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Abstract
During the development of cardiac hypertrophy, glucose deprivation (GD) associated with coronary microvascular rarefaction 
is caused, leading to cardiomyocyte death. Phosphorylation (inactivation) of eukaryotic elongation factor 2 (eEF2) by eEF2 
kinase (eEF2K) inhibits protein translation, a highly energy consuming process, which plays protective roles against nutrient 
deprivation-induced cell death. We previously showed that eEF2 phosphorylation was increased in isolated heart from several 
cardiac hypertrophy models. In this study, we investigated whether eEF2K/eEF2 mediates the inhibition of cardiomyocyte 
death under GD condition. In H9c2 rat cardiomyoblasts cultured with serum-free medium, GD significantly augmented 
eEF2 phosphorylation and signals related to autophagy [increase of microtubule-associated protein 1 light chain 3 (LC3)-II 
to LC3-I ratio] and apoptosis (cleavage of caspase-3) as determined by Western blotting. GD induced cell death, which was 
augmented by eEF2K gene knockdown using a small interfering RNA. eEF2K gene knockdown significantly augmented 
GD-induced cleavage of caspase-3 and apoptotic nuclear condensation as determined by 4′, 6-diamidino-2-phenylindole 
staining. In contrast, eEF2K gene knockdown significantly inhibited GD-induced increase of LC3-II to LC3-I ratio and 
autophagosome formation as determined by an immunofluorescence staining. An inhibitor of autophagy, 3-methyladenine or 
bafilomycin A1 significantly augmented GD-induced cleavage of caspase-3. Further, eEF2K gene knockdown significantly 
inhibited GD-induced phosphorylation of adenosine monophosphate-activated protein kinase (AMPK)α and its downstream 
substrate, unc-51 like autophagy activating kinase (ULK)1. An inhibitor of AMPK, dorsomorphin significantly inhibited 
GD-induced increase of LC3-II to LC3-I ratio. In conclusion, we for the first time revealed that eEF2K/eEF2 axis under GD 
condition mediates the inhibition of apoptotic H9c2 cell death at least in part via promotion of autophagy through AMPKα/
ULK1 signaling pathway.
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Introduction

Cardiac hypertrophy is one of the compensation mecha-
nisms against the circulatory insufficiency including hyper-
tension [1], valvular heart disease [2] and cardiomyopathy 
[3]. However, decrease of coronary microvascular density 
and the following deprivation of nutrients including glucose 
in cardiomyocytes are caused during the development of 
cardiac hypertrophy, which leads to cardiomyocyte death 
and cardiac dysfunction [4, 5]. Glucose deprivation (GD) 
was reported to induce apoptosis in several types of cells 
including cardiomyocytes [6, 7]. Autophagy is a highly con-
served intracellular process for protein degradation and recy-
cling, which was reported to play protective roles against the 
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apoptotic cell death under nutrient-deprived condition. In 
mouse neuroblastoma cell line, an inhibitor of autophagy, 
bafilomycin A1 (Baf A1) or 3-methyladenine (3-MA), aug-
ments the expression of apoptosis-related molecules induced 
by GD and the following glucose reperfusion [8]. In addi-
tion, estradiol was reported to inhibit apoptotic osteoblast 
death via the promotion of autophagy under serum-deprived 
condition [9].

Protein translation is a highly energy consuming process, 
which is positively regulated by eukaryotic elongation factor 
2 (eEF2) in eukaryotes. eEF2, a 95.2 kDa protein consisting 
of 857 amino acids, belongs to the G-protein superfamily 
and promotes guanosine triphosphate-dependent translo-
cation of peptidyl-tRNA from the A to P site in ribosome 
[10]. eEF2 is phosphorylated and inactivated by its specific 
upstream kinase, eEF2 kinase (eEF2K). It was reported 
in several tumor cells that eEF2K/eEF2 axis mediates an 
increase of cell viability through the inhibition of energy 
consumption via decreasing protein translation under nutri-
ent-deprived condition [11]. We previously showed that 
eEF2K activation and the following eEF2 phosphorylation 
were increased in the isolated heart from several cardiac 
hypertrophy models [12]. In this study, we thus tested the 
hypothesis that eEF2K/eEF2 plays protective roles in the 
cell death under GD condition, and revealed that the eEF2K/
eEF2 axis mediates an inhibition of caspase-3-dependent 
apoptosis at least in part via the promotion of autophagy in 
the glucose-deprived H9c2 cardiomyoblasts.

Methods

Materials

Regent sources were as follows: 3-MA (Calbiochem; Merck, 
Darmstadt, Germany), dorsomorphin (Adooq Bioscience, 
Irvine, CA, USA) and Baf A1 (BioViotica, Dransfeld, Ger-
many). 3-MA was dissolved in serum-free culture medium. 
Dorsomorphin or Baf A1 was dissolved in dimethyl sulfox-
ide (DMSO; final concentration was 0.1%).

Antibody sources were as follows: phospho-eEF2 (No. 
905-775-100) (Assay designs, Ann Arbor, MI, USA); total-
eEF2 (No. A301-688A-T) (Bethyl Laboratories, Montgom-
ery, TX, USA); total-eEF2K (No. sc-390710) (Santa Cruz 
Biotechnology, Dallas, TX, USA); microtubule-associated 
protein 1 light chain 3 (LC3; No. 2775S), cleaved cas-
pase-3 (No. 9661S), phospho-adenosine monophosphate 
(AMP)-activated protein kinase (AMPK)α (No. 2535), 
total-AMPKα (No. 2603), phospho-acetyl-CoA carboxylase 
(ACC; No. 3661), total-ACC (No. 3676), phospho-unc-51 
like autophagy activating kinase (ULK)1 (No. 5869), total-
ULK1 (No. 8054) (Cell Signaling Technology, Beverly, MA, 

USA); total-actin (MAB1501) (Sigma-Aldrich, St. Louis, 
MO, USA).

Cell culture

H9c2 rat cardiomyoblasts were obtained from American 
Type Culture Collection (Manassas, VA, USA), and the cells 
at passage 18–43 were used in this study. The cells were 
cultured in Dulbecco Modified Eagle’s Medium (DMEM; 
No. 041-29775, Wako, Osaka, Japan) supplemented with 
10% fetal bovine serum (Gibco; Thermo Fisher Scientific, 
Waltham, MA, USA) and a mixture of 1% penicillin–strep-
tomycin (Nacalai tesque, Kyoto, Japan) at 37 °C in 5% CO2 
[13], and used for each experiment at 70–90% confluence. 
They were exposed for 6–26 h to serum-free DMEM in the 
absence of glucose (No. 042-32255, Wako, the osmolarity 
was adjusted for that of the DMEM with glucose) as GD. 
The cells were treated with dorsomorphin (5 µM) or 3-MA 
(2 mM) during GD for 12 or 24 h, respectively. Baf A1 
(10 nM) was added to the medium 3 h or 6 h before the end 
of 12 h- or 24 h-GD stimulation.

Small interfering (si)RNA transfection

H9c2 cells at 70–80% confluence were transfected with 
siRNA against eEF2K (#1: ACU​AAA​AUC​AUG​GAC​
UGC​Ctt or #2: UGU​UGU​ACC​AGU​GUA​AGG​Ctt; Nip-
pon Gene, Toyama, Japan) or/and eEF2 (UCG​AUC​AUG​
AUA​UUG​CCC​Att; Nippon Gene) by a lipofection method 
using ScreenFect siRNA (Wako) at a final concentration of 
20 nmol/l. Non-silencing siRNA (#1: Nippon Gene or #2: 
RNAi inc., Tokyo, Japan) was used as a negative control. 
Then, the cells were recovered for an additional 24 h before 
GD stimulation. siRNA with sequence #1 against non-
silencing control or eEF2K was used in all the eEF2K gene 
knockdown studies except for the experiments described in 
Supplementary Fig. 2 where sequence #2 was used.

Western blotting

Western blotting was performed as described previously 
[14]. Protein lysates were obtained by homogenizing H9c2 
cells with Triton X-100-based lysis buffer, and protein con-
centration was measured using a bicinchoninic acid method 
(Pierce, Rockford, IL, USA). Equal amount of proteins 
(2–14 µg) was separated by SDS-PAGE (7.5–14%) and 
transferred to a nitrocellulose membrane (Pall, Ann Arbor, 
MI, USA). After blocked for 1 h with 3% bovine serum 
albumin, the membrane was incubated with the following 
primary antibodies: phospho-eEF2 (1:1000 dilution), total-
eEF2 (1:2000 dilution), total-eEF2K (1:500 dilution), LC3 
(1:500–1000 dilution), cleaved caspase-3 (1:500 dilution), 
phospho-AMPKα (1:1000 dilution), total-AMPKα (1:500 
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dilution), phospho-ACC (1:500 dilution), total-ACC (1:500 
dilution), phospho-ULK1 (1:500 dilution), total-ULK1 
(1:500 dilution) and total-actin (1:1000–3000 dilution) at 
4 °C overnight and was visualized using a horseradish per-
oxidase-conjugated secondary antibody (1:10,000 dilution, 
45 min) and the chemiluminescent reagent (EZ-ECL kit; 
Biological Industries, Kibbutz Beit Haemek, Israel or ECL 
Prime kit; Amersham; GE healthcare, Marlborough, MA, 
USA). The resulting bands were analyzed using CS Ana-
lyzer 3.0 software (ATTO, Tokyo, Japan). Equal loading of 
protein was confirmed by measuring expression of each total 
protein or total-actin.

Cell viability assay

Cell viability was assessed by a cell counting using cell 
counting kit-8 (Dojindo, Kumamoto, Japan) as described 
previously [15]. After stimulation of the cells with GD 
for 24–26 h, the images were taken using a phase contrast 
microscope (CKX-31, Olympus, Tokyo, Japan) equipped 
with a digital camera (Bio Medical Science, Tokyo, Japan). 
After washed with Tris-buffered saline, the cells were 
incubated for 2 h in serum-free DMEM in the presence of 
a color reagent at 37 °C. The absorbance of the cultured 
medium was measured at 450 nm using a standard 96 well 
plate reader (TriStar LB 941; Berthold Technologies, Bad 
Wildbad, Germany).

Determination of apoptotic nuclear condensation 
by 4′, 6‑diamidino‑2‑phenylindole (DAPI) staining

DAPI staining was performed to observe a nuclear morphol-
ogy as described previously [16]. After stimulation of the 
siRNA-transfected cells with GD for 24 h, DAPI (1 µg/ml, 
Dojindo) was added for 5 min at room temperature. The 
images were taken using a fluorescent microscope (BX-51; 
Olympus) equipped with a digital camera (DP74; Olympus). 
The ratio of condensed to total nuclei was calculated (300 
cells, shown in %).

Determination of autophagosome formation 
by an immunofluorescence staining

Autophagosome formation was examined by an immuno-
fluorescence staining using a specific antibody against LC3 
[17]. After transfection with siRNA and the following GD 
stimulation for 12 h, the cells were fixed with 4% paraform-
aldehyde and permeabilized with 0.2% Triton X-100. After 
blocked for 1 h with 1% normal goat serum, the cells were 
incubated with LC3 antibody (1:250 dilution) at 4 °C over-
night and visualized using a fluorescent-dye-conjugated sec-
ondary antibody (Alexa Fluor 488; Thermo Fisher Scien-
tific). The images were taken using a fluorescent microscope 

(BX-51) equipped with a digital camera (DP74). The cells 
with > 10 LC3-positive green fluorescent dots were counted 
as an autophagic cell, and the ratio to total cells (> 100 cells) 
in > 10 fields was calculated (shown in %).

Statistics

Data were shown as means ± SEM. Statistical evaluations 
were performed using one-way ANOVA followed by Bonfer-
roni’s post-hoc test (comparison between multiple groups) or 
unpaired Student’s t-test (comparison between two groups). 
Values of P < 0.05 were considered statistically significant.

Results

GD augments phosphorylation (inactivation) 
of eEF2 and signals related to autophagy 
and apoptosis in H9c2 cardiomyoblasts

During the development of cardiac hypertrophy, density of 
coronary microvessel is decreased. The microvascular rar-
efaction causes deprivation of nutrients including glucose, 
leading to cardiomyocyte death [4, 5]. It was reported that 
eEF2 phosphorylation (inactivation) was induced under 
the nutrient-deprived condition [18]. Therefore, we first 
examined the effects of GD on eEF2 phosphorylation and 
the signals related to autophagy and apoptosis in H9c2 car-
diomyoblasts cultured with serum-free medium. GD sig-
nificantly increased eEF2 phosphorylation (GD 6 h; n = 4, 
P < 0.05, Fig. 1A). The LC3-II to LC3-I ratio (GD 12 h; 
n = 8, P < 0.01, Fig. 1B) and the expression of cleaved cas-
pase-3 (GD 24 h; n = 4, P < 0.01, Fig. 1C) were significantly 
increased by GD. We next examined by using an inhibi-
tor of autophagy, Baf A1 whether the autophagic flux was 
promoted by GD in H9c2 cells cultured with serum-free 
medium. We found that Baf A1 augmented GD-induced 
increase of LC3-II to LC3-I ratio (n = 3, Supplementary 
Fig. 1), indicating that GD promoted the autophagic flux in 
H9c2 cells. In addition, GD (24 h) significantly decreased 
cell viability (n = 6, P < 0.01, Fig. 1D, E).

eEF2K gene knockdown increases apoptotic cell 
death under GD condition

Protein translation is a highly energy consuming process, 
which is promoted by eEF2 activation. In GD condition, 
energy consumption is one of the causes for cell death. Thus, 
we tested the hypothesis that GD-induced eEF2 inactivation 
(phosphorylation) mediated by its specific upstream kinase, 
eEF2K plays a protective role in cell death by using a knock-
down technique. We confirmed that eEF2K gene knock-
down by transfection with a specific siRNA decreased the 
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eEF2K protein expression (n = 3, Fig. 2A) and GD-induced 
eEF2 phosphorylation (GD 6 h; n = 5 Fig. 2A). eEF2K gene 
knockdown augmented GD-induced cell death (GD 26 h, 
n = 7, Fig. 2B). We next examined the effects of eEF2K gene 
knockdown on GD-induced apoptosis. In control siRNA-
transfected cells, GD (24 h) significantly increased apop-
totic nuclear condensation (n = 5, P < 0.01, Fig. 3A, B), 
which was significantly augmented by eEF2K gene knock-
down (n = 5, P < 0.01, Fig. 3A, B). Moreover, eEF2K gene 
knockdown significantly increased GD-induced cleavage of 
caspase-3 (n = 6, P < 0.01, Fig. 3C, n = 3, P < 0.01, Supple-
mentary Fig. 2).

eEF2K gene knockdown inhibits GD‑induced 
autophagy

Autophagy is a highly conserved intracellular process for 
protein degradation and recycling in eukaryotic cells. We 
next examined the effects of eEF2K gene knockdown on 

GD-induced autophagy in H9c2 cells. In the progression 
of autophagy, a double-membrane vesicle, autophagsome is 
formed. Since LC3 proteins are contained in autophagoso-
mal membrane, autophagosomes can be detected as an intra-
cellular fluorescent dot (punctate LC3) by an immunofluo-
rescence staining using a specific antibody against LC3 [17]. 
In control siRNA-transfected cells, GD (12 h) significantly 
increased the number of punctate LC3-positive cells, which 
was significantly inhibited by eEF2K gene knockdown 
(n > 100 cells in > 10 fields from each stimulation of three 
independent experiments, P < 0.01, Fig. 4A, B). Moreover, 
eEF2K gene knockdown significantly inhibited GD-induced 
increase of LC3-II to LC3-I ratio (n = 5, P < 0.01, Fig. 4C).

eEF2K/eEF2 axis under GD condition inhibits 
apoptosis via promoting autophagy

We next performed eEF2 gene knockdown study in order 
to elucidate whether the activation (dephosphorylation) 

A B C

ED

Fig. 1   Glucose deprivation (GD) augments phosphorylation (inacti-
vation) of eukaryotic elongation factor 2 (eEF2) and signals related to 
autophagy and apoptosis in H9c2 cardiomyoblasts. H9c2 cells were 
incubated with serum-free medium in the presence (Cont) or absence 
of glucose for 6–24  h. After extraction of proteins, expression lev-
els of phospho- or total-eEF2 (GD 6 h, n = 4; A), microtubule-asso-
ciated protein 1 light chain 3 (LC3; GD 12 h, n = 8; B) and cleaved 
caspase-3 (GD 24  h, n = 4; C) were determined by Western blot-

ting. Phospho-eEF2 (p-eEF2) or cleaved caspase-3 was normalized 
to total-eEF2 (t-eEF2) or total-actin (t-actin), respectively. Ratio of 
LC3-II to LC3-I was measured as a quantitative index of autophagy. 
The results were shown as fold increase relative to Cont. Effects of 
GD on H9c2 cell viability were examined by a cell counting using 
colorimetric method. Representative photomicrographs were shown 
(D; n = 6), and the result was shown as fold increase relative to Cont 
(E; n = 6). *P < 0.05, **P < 0.01 vs. Cont. Scale bar: 100 µm
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Fig. 2   Effects of gene knock-
down of eEF2 kinase (eEF2K), 
a specific upstream kinase for 
eEF2, on GD-induced H9c2 car-
diomyoblast death. After trans-
fection with a specific small 
interfering (si) RNA against 
eEF2K (eEF2K si) or a non-
silencing control siRNA (Cont 
si), H9c2 cells were incubated 
with serum-free medium in the 
presence or absence of glucose 
for 6–26 h. After extraction 
of proteins, expression levels 
of total-eEF2K (t-eEF2K) 
and p-eEF2 (GD 6 h) were 
determined by Western blotting. 
Equal protein loading was con-
firmed using t-actin antibody. 
Representative images were 
shown (A; n = 3–5). Effects of 
eEF2K gene knockdown on 
GD (26 h)-induced cell death 
were examined. Representative 
photomicrographs were shown 
(B; n = 7). Scale bar: 100 µm

A

B

A B

C

Fig. 3   Effects of eEF2K gene knockdown on GD-induced apopto-
sis in H9c2 cardiomyoblasts. After transfection with eEF2K or Cont 
siRNA, the cells were incubated with serum-free medium in the pres-
ence or absence of glucose for 24 h. To detect apoptotic nuclear con-
densation, the cells were treated with 4′, 6-diamidino-2-phenylindole 
(DAPI). Representative images for DAPI staining were shown (A; 
n = 5, arrows indicate condensed nuclei). Scale bar: 100 µm. Num-

ber of the condensed nucleus was counted, and the ratio to total cell 
nuclei (shown in %) was calculated (B; n = 5). After extraction of 
proteins, expression levels of cleaved caspase-3 were determined by 
Western blotting. Cleaved caspase-3 was normalized to t-actin. The 
result was shown as fold increase relative to Cont si without glucose 
(C; n = 6). ** P < 0.01 vs. Cont si with glucose, ##P < 0.01 vs. Cont si 
without glucose
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of eEF2 induced by eEF2K gene knockdown leads to the 
augmentation of GD-induced apoptosis and/or inhibition 
of autophagy. We confirmed that eEF2 specific siRNA 
decreased eEF2 protein expression (n = 4, Fig.  5A). It 
was conformed that eEF2K gene knockdown significantly 
increased the cleavage of caspase-3 (GD 24 h; n = 5–6, 
P < 0.05, Fig. 5B), which was significantly reversed by 
eEF2 gene knockdown (n = 5, P < 0.01, Fig. 5B). On the 
other hand, it was conformed that eEF2K gene knockdown 
significantly decreased the LC3-II to LC3-I ratio (GD 12 h; 
n = 6–8, P < 0.05, Fig. 5C), which was significantly reversed 
by eEF2 gene knockdown (n = 6–8, P < 0.01, Fig. 5C). Aug-
mentation of autophagy by a pharmacological intervention 
was reported to attenuate doxorubicin-induced apoptosis 
in H9c2 cells [19]. Therefore, we tested whether 3-MA or 
Baf A1, an inhibitor of autophagy, increases GD-induced 

cleavage of caspase-3. It was conformed that GD (24 h) sig-
nificantly increased cleavage of caspase-3 (n = 5–7, P < 0.05, 
Fig. 6A, n = 4–6, P < 0.01, Supplementary Fig. 3), which was 
significantly augmented by either 3-MA (n = 5–7, P < 0.01, 
Fig.  6A) or Baf A1 (n = 4–6, P < 0.01, Supplementary 
Fig. 3). We confirmed that 3-MA decreased GD-induced 
increase of LC3-II to LC3-I ratio (n = 5–7, Fig. 6A).

eEF2K/eEF2 axis under GD condition increases 
autophagy via AMPKα/ULK1 signaling

In starved condition including GD, AMPKα is activated 
and plays an important role in cellular energy homeosta-
sis. It is also known that AMPKα promotes autophagy 
via phosphorylating ULK1 [20]. It was confirmed in con-
trol siRNA-transfected cells that GD (12 h) significantly 

A B

C

Fig. 4   Effects of eEF2K gene knockdown on GD-induced autophagy 
in H9c2 cardiomyoblasts. After transfection with eEF2K or Cont 
siRNA, the cells were incubated with serum-free medium in the 
presence or absence of glucose for 12 h. Autophagosome formation 
was examined by an immunofluorescence staining using a specific 
antibody against LC3. The cytoskeleton or nucleus was stained with 
rhodamine-phalloidin (red) or DAPI (blue), respectively. Autophago-
some was expressed as LC3-positive green fluorescent dots (punc-
tate LC3), and the cell with > 10 punctate LC3 was regarded as an 
autophagic cell. Representative images of autophagosome formation 

were shown (A; n = 3). Scale bar: 50 µm. Number of autophagic cell 
was counted and the ratio to total cell number (shown in %) was cal-
culated (B; n > 100 cells in > 10 fields from each stimulation of three 
independent experiments). After extraction of proteins, expression 
levels of LC3 were determined by Western blotting. Ratio of LC3-
II to LC3-I was measured as a quantitative index of autophagy. The 
result was shown as fold increase relative to Cont si with glucose (C; 
n = 5). **P < 0.01 vs. Cont si with glucose, ##P < 0.01 vs. Cont si with-
out glucose
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increased phosphorylation of AMPKα (n = 5, P < 0.05, 
Fig. 6B) and ULK1 (n = 5, P < 0.01, Fig. 6B), which was 
significantly inhibited by eEF2K gene knockdown (n = 5, 
AMPKα: P < 0.05; ULK1: P < 0.01, Fig. 6B). In addi-
tion, we confirmed in control siRNA-transfected cells 
that GD (12  h) increased phosphorylation of ACC, a 
well-established downstream substrate for AMPK (n = 5, 
Fig. 6B), indicating that AMPK was active, which was 
also inhibited by eEF2K gene knockdown (n = 5, Fig. 6B). 
We next investigated the effects of an inhibitor of AMPK, 
dorsomorphin on GD-induced autophagy. GD (12 h) sig-
nificantly increased LC3-II to LC3-I ratio (n = 5, P < 0.01, 
Fig. 6C), which was significantly inhibited by dorsomor-
phin (n = 5, P < 0.01, Fig. 6C). It was conformed that GD 
(12 h) significantly increased phosphorylation of AMPKα 
(n = 5, P < 0.05, Supplementary Fig.  4) as well as its 
downstream substrates including ACC and ULK1 (n = 5, 
P < 0.01, Supplementary Fig. 4), which was significantly 
inhibited by dorsomorphin (n = 5, P < 0.01, Supplementary 
Fig. 4).

Discussion

Cardiac hypertrophy is one of the compensation mecha-
nisms against the circulatory insufficiency including pres-
sure and volume overload. However, coronary microvas-
cular rarefaction and the following deprivation of nutrient 
including glucose in cardiomyocytes are caused during 
the development of cardiac hypertrophy, which results 
in cardiomyocyte death [4, 5]. Protein translation is a 
highly energy consuming process, which promotes cell 
death under nutrient-deprived condition. Activated eEF2K 
inhibits protein translation through phosphorylating (inac-
tivating) its specific substrate eEF2. We previously showed 
that eEF2K activation and the following eEF2 phospho-
rylation were increased in the isolated heart from cardiac 
hypertrophy animal models [12]. In the present study, we 
thus tested the hypothesis that the eEF2K/eEF2 axis plays 
protective roles in rat cardiomyoblast death under GD 
condition.

A

B
C

Fig. 5   eEF2K/eEF2 axis under GD condition regulates the signals 
related to apoptosis and autophagy in H9c2 cardiomyoblasts. After 
transfection with a specific siRNA against eEF2 (eEF2 si) or Cont 
siRNA for 24 h, proteins were extracted. Expression levels of t-eEF2 
were determined by Western blotting. Equal protein loading was con-
firmed using t-actin antibody. Representative blot image was shown 
(A; n = 5). After transfection with siRNA against eEF2K alone, both 
of eEF2K and eEF2 or Cont, the cells were incubated with serum-

free medium in the presence or absence of glucose for 12–24 h. After 
extraction of proteins, expression levels of cleaved caspase-3 (GD 
24  h, n = 5–6; B) or LC3 (GD 12  h, n = 6–8; C) were determined 
by Western blotting. Cleaved caspase-3 was normalized to t-actin. 
Ratio of LC3-II to LC3-I was measured as a quantitative index of 
autophagy. These results were shown as fold increase relative to Cont 
si without glucose. **P < 0.01 vs. Cont si with glucose, #P < 0.05 vs. 
Cont si without glucose, $$P < 0.01 vs. eEF2K si without glucose
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We showed that GD significantly increased eEF2 phos-
phorylation (Fig. 1A) and H9c2 cell death (Fig. 1D, E). 
eEF2K gene knockdown decreased GD-induced eEF2 phos-
phorylation (Fig. 2A), indicating an eEF2 activation, which 
was followed by an augmentation of cell death induced by 
GD (Fig. 2B). These results suggest that eEF2 phospho-
rylation contributes to increase in cell viability under GD 

condition. It was reported that tumor cells having abundant 
activated eEF2K show resistance to nutrient deprivation via 
blocking protein translation through phosphorylating eEF2 
[11], which is in accordance with the present results.

We also showed that GD significantly increased apop-
totic nuclear condensation (Fig. 3A, B) and expression of 
cleaved caspase-3 (Figs. 1C, 3C), which were significantly 

A

C

B

Fig. 6   eEF2K/eEF2 axis plays an inhibitory role against GD-
induced apoptosis via the promotion of autophagy through adeno-
sine monophosphate-activated protein kinase (AMPK)α/unc-51 like 
autophagy activating kinase (ULK)1 signaling in H9c2 cardiomyo-
blasts. After H9c2 cardiomyoblasts cultured with serum-free medium 
were treated with 3-methyladenine (3-MA; 2  mM) in the presence 
or absence of glucose for 24  h, proteins were extracted. Expression 
levels of cleaved caspase-3 and LC3 were determined by Western 
blotting. Representative blot image for LC3 was shown (n = 5–7; A). 
Cleaved caspase-3 was normalized to t-actin. The result was shown 
as fold increase relative to Cont (serum-free medium, a solvent of 
3-MA-treatment) without glucose (n = 5–7; A). *P < 0.05 vs. Cont 
with glucose, ##P < 0.01 vs. Cont without glucose. After transfection 
with eEF2K siRNA or Cont siRNA, the cells were incubated with 
serum-free medium in the presence or absence of glucose for 12 h. 
After extraction of proteins, expression levels of AMPKα, acetyl-

CoA carboxylase (ACC) or ULK1 were determined by Western blot-
ting. Phospho-AMPKα (p-AMPKα) or phospho-ULK1 (p-ULK1) 
was normalized to total-AMPKα (t-AMPKα) or total-ULK1 
(t-ULK1), respectively. Representative blot images for phospho 
(p-ACC)- and total (t-ACC)-ACC were shown (n = 5; B). The results 
were shown as fold increase relative to Cont si without glucose (n = 5; 
B). *P < 0.05 vs. Cont si with glucose, **P < 0.01 vs. Cont si with 
glucose, #P < 0.05 vs. Cont si without glucose, ##P < 0.01 vs. Cont si 
without glucose. After H9c2 cells cultured with serum-free medium 
were treated with dorsomorphin (5 µM) in the presence or absence of 
glucose for 12 h, proteins were extracted. Expression levels of LC3 
were determined by Western blotting. Ratio of LC3-II to LC3-I was 
measured as a quantitative index of autophagy. The result was shown 
as fold increase relative to Cont (dimethyl sulfoxide, a solvent of dor-
somorphin-treatment) without glucose (n = 5, C). **P < 0.01 vs. Cont 
with glucose, ##P < 0.01 vs. Cont without glucose
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augmented by eEF2K gene knockdown (Fig. 3 and Sup-
plementary Fig. 2). In addition, GD significantly promoted 
autophagosome formation (Fig. 4A, B). GD increased LC3-
II to LC3-I ratio (Figs. 1B, 4C, Supplementary Fig. 1), 
which was augmented by an inhibitor of autophagy, Baf 
A1 (Supplementary Fig. 1), indicating the promotion of 
autophagic flux. GD-induced increase of LC3-II to LC3-I 
ratio was significantly inhibited by eEF2K gene knockdown 
(Fig. 4). Autophagy is a highly conserved intracellular pro-
cess for protein degradation and recycling. Sishi et al. [19] 
reported that augmentation of autophagy by a pharmaco-
logical intervention attenuates doxorubicin-induced apop-
tosis in H9c2 cells. In this study, an inhibitor of autophagy, 
3-MA (Fig. 6A) or Baf A1 (Supplementary Fig. 3) signifi-
cantly augmented the GD-induced cleavage of caspase-3. 
We also showed that eEF2 gene knockdown significantly 
reversed both the augmentation of GD-induced apoptosis 
(Fig. 5B) and the inhibition of autophagy (Fig. 5C) induced 
by eEF2K gene knockdown. Our results collectively suggest 
that eEF2K/eEF2 axis mediates the inhibition of apoptosis 
at least in part via the promotion of autophagy under GD 
condition.

AMPKα is one of the intracellular energy sensors, which 
is also known as a positive regulator of autophagy [20]. 
AMPKα was reported to promote the initiation of autophagy 
via upregulating the signals related to autophagosome for-
mation including ULK1 [21] and class III phosphatidylino-
sitol-3 kinase/Beclin1 complex [22]. In the present study, 
we showed that GD significantly increased phosphorylation 
of AMPKα and ULK1, which was significantly inhibited by 
eEF2K gene knockdown (Fig. 6B). Moreover, an AMPK 
inhibitor, dorsomorphin (5 µM) significantly inhibited 
GD-induced phosphorylation of ULK1 (Supplementary 
Fig. 4) and increase of LC3-II to LC3-I ratio (Fig. 6C). The 

results suggest that eEF2K/eEF2 axis under GD condition 
mediates the promotion of autophagy at least in part via 
AMPKα/ULK1 signaling. However, the mechanisms under-
lying eEF2K/eEF2 regulation of AMPK activation remain 
unknown. Liver kinase B1 (LKB1) is one of upstream 
kinases for AMPK [23]. Recent study revealed the novel 
mechanisms for activating AMPK under GD condition in 
both AMP- and adenosine diphosphate (ADP)-independent 
manners [24]. GD rapidly decreases intracellular levels of 
fructose-1,6-bisphosphate (FBP), and its upstream enzyme 
aldolase is unoccupied by FBP. The unoccupied aldolase 
mediates the changes in vacuolar ATPase/Ragulator com-
plex on the surface of lysosome. The complex subsequently 
provides docking site for AXIN/LKB1 complex, which 
leads to the LKB1-induced AMPK activation [24, 25]. It 
might be possible in this study that eEF2K/eEF2 regulation 
of protein translation and/or energy consumption under GD 
condition might control AMPK activation via affecting the 
above AMP/ADP-independent pathways. Further investiga-
tions for exploring the detailed mechanisms are necessary. 
On the other hand, eEF2K contributed to protect the tumor 
cells from nutrient deprivation through other mechanisms 
including inhibition of energy consumption [11, 26] than 
promoting autophagy. In addition, AMPK has protective 
roles against cardiomyocyte death via autophagy-independ-
ent mechanisms including activation of endothelial nitric 
oxide synthase [27] and antioxidative molecule, Nrf-2 [28] 
in energy-starved condition. In this study, eEF2K might thus 
inhibit H9c2 cell death under GD condition not only through 
promotion of autophagy, but also through autophagy-inde-
pendent mechanisms.

In conclusion, we for the first time revealed that eEF2K/
eEF2 axis mediates the inhibition of caspase-3-dependent 
apoptosis at least in part via the promotion of autophagy 

Fig. 7   Summary of the present 
results. eEF2K/eEF2 axis 
mediates the inhibition of 
caspase-3-dependent apoptotic 
cell death at least in part via the 
promotion of autophagy through 
AMPKα/ULK1 signaling path-
way in glucose-deprived H9c2 
cardiomyoblasts. These results 
indicate that eEF2K/eEF2 has 
protective roles in the pathogen-
esis of cardiac hypertrophy and 
failure accompanied by glucose-
deprived cardiomyocytes
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through AMPKα/ULK1 signaling pathway in the glucose-
deprived cardiomyoblasts (Fig. 7). These results indicate 
that eEF2K/eEF2 has protective roles in the pathogenesis 
of cardiac hypertrophy and failure accompanied by glucose-
deprived cardiomyocytes.
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