human diseases. Nonetheless, it 
is still uncertain if eEF2K contributes to the cardiotoxic 
effects caused by doxorubicin  (DOX). Our research 
revealed that eEF2K expression decreased in the DIC. 

eEF2K was overexpressed through adeno-associated 
virus in  vivo and adenovirus in  vitro, which presented 
alleviative cardiomyocyte death and cell atrophy induced 
by DOX. Autophagy dysfunction is one of important 
mechanisms in DIC. As a result, autophagic function 
was evaluated using Transmission electron micros-
copy in  vivo, as well as LysoSensor and mRFPGFP-
LC3 puncta in  vitro. eEF2K overexpression improves 
DOX-induced autophagy blockade. In addition, eEF2K 
knockdown aggravated autophagy blockade and cardio-
myocyte injury in DIC model. eEF2K also phosphoryl-
ated and inhibited GSK3β in DIC model. AR-A014418 
(ARi), known for selectively inhibiting GSK3β, coun-
tered the effects of eEF2K knockdown, which aggra-
vated autophagy blockade in the DIC. In conclusion, this 
study proposes that eEF2K alleviates DIC by inhibiting 
GSK3β and improving autophagy dysfunction. eEF2K is 
a promising therapeutic target against DIC.
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Research highlights   
1- eEF2K is down-regulated in mouse heart and NRCMs 
in response to DOX.
2- eEF2K alleviates DOX-induced cardiotoxicity by 
alleviating autophagy impairment.
3- eEF2K phosphorylates and inhibits GSK3β, which is 
responsible for DOX-induced autophagy blockade.
4- eEF2K is a new therapeutic target for doxorubicin-
induced cardiotoxicity.
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Introduction

Cardiovascular diseases and cancer are the major dis-
ease that threatens human health worldwide (Jones 
et al. 2012). Anti-tumor therapies, including targeted 
treatments and chemoradiotherapy, have significantly 
extended the survival of cancer patients (Yeh and 
Chang 2016). DOX, an anthracycline drug widely 
used clinically, is characterized by its cost-effective-
ness and potent anti-tumor efficacy, positioning it as a 
cornerstone in cancer treatment regimens (Hulst et al. 
2022). However, the absence of effective strategies 
to prevent and treat cardiotoxicity induced by DOX, 
limits its broader application in anti-tumor therapy 
(Hu et al. 2020; Singal and Iliskovic 1998).

Eukaryotic elongation factor-2 kinase (eEF2K), 
which is part of the α-kinase superfamily, has ancient 
origins that span across most eukaryotic organ-
isms. (Piserchio et  al. 2024). eEF2K is identified as 
a promising target for treatment across different dis-
eases, including inflammation (Peng et al. 2023), ath-
erosclerosis (Zhang et  al. 2014), hypertension (Usui 
et  al. 2013), pulmonary hypertension (Kameshima 
et al. 2015), Alzheimer’s disease (Kasica et al. 2022), 
depression (Autry et  al. 2011), and various types of 
cancer (Temme and Asquith 2021). eEF2K plays 
multiple biological functions and serves as an essen-
tial molecule in autophagy signaling transduction 
during cellular stress (Py et al. 2009).

Regulating autophagy, which includes the initia-
tion, autophagosome formation, and the clearance of 
autophagosomes and autolysosomes, is a dynamic, 
complex, and multi-step process (Ikeda et  al. n.d.). 
Emerging evidence implicates a close association 
between autophagy dysfunction and cardiotoxic 

effects of DOX (Bartlett et  al. 2017). Nevertheless, 
DOX’s influence on cardiac autophagy is determined 
by multiple factors, including the cardiotoxic model 
applied, the concentration and the duration of inter-
vention (Bartlett et  al. 2017; Dempke et  al. 2023; 
Pan et  al. 2019; Park et  al. 2016; Sishi et  al. 2013). 
In addition, the cardiomyocyte death and cell atro-
phy are inextricably associated with DOX-induced 
autophagy dysfunction (Orogo and Gustafsson 2015). 
Recent studies suggest that eEF2K alleviates endo-
plasmic reticulum stress by promoting autophagy, 
thereby safeguarding against myocardial cell injury 
induced by hypoxia (Pires Da Silva et  al. 2020). 
These findings suggests that eEF2K represents a 
potential target with myocardial-protective properties. 
Whether eEF2K contributes to autophagy dysfunc-
tion triggered by DOX is still not clear.

This research initially focused on the biological 
function of eEF2K in DIC and aimed to elucidate the 
molecular mechanisms. Our results suggested that 
Glycogen Synthase Kinase 3β (GSK3β) is a down-
stream target of eEF2K, inactivating through phos-
phorylation at the Ser9 site. Our research clarified 
that eEF2K alleviated DIC by inhibiting GSK3β and 
ameliorating autophagy dysfunction, and provided a 
novel therapeutic target against DIC.

Materials and methods

Mouse adeno‑associated virus infection and DIC 
establishment

Male C57BL/6 mice, within the age range of 6 
to 8  weeks, were randomly distributed into vari-
ous groups and maintained in SPF conditions, with 
unrestricted access to food and water, adhering to a 
uniform 12-h light/dark rhythm. The mice received 
an injection of adeno-associated virus with over-
expressed eEF2K (AAV-eEF2K) through the tail 
vein, and the control group received an equivalent 
dose of empty virus (NC). After 14 days of feeding 
in standard animal rooms, we created an acute DIC 
by administering a single dose of DOX via intra-
peritoneal injection (MCE, HY-P2106A, 15  mg/kg), 
while the same volume of saline was injected into 
the control group. After 5 days of intervention, mice 
were subjected to cardiac ultrasound examination. 
Subsequently, we euthanized mice and collected the 
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relevant samples. The Ethics Committee of Southern 
Medical University provided the authorization for this 
research (approval number: LAEC-2023–165).

Isolation and cultivation of neonatal rat 
cardiomyocytes and establishment of DIC

According to earlier publications, neonatal rat cardio-
myocytes (NRCMs) were isolated (Yang et al. 2023). 
Take the hearts from 1–2-day old Sprague–Dawley 
rat pups and carefully mince them. The cells were 
cultured in high glucose DMEM (Gibco) supple-
mented with 10% FBS (Procell), 100 μg/mL strepto-
mycin (Gibco), 100 units/mL penicillin (Gibco), and 
100 μmol/L BrdU (Sigma, B5002-1 g) at 37 °C in a 
5% CO2 atmosphere. The cell model was established 
by 1 μM DOX intervened for 24 h.

Bioinformatics analysis

We retrieved datasets (GSE206803, GSE59905 and 
GSE40289) from NCBI Gene Expression Omnibus. 
The intersection is used to identify common genes 
and perform heatmap analysis. Detailed information 
was provided in supplementary material Table S5-6.

siRNA transfection

RIBOBIO was responsible for synthesizing the 
sequences of eEF2K siRNA (si-eEF2K) and nega-
tive control siRNA (NC). In Opti-MEM (Gibco) 
medium, 50  nM si-eEF2K or NC was blended with 
Lipofectamine 3000 (ThermoFisher Scientific) for 
15 min. Then, according to the protocol of the reagent 
supplier, the specified mixture was used to transfect 
NRCMs. Following 6  h of co-culture, the medium 
was replaced and incubated for an additional 24  h 
for further steps. Refer to Supplementary Materials 
Table S3 for specific sequences.

Overexpression adenovirus transfection

The adenovirus Ad-eEF2K was customized by 
GenePharma (Shanghai, China), Adenovirus con-
taining non-specific sequences (Ad-NC) was used 
as a negative control. NRCMs was incubated with 
adenovirus (MOI = 50) for 8 h in cell culture medium 
containing 2% FBS in vitro. After replacing the cell 

culture medium, it was incubated for 48 h for the next 
steps.

Immunofluorescence

The samples underwent staining with primary anti-
bodies, combined by Alexa Fluor 488, Alexa Fluor 
555 or Alexa Fluor 647-conjugated secondary anti-
bodies. The cell nucleus is stained with Hoechst 
33,342 (Beyotime, C1022). Images were taken using 
a Leica SP8 laser scanning confocal microscope. Fur-
thermore, isotype control staining was performed on 
the heart to remove non-specific interference (Supple-
mentary Fig. S1). The details of the antibodies could 
be found in Supplementary Material Table S2.

Western blot

After extracting, protein sample was separated by 
SDS-PAGE, and transferred onto PVDF membranes. 
Then, blocking the membranes with 5% skim milk. 
Following the application of primary and second-
ary antibodies, protein bands were visualized with 
EnlightTM reagent.

Reverse transcription quantitative PCR (RT‑qPCR)

RT-qPCR was done following protocols that have 
been described earlier (Zhong et  al. 2023). We 
Quantified the mRNA levels for target genes by the 
2-ΔΔCt method, with β-actin as a normalized refer-
ence transcript. The detail of primer sequences was 
shown in the Supplementary Materials Table S3.

LDH test and PI/Hoechst 33342 staining

Cardiomyocyte damage was assessed using an LDH 
assay and PI/Hoechst 33,342 staining. After prepar-
ing the working solution, follow the manufacturer’s 
instructions and use the Varioskan-LUX microplate 
reader (Thermo) to measure the results at 490  nm. 
To stain the cells, NRCMs were treated with a 10 μM 
PI solution and a 20  μM Hoechst 33,342 solution 
for 15 min. The images were obtained through fluo-
rescence microscopy and analyzed with the help of 
ImageJ.
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Phalloidin staining

As per the manufacturer’s guidelines, NRCMs 
underwent fixation, permeabilization, and stain-
ing with phalloidin (US EVERBRIGHT, YP0063) 
and Hoechst 33,342, with imaging carried out by 
the Leica SP8 laser scanning confocal microscope. 
Image J was used to analyze the cell size.

mRFP‐GFP‐LC3 puncta

NRCMs in a confocal dish underwent transfection with 
tandem fluorescent mRFP-GFP-LC3 (MOI = 15) for 
8 h. Post-intervention, NRCMs were fixed with 4% par-
aformaldehyde and stained with Hoechst 33,342. The 
images were captured and documented with a Leica 
SP8 laser scanning confocal microscope. Ultimately, 
we counted the number of autophagosomes (yellow 
dots) and autophagosomes (red dots) in each cell.

Fluorescent dye LysoSensor™

We used probe LysoSensor™ Yellow/Blue DND-
160 (ThermoFisher, L7545) to measure lysosome 
levels and functionality in living cells. We stained 
the NRCMs with 5  μM LysoSensor™ Yellow/
Blue DND-160 for 5  min after the appropriate 

intervention. After washing to eliminate surplus 
dye, the cells were immersed in PBS and promptly 
moved to a Leica SP8 confocal laser scanning 
microscope. Yellow fluorescence is emitted by 
LysoSensor™ Yellow/Blue DND-160 in acidic 
lysosomes, while blue fluorescence is emitted in 
neutral lysosomes. The samples were measured at 
440 nm for blue and 540 nm for yellow (I440/I540).

Echocardiography

Anesthesia was administered to the mice using 2% 
Pentobarbital, followed by M-mode echocardiogra-
phy using the Vevo 2100 system from VisualSonics 
to evaluate the LVFS and LVEF.

ELISA assay

To assess myocardial injury, serum levels of cTnT and 
CK-MB isoenzyme were measured. Blood samples 
were taken from the retroorbital venous plexus and 
analyzed following the manufacturer’s instructions.

Heart weight (HW) and tibia length (TL)

The degree of heart atrophy was evaluated by calculat-
ing the ratio of heart weight to tibial length (HW/TL).

Hematoxylin and eosin (HE) staining

The heart specimens were first conserved using 
4% paraformaldehyde, then subjected to an ethanol 
dehydration process. Following this, the ethanol 
was eliminated using xylene, and the samples were 
subsequently encapsulated in paraffin. Heart tissue 
embedded in paraffin was then cut into sections of 
4  μm thickness. Post wax removal, the tissue sec-
tions were treated with hematoxylin and eosin for 
staining. Upon visualization and image capture of 
the heart sections with an optical microscope, the 
cross-sectional area of the heart was quantified uti-
lizing Image J software.

Wheat germ agglutinin (WGA) staining

The slices from the heart tissue were subjected to a 
dewaxing process, followed by staining with Wheat 

Fig. 1   eEF2K was decreased in DIC. A The intersection of 
three datasets was shown by the Venn diagram. Data details 
could be found in Supplementary Material Table  S5-S6. B 
The heatmap of the expression changes of 10 genes in three 
datasets was displayed. C The mRNA level of eEF2K in ani-
mal models was detected through RT-qPCR analysis on the 
3rd, 5th, and 7th days after DOX intervention (n = 4). D The 
expression of eEF2K in mouse heart tissue was shown by 
immunofluorescence staining. Green signal was used to rep-
resent eEF2K, red signal represented cTnT-labeled cardio-
myocytes, and blue signal represented Hoechst 33,342-labeled 
nuclei. Scale bar: 50  μm. E–F The protein level of eEF2K 
in mouse heart was detected through western blot analysis, 
with DOX intervention as before (n = 4). G The expression 
and distribution of eEF2K in cell DIC models were shown 
by immunofluorescence. Green signal was used to represent 
eEF2K, cTnT specifically labeled cardiomyocytes, and blue 
signal represented Hoechst 33,342-labeled nuclei. Scale bar: 
50 μm. H The mRNA level of eEF2K in NRCMs was detected 
through a RT-qPCR analysis (n = 5). I-L The protein level of 
eEF2K in different concentration–time gradients was detected 
through western blot analysis in NRCMs (n = 5). All data are 
presented as mean ± standard deviation. *p < 0.05, **p < 0.01, 
***p < 0.001 indicate statistical differences between groups

◂
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Germ Agglutinin (WGA, ThermoFisher, W11261) 
and Hoechst 33,342. Subsequent imaging was per-
formed using a Leica SP8 confocal laser scanning 
microscope. The quantification of the images was 
accomplished with the assistance of Image J software.

Transmission electron microscopy (TEM)

Heart tissue was swiftly harvested and cut into frag-
ments of 1mm3. Following the steps of fixation, dehy-
dration, and staining, these samples were segmented 

into minute grids. They were then examined using a 
Philips CM 10 electron microscope operating at 80 kV. 
The phrase ’autophagic vacuoles’ is inclusive of both 
’autophagosomes’ and ’autolysosomes’. The count of 
these autophagic vacuoles was recorded and a compara-
tive analysis was carried out among all groups.

Statistical analysis

The statistical examination of the data was per-
formed using the GraphPad Prism 9.0 software. 

Fig. 2   eEF2K attenuated doxorubicin-induced cardiotoxic-
ity in NRCMs. A-B The levels of eEF2K protein in NRCMs 
by western blot analysis (n = 5). C-D PI/Hoechst 33,342 
staining indicated the cellular injury (n = 5). The ratio of PI-
positive cells to Hoechst 33,342-positive cells was calculated 
by ImageJ software to indicate the cellular injury. The scale 
bar represents 250  μm. E–F The cardiomyocyte outline was 
determined by phalloidin staining. Cardiomyocyte size was 
quantified by ImageJ software. Hoechst 33,342 staining marks 

the nuclei, scale bar: 50  μm. G Myocardial cell injury was 
assessed by LDH detection (n = 5). H-I The levels of eEF2K 
protein in NRCMs by western blot analysis (n = 5). J-K PI/
Hoechst 33,342 staining indicated the cellular injury after 
eEF2K knockdown (n = 5), scale bar: 250  μm. L Myocardial 
cell injury was assessed by LDH detection (n = 5). All data are 
presented as mean ± standard deviation. *p < 0.05, **p < 0.01, 
***p < 0.001 indicate statistical differences between groups
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The data, which were collected from at least four 
independent parallel experiments, were repre-
sented as mean ± SEM. For statistical assessment, 
a one-way ANOVA was employed, followed by 
Tukey’s posthoc test. The significance of the data 
was represented as non-significant (ns), *p < 0.05, 
**p < 0.01, and ***p < 0.001, and any values fall-
ing under these categories were deemed statistically 
significant.

Results

eEF2K was decreased in DIC

DIC dataset was analyzed online on the GEO data-
base. Differential gene expression was assessed 
across three RNA-seq datasets, identifying 10 differ-
entially genes (Fig.  1 A). Detailed dataset informa-
tion was provided (supplementary material Table S5-
6). Heatmap analysis of these 10 genes revealed a 
downregulation of eEF2K (Fig. 1 B). Subsequently, 
an animal model of acute DIC (15 mg/kg) was estab-
lished. Through RT-qPCR, we confirmed that eEF2K 
expression was downregulated in mouse heart at the 
mRNA level on the 3rd, 5th, and 7th days after DOX 
intervention (Fig. 1 C). Continuous stimulation with 
dox resulted in decreased expression of eEF2K over 
time (Fig.  1 E, F). According to previous literature 
reports (Chen et al. 2022a; Yang et al. 2023), a 5-day 
DOX intervention protocol was selected for sub-
sequent animal experiments. Immunofluorescence 
staining also revealed that eEF2K was decreased by 
DOX in mouse heart (Fig.  1 D). According to RT-
qPCR analysis, we found that eEF2K was decreased 
by DOX at the mRNA level in vitro (Fig. 1 H). The 
different concentrations of DOX were used, which 
resulted in a dose-dependent reduction of eEF2K 
expression (Fig.  1 I, J). Given that DOX concen-
trations exceeding 2  μM are not clinically relevant 
(Li et al. 2016), a concentration of 1 μM DOX was 
employed. Furthermore, the different-times interven-
tion of DOX was used, which suggested that there 
was a time-dependent decrease of eEF2K at the 
protein level (Fig.  1  K, L). Immunofluorescence of 
NRCMs also revealed a reduction of eEF2K induced 
by DOX (Fig. 1 G).

eEF2K attenuated doxorubicin‑induced cardiotoxicity 
in NRCMs

To study the function of eEF2K in DIC, we utilized 
adenovirus to artificially enhance its expression 
in  vitro (Supplementary Fig.  S2 A, B). According 
to western blot analysis, eEF2K levels were low-
ered by DOX, yet adenovirus-mediated overex-
pression reinstated them. (Fig. 2 A, B). PI/Hoechst 
33,342 staining demonstrated that DOX induced 
cardiomyocyte injury and death compared to that 
in the CTR group, but the overexpression of eEF2K 
reduced cardiomyocyte damage (Fig. 2 C, D). Simi-
larly, LDH detection also suggested that the over-
expression of eEF2K reduced cardiomyocyte injury 
induced by DOX (Fig.  2 G). Furthermore, Phal-
loidin staining revealed that myocardial cell area 
was reduced by DOX, whereas the overexpression 
of eEF2K attenuated DOX-induced cardiomyocyte 
atrophy (Fig. 2 E, F).

Secondly, eEF2K was knocked down by siRNA 
in  vitro (Supplementary Fig.  S3 A, B), and eEF2K 
was further reduced by si-eEF2K in DOX-treated 
NRCMs (Fig.  2 H, I). Although PI/Hoechst 33,342 
staining revealed that eEF2K knockdown alone did 
not induce NRCMs injury, eEF2K knockdown exac-
erbated DOX-induced cardiomyocyte injury (Fig. 2 J, 
K). LDH detection supported these findings, indicat-
ing a exacerbation of DIC upon eEF2K knockdown 
(Fig. 2 L).

Overexpression of eEF2K attenuated 
doxorubicin‑induced cardiotoxicity in mice

Adeno-associated virus (AAV) was introduced into 
mice through an injection in the tail vein, which 
resulted in targeted overexpression of eEF2K spe-
cifically in the cardiac tissue (Supplementary Fig. S4 
A-B). An equal amount of empty vector virus was 
administered to the negative control (NC) group. 
According to immunofluorescence analysis, the DOX 
group showed a decrease in eEF2K fluorescence 
intensity, whereas AAV-eEF2K infection led to an 
increase. (Fig.  3 A). Western blot similarly showed 
that cardiac eEF2K was reduced in the DOX group, 
but it was elevated through AAV-mediated overex-
pression (Fig. 3 B-C).
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M-mode echocardiography revealed that DOX led 
to a reduction in both LVEF and LVFS compared to 
the Sham group. In contrast, AAV-eEF2K mitigated 
the reduction of LVEF and LVFS caused by DOX 
(Fig. 3 D-F). Additionally, the DOX group had a thin-
ner left ventricular wall, whereas wall thinning was 
less pronounced with DOX + AAV-eEF2K than in 
the DOX + NC group. (Supplementary Fig.  S5 A-F). 
Detection of cTnT and CK-MB was used to assess myo-
cardial injury. According to the results, DOX elevated 
cTnT and CK-MB levels, while AAV-eEF2K allevi-
ated the myocardial damage induced by DOX. In the 
DOX + AAV-eEF2K group, cTnT and CK-MB levels 
were lower than those in the DOX + NC group (Fig. 3 
G-H).

Because previous research has established myo-
cardial atrophy as a principal pathological feature 
of DIC (Chen et  al. 2022a; Ferreira de Souza et  al. 
2018; Lipshultz et  al. 1991; Orogo and Gustafsson 
2015), we evaluated the heart mass through gross 
cardiac specimens and the HW/TL ratio. The results 
suggested that both heart volume and HW/TL ratio 
were reduced by DOX (Fig. 3 I-J). Concurrently, we 
observed that there was a decline body weight fol-
lowing DOX intervention (Supplementary Fig.  S6 
A-C). However, the analysis of HW/BW ratio also 
indicated that AAV-eEF2K attenuated the heart 
mass loss induced by DOX (Supplementary Fig. S6 
D). We selected heart tissue sections at the papil-
lary muscle level for HE staining. Findings indicated 
a decrease in the mouse heart’s cross-sectional area 
due to DOX, which AAV-eEF2K could help coun-
teract (Fig. 3 K-L). Furthermore, the average cross-
sectional area of cardiomyocytes was found to be 

smaller in the DOX group than in the Sham group, as 
indicated by WGA staining, and AAV-eEF2K could 
attenuate the cardiomyocyte atrophy induced by 
DOX (Fig. 3 M–N).

eEF2K attenuated autophagy dysfunction induced by 
DOX

For additional confirmation, NRCMs were trans-
fected with tandem mRFP-GFP-LC3 adenovirus to 
observe the number of autophagosomes and autol-
ysosomes in  vitro. Between the groups, the number 
of autophagosomes showed no statistical difference. 
Nonetheless, DOX induced a marked increase in 
autolysosomes compared to the CTR group. There 
was no statistical difference among DOX + NC group 
and DOX group. The overexpression of Ad-eEF2K 
led to a decrease in autolysosome accumulation 
caused by DOX (Fig.  4 A-B), which indicated that 
eEF2K might mitigate the DOX-induced impairment 
in autolysosome degradation. Western blot also sug-
gested that eEF2K improved the DOX-induced eleva-
tion of LC3-II, thereby attenuating autophagic dys-
function (Fig. 4 C-E).

Chloroquine (CQ), a specific autophagy inhibi-
tor, was employed to further elucidate the autophagy 
flux. Compared to the CTR group, the CQ group 
displayed a significant rise in LC3-II, suggesting 
the preservation of autophagy flux in normal cells. 
The DOX + CQ group showed a reduction in LC3-
II, suggesting a reduction of autophagy flux induced 
by DOX compared to that in the CQ group (Supple-
mentary Fig.  S7 A-D). Additionally, LC3-II levels 
rose in both the Ad-eEF2K + CQ group and the Ad-
eEF2K + DOX + CQ group when compared to those 
not treated with chloroquine, which indicated that 
eEF2K could restore the decrease of autophagy flux 
induced by DOX (Fig. 4 F-I).

Recent research has elucidated that there was 
an inhibition of lysosomal acidification to inhibit 
autophagy flux (Li et  al. 2016). Therefore, we 
employed the LysoSensor Yellow/Blue probe to stain 
lysosomes. The increase of the ratio of I440/I540 sug-
gested that DOX led to a disruption of the lysosomal 
acidic environment, but Ad-eEF2K decreased the 
ratio and restored lysosomal acidification dysfunction 
induced by DOX (Fig. 4 J-M).

Additionally, our findings revealed that eEF2K 
knockdown elevated LC3-II accumulation induced 

Fig. 3   eEF2K attenuated doxorubicin-induced cardiotoxicity 
in mice. A Immunofluorescence analysis showed eEF2K local-
ization in cardiac tissue. The green signal represented eEF2K, 
the red signal denoted cTnT-labeled cardiomyocytes, and the 
blue represented Hoechst 33,342-labeled nuclei. Scale bar: 
50 μm. B-C eEF2K were detected by western blot analysis in 
murine cardiac tissue (n = 6). D-F LVEF and LVFS were meas-
ured by short-axis M-mode echocardiography (n = 6). G-H 
Serum cTnT and CK-MB levels were quantified by ELISA 
(n = 6). I-J The gross heart pictures and the HW/TL ratio of 
mice (n = 6). K-L Representative images of gross cardiac sec-
tions stained by HE stains and the cross-section area of hearts 
were measured (n = 6). M–N Representative images stained 
with WGA, depicting the cross-sectional area of cardiomyo-
cytes (n = 6). All data are presented as mean ± standard devia-
tion. *p < 0.05, **p < 0.01, ***p < 0.001 indicate statistical dif-
ferences between groups
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by DOX, resulting in aggravating autophagy block-
ade (Fig.  4 N–O). Overall, these results implicated 
that eEF2K restored autolysosomes accumulation and 
autophagy flux reduction induced by DOX, thereby 
attenuating DIC.

Overexpression of eEF2K improved DOX‑induced 
autophagy blockade in mice heart

Mice were grouped based on DOX-intervention dura-
tions, which revealed that DOX induced autophagic 
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dysfunction in mouse hearts over time, peaking at 
5  days (Fig.  5 A-C). Through Western blot exami-
nation, it was found that augmenting eEF2K levels 
using an adenovirus led to changes in LC3-II con-
centrations, indicating that eEF2K could alleviate the 
accumulation of LC3-II instigated by DOX (Fig.  5 
D-F). Furthermore, TEM was employed to evalu-
ate the abundance of autophagic vacuoles in car-
diac tissue. The results showed a low number of 
autophagic vacuoles in normal heart tissue, whereas 
DOX increased their amount. However, overexpres-
sion of eEF2K decreased the amount of autophagic 
vacuoles induced by DOX in cardiac tissue (Fig.  5 
G-H). Collectively, these results indicate that DOX 
caused a blockage in cardiac autophagy, leading to 
the buildup of autophagic vacuoles and LC3-II, while 
eEF2K improved DOX-induced autophagy blockade 
by enhancing the degradation of autophagic vacuoles.

eEF2K promoted GSK3β phosphorylation in DIC

Recently, eEF2K has been reported to facilitate 
GSK3β phosphorylation at the Ser9 site (Chen et al. 
2022b). However, whether eEF2K promotes phos-
phorylation in DIC is still unclear.

We used western blot analysis to detect the 
phosphorylation level of GSK3β, revealing that 
DOX reduced p-GSK3β levels in  vivo. However, 

overexpression eEF2K increased the p-GSK3β level 
(Fig.  6 A-C). In addition, overexpression eEF2K 
attenuated the reduction of p-GSK3β levels induced 
by DOX in  vitro (Fig.  6 D-F). Similarly, eEF2K 
knockdown not only led to a decrease of p-GSK3β 
levels in normal cells, but also further decreased 
p-GSK3β levels in DIC (Fig. 6 G-I). These findings 
suggested that eEF2K promoted GSK3β phosphoryl-
ation at the Ser9 site in DIC.

Inhibition of GSK3β reversed the effects of eEF2K 
knockdown on aggravating autophagy blockade in 
DIC

According to studies, DOX reduces the phosphoryla-
tion level at Ser9 of GSK3β, resulting in its height-
ened activation (Li et  al. 2020; Wang et  al. 2021; 
Zhang et al. 2020). Like previous studies, the findings 
indicated that the phosphorylation level of GSK3β 
was decreased by DOX at different concentrations 
intervention (Supplementary Fig. S8 D-F). The study 
showed that knocking down eEF2K worsens the 
injury to cardiomyocytes induced by DOX. Given the 
overactivation of GSK3β in the DIC, we used a selec-
tive GSK3β inhibitor, AR-A014418 (ARi), to inves-
tigate the therapeutic potential of inhibiting GSK3β. 
We found that inhibiting GSK3β could alleviate DIC 
(Supplementary Fig.  S8 A-C). PI/Hoechst 33,342 
staining showed that ARi attenuated the exacerbated 
cardiomyocyte injury resulting from eEF2K knock-
down in DIC (Fig. 7 A-B). Similarly, LDH detection 
suggested that si-eEF2K notably exacerbated DIC, 
whereas ARi alleviated the injury (Fig.  7 C). It is 
worth noting that knockdown eEF2K alone did not 
cause damage. Furthermore, phalloidin staining dem-
onstrated that si-eEF2K exacerbated DOX-induced 
cardiomyocyte atrophy, but ARi reversed the atrophic 
response (Fig. 7 D-E). These findings suggested that 
GSK3β inhibition by ARi attenuated the exacerbated 
cardiomyocyte injury resulting from eEF2K knock-
down in DIC.

Subsequently, we investigated how ARi influences 
the autophagy blockade caused by DOX. The mRFP-
GFP-LC3 fluorescence showed that eEF2K knock-
down aggravated the accumulation of autolysosome 
compared to that in the DOX group, further reducing 
the autophagy flux. However, ARi attenuated autol-
ysosomes accumulation and restored autophagy flux 
(Fig.  7 F-G). Moreover, the analysis using western 

Fig. 4   eEF2K attenuated autophagy dysfunction in NRCMs 
induced by DOX. A-B Representative fluorescence images of 
NRCMs infected with mRFP-GFP-LC3 adenovirus (n = 15). 
The mRFP (red) is stable in the acid organelles while the 
GFP (green) is not. Therefore, the green fluorescence of GFP 
quenched when the autophagosome fused with the lysosome 
to become autolysosome. The yellow dots merged by green 
dots and red dots represented autophagosomes and the red 
dots overlay no green dots indicated autolysosomes. The nuclei 
were stained with Hoechst 33,342 (blue). Scale bar: 20  μm. 
C-E LC3 was detected by western blot analysis in NRCMs 
(n = 5). F-I LC3 was detected by western blot analysis follow-
ing eEF2K overexpression, DOX or chloroquine intervention, 
reflecting the alterations of autophagy flux (n = 5). J-M LC3 
was detected by western blot in NRCMs (n = 5). N–O Repre-
sentative fluorescence images of lysosomes using LysoSen-
sor Yellow/Blue probes (n = 15). The blue dots with emission 
peak at 440  nm representing less acidic or neutral lysosomes 
(impaired lysosomes) as well as the yellow dots with emis-
sion peak at 540  nm indicating acid lysosomes (functional 
lysosomes). The ratio of I440/I540 were measured. Scale bar: 
20  μm. All data are presented as mean ± standard deviation. 
*p < 0.05, **p < 0.01, ***p < 0.001 indicate statistical differ-
ences between groups

◂



	 Cell Biol Toxicol           (2025) 41:15    15   Page 12 of 18

Vol:. (1234567890)

Fig. 5   eEF2K improved DOX-induced autophagy blockade 
in mice heart. A-C LC3 was detected by western blot analysis, 
reflecting the impact of DOX on autophagy in mouse hearts 
(n = 4). D-F Western blot analysis evaluated that overexpres-
sion of eEF2K attenuated the accumulation of LC3 induced by 
DOX (n = 6). G-H Representative transmission electron micro-

scope images of autophagic vacuoles in mouse heart (n = 5). 
Autophagic vacuoles were labeled with red arrows. Scale bar: 
2  μm. All data are presented as mean ± standard deviation. 
*p < 0.05, **p < 0.01, ***p < 0.001 indicate statistical differ-
ences between groups
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blot demonstrated that eEF2K knockdown resulted in 
elevated LC3-II levels relative to the DOX group, but 
LC3-II accumulation was reduced after ARi interven-
tion (Fig. 7 H-J). These results suggested that GSK3β 
inhibition could attenuate the autophagy blockade 
induced by eEF2K knockdown in DIC.

Autophagy flux was further detected by chloro-
quine intervention. Our findings suggested that DOX 
decreased cardiomyocyte autophagy flux, and eEF2K 
knockdown further exacerbated this reduction. Nev-
ertheless, the inhibition of GSK3β by ARi partially 
reversed the reduced autophagy flux resulting from 
eEF2K knockdown in DIC (Fig.  7  K-N). Addition-
ally, lysosomal acidification function was assessed 
using the LysoSensor Yellow/Blue probe. Our results 

indicated that lysosomal acidification dysfunction 
induced by DOX was exacerbated by eEF2K knock-
down, but ARi partially reversed this lysosomal dys-
function (Fig. 7 O-P).

In conclusion, our results suggested that inhibi-
tion of GSK3β by ARi could attenuate lysosome dys-
function, alleviate autophagy blockade, and restore 
autophagy flux, thereby improving DIC.

Discussion

This research reveals that myocardial eEF2K is 
reduced in DIC. Meanwhile, our results suggested 
that eEF2K ameliorated DOX-induced autophagy 

Fig. 6   eEF2K promoted GSK3β phosphorylation in DIC. A-C 
The phosphorylation level of GSK3β at Ser9 was detected by 
western blot analysis in mouse hearts (n = 6). D-F The phos-
phorylation level of GSK3β at Ser9 was detected in NRCMs 
following eEF2K overexpression (n = 5). G-I The phosphoryl-

ation level of GSK3β at Ser9 was detected following eEF2K 
knockdown (n = 5). All data are presented as mean ± standard 
deviation. *p < 0.05, **p < 0.01, ***p < 0.001 indicate statisti-
cal differences between groups
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dysfunction by phosphorylating and inhibiting 
GSK3β, thereby alleviating DIC.

eEF2K was initially identified as an upstream 
kinase of eEF2, facilitating translation elongation 
by promoting the translocation of nascent peptide 
chains on ribosomes (Dever et al. 2018). Recognized 
as a therapeutic target (Kasica et al. 2022; Peng et al. 
2023; Temme and Asquith 2021; Usui et  al. 2013; 
Zhang et  al. 2014), eEF2K exerts protective effects 
against hypoxia, glucose deprivation, and tunicamy-
cin-induced cardiotoxicity (Kameshima et  al. 2019; 
Pires Da Silva et al. 2020; Terai et al. 2005). Nonethe-
less, the possible involvement of eEF2K in DIC has 
not yet been investigated. In our study, we observed a 
decrease in the expression of eEF2K following DOX 
intervention in vivo, and confirmed that the effect of 
DOX intervention on eEF2K expression is concen-
tration and time dependence in  vitro. This finding 
suggests a potential involvement of eEF2K in DIC. 
Subsequently, adeno-associated virus was used to 
overexpress eEF2K, which alleviated DOX-induced 
cardiac dysfunction and myocardial mass loss in vivo. 

Simultaneously, we found that eEF2K diminished 
the atrophy and injury of cardiomyocytes induced by 
DOX in vitro.

For the biological function of eEF2K, studies 
have demonstrated that eEF2K regulates the cellular 
energy metabolism by regulating the primary energy 
sensor AMPK, which consequently affects the cell 
autophagy dynamics (Horman et al. 2002; Xie et al. 
2014). Furthermore, eEF2K is acknowledged as an 
essential molecule in autophagy signaling when cells 
are under stress (Py et al. 2009). Acknowledging the 
effect of impaired autophagy on the pathogenesis of 
DIC (Bartlett et  al. 2017; Dempke et  al. 2023; Pan 
et  al. 2019; Park et  al. 2016; Sishi et  al. 2013), we 
then investigated the possible role of eEF2K in con-
trolling autophagy. In accordance with previous 
studies (Chen et al. 2022a; Li et al. 2016; Pan et al. 
2021), we observed that DOX induced impaired 
autophagy flux including the lysosomal dysfunction 
and autolysosome accumulation. This study found 
that eEF2K overexpression lessened the accumula-
tion of autophagic vacuoles caused by DOX in vivo. 
Meanwhile, our results indicated that eEF2K reversed 
DOX-induced dysfunction of autophagosome deg-
radation by improving lysosomal function, which 
exerted a protective effect against DIC in vitro. These 
results indicated that eEF2K ameliorated DIC by pro-
moting autophagy.

GSK3β plays a crucial role in controlling 
autophagy, and its reduction or inhibition can alle-
viate autophagy blockage and cellular damage. 
Madonna et  al. reported that Empagliflozin signifi-
cantly mitigated cardiac dysfunction in diabetic mice 
by inhibiting GSK3β, thereby restoring autophagy 
dysregulation induced by high glucose treatment 
(Madonna et al. 2023). Coincidentally, Su et al. found 
that the inhibition of Risa increased the phosphoryla-
tion of GSK3β and inhibited its activity, restoring 
the level of podocyte autophagy, thereby improving 
diabetes nephropathy (Su et  al. 2022). Since DOX 
decreased phosphorylation of GSK3β at the Ser9 
site, which increased GSK3β activity (Li et al. 2020; 
Su et al. 2022; Wang et al. 2021). GSK3β inhibition 
might ease the irregularities in autophagy associated 
with DIC. Interestingly, previous research indicated 
an association between eEF2K and GSK3β phospho-
rylation (Chen et  al. 2022b). Our study also found 
that there is positive association between the eEF2K 
and the phosphorylation of GSK3β in DIC. Thus, it 

Fig. 7   Inhibition of GSK3β reversed the effects of eEF2K 
knockdown on aggravating autophagy blockade in DIC. 
A-B Hoechst 33,342/PI staining indicated the cellular injury 
(n = 5). The ratio of PI-positive cells to Hoechst 33,342-posi-
tive cells was calculated by ImageJ software to indicate the 
cellular injury. The scale bar represents 250 μm. C Myocardial 
cell injury was assessed by LDH detection (n = 5). D-E The 
cardiomyocyte outline was determined by phalloidin stain-
ing. Cardiomyocyte size was quantified by ImageJ software. 
Hoechst 33,342 staining marks the nuclei, scale bar: 50  μm. 
F-G Representative images of NRCMs infected with mRFP-
GFP-LC3 adenovirus (n = 15). The GFP (green) is unstable 
in the acid organelles like lysosome while the mRFP (red) 
is not. Therefore, the green fluorescence of GFP quenched 
when the autophagosome fused with the lysosome to become 
autolysosome. The yellow dots merged by green dots and red 
dots represented autophagosomes and the red dots overlay no 
green dots indicated autolysosomes. The nuclei were stained 
with Hoechst 33,342 (blue). Scale bar: 20 μm. H-J LC3 were 
detected by western blot analysis in NRCMs (n = 5). K-N 
LC3 were detected by western blot analysis following eEF2K 
knockdown, ARi and chloroquine intervention in DIC, reflect-
ing the alteration of autophagy flux (n = 5). O-P Representa-
tive fluorescence images of lysosomes using LysoSensor Yel-
low/Blue probes (n = 15). The blue dots with emission peak at 
440 nm representing less acidic or neutral lysosomes (impaired 
lysosomes) as well as the yellow dots with emission peak at 
540 nm indicating acid lysosomes (functional lysosomes). The 
ratio of I440/I540 were measured. Scale bar: 20 μm. All data are 
presented as mean ± standard deviation. *p < 0.05, **p < 0.01, 
***p < 0.001 indicate statistical differences between groups
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aroused our interest in exploring whether eEF2K 
reversed DOX-induced autophagy dysfunction by 
increasing GSK3β phosphorylation and inhibiting 
its function. The data suggested that DOX causes a 
reduction in the phosphorylation level of GSK3β in 
mouse cardiomyocytes as well as NRCMs, while 
overexpression of eEF2K could restore the phos-
phorylation level of GSK3β. This suggested that 
eEF2K promoted the phosphorylation of GSK3β in 
DIC, leading to its functional inhibition. We then 
explored the impact of inhibiting GSK3β function on 
autophagy.

ARi, a highly selective GSK3β inhibitor, was used 
to investigate the potential in mitigating myocar-
dial injury induced by eEF2K knockdown in DIC. 
Although eEF2K knockdown exacerbated DOX-
induced autophagy blockade and lysosomal dysfunc-
tion, ARi treatment improved lysosomal function 
and alleviated autophagy dysfunction. Furthermore, 
GSK3β inhibition reversed the myocardial injury and 
cellular atrophy induced by eEF2K knockdown in 
DIC. These results indicated that eEF2K mitigated 
DOX-induced autophagy dysfunction by phosphoryl-
ating GSK3β and inhibiting its activity.

In summary, the cardiac expression of eEF2K was 
decreased by DOX, resulting in autophagy dysfunc-
tion and subsequent cardiotoxicity. eEF2K mitigates 
autophagy impairment by promoting the phospho-
rylation of GSK3β, thereby attenuating DIC. Targeted 
inhibition of GSK3β to mitigate autolysosome accu-
mulation induced by DOX represents a promising 
novel approach warranting further investigation.
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