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Oxygen deprivation leads to the accumulation of misfolded proteins in the endoplasmic reticulum (ER),
causing ER stress. Under conditions of ER stress, inhibition of protein synthesis and up-regulation of ER
chaperone expression reduce the misfolded proteins in the ER. AMP-activated protein kinase (AMPK) is a key
regulatory enzyme involved in energy homeostasis during hypoxia. It has been shown that AMPK activation is
associated with inhibition of protein synthesis via phosphorylation of elongation factor 2 (eEF2) in cardio-
myocytes. We therefore examined whether AMPK attenuates hypoxia-induced ER stress in neonatal rat
cardiomyocytes. We found that hypoxia induced ER stress, as assessed by the expression of CHOP and BiP and
cleavage of caspase 12. Knockdown of CHOP or caspase 12 through small interfering RNA (siRNA) resulted
in decreased expression of cleaved poly(ADP-ribose) polymerase following exposure to hypoxia. We also found
that hypoxia-induced CHOP expression and cleavage of caspase 12 were significantly inhibited by pretreatment
with 5-aminoimidazole-4-carboxyamide-1-�-D-ribofuranoside (AICAR), a pharmacological activator of AMPK.
In parallel, adenovirus expressing dominant-negative AMPK significantly attenuated the cardioprotective
effects of AICAR. Knockdown of eEF2 phosphorylation using eEF2 kinase siRNA abolished these cardiopro-
tective effects of AICAR. Taken together, these findings demonstrate that activation of AMPK contributes to
protection of the heart against hypoxic injury through attenuation of ER stress and that attenuation of protein
synthesis via eEF2 inactivation may be the mechanism of cardioprotection by AMPK.

The mitochondrion is considered the central organelle in the
intrinsic apoptotic pathway. However, accumulating evidence
suggests that other organelles, including the endoplasmic re-
ticulum (ER), lysosomes, and Golgi apparatus, are also major
points of integration of proapoptotic signaling or damage sens-
ing (10, 14). In particular, in the myocardium, the ER partic-
ipates in maintenance of cellular calcium homeostasis (57) and
synthesis of secretory proteins (16) such as atrial natriuretic
peptide, brain natriuretic peptide (15), and vascular endothe-
lial growth factor (VEGF) (51). Dysfunction of the ER might
thus contribute to the pathogenesis of heart disease.

Various stimuli collectively known as ER stress, such as
ischemia, hypoxia, oxidative stress, and Ca2� depletion in the
ER, can potentially induce accumulation of unfolded or mis-
folded proteins in the ER of neuronal and pancreatic �-cells
(30). When these proteins accumulate in the ER, they must be
refolded or degraded to maintain ER homeostasis. Eukaryotic
cells have three different mechanisms for dealing with accu-
mulation of unfolded proteins in the ER (43), collectively
termed the unfolded protein responses (UPR): (i) in the early
phase, translational attenuation occurs to decrease the load in
the ER; (ii) in the next phase, transcriptional induction of
ER-localized molecular chaperones and folding enzymes oc-
curs to augment the folding capacity in the ER; and (iii) in a

later phase, ER-associated protein degradation is induced to
eliminate misfolded proteins in the ER by the ubiquitin-pro-
teasome system (64). Mammalian cells determine the fate of
unfolded or misfolded proteins in the ER by a time-dependent
phase transition mechanism (70). When ER stress conditions
persist, however, initiation of apoptotic processes is promoted
by transcriptional induction of C/EBP homologous protein
(CHOP/GADD153) (50), the caspase 12-dependent pathway
(46), and activation of the c-Jun NH2-terminal kinase (JNK)-
dependent pathway (65).

AMP-activated protein kinase (AMPK) is highly expressed
in heart (59) and is activated by cellular stresses that increase
the AMP-to-ATP ratio (24), such as hypoxia/anoxia (55), glu-
cose deprivation (67), and pressure overload hypertrophy (63).
If ATP is used up faster than it can be resynthesized, the ATP
level falls, with an increase in AMP as a consequence of the
reaction catalyzed by adenylate kinase. The corresponding in-
crease in the AMP:ATP ratio triggers the activation of AMPK,
leading to the phosphorylation of a large number of down-
stream targets (22). Once activated, AMPK increases energy
supply by switching on ATP-generating pathways and de-
creases energy demand by switching off ATP-consuming path-
ways (7). The AMPK cascade appears to regulate cellular
energy status during metabolic stress and, in this fashion, ex-
hibits cardioprotective effects (23). Indeed, 5-aminoimidazole-
4-carboxamide-1-�-D-ribofuranoside (AICAR), a pharmacologi-
cal activator of AMPK, has been shown to reduce myocardial
ischemic injury in humans and animals (21, 36, 44). AMPK is
also activated through AMP-independent pathways by hor-
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mones such as leptin (42) and adiponectin (68) and by phar-
macological agents such as metformin (72), as well as during
osmotic stress (18). Recent reports have shown that these
hormones and agents improve cardiovascular function (40, 58).
Moreover, mutations of the �2 regulatory subunit of AMPK
have been reported to cause familial hypertrophic cardiomyop-
athy associated with Wolff-Parkinson-White syndrome and glyco-
gen storage disease (20), suggesting that a genetic defect of
activation of AMPK in response to stress might be responsible
for susceptibility to development of cardiovascular disease.
However, the exact role played by AMPK in mediating cardio-
protective effects remains to be determined. Because it has
been shown that AMPK activation is associated with inhibition
of protein synthesis in cardiomyocytes (28), we speculated that

AMPK might have cardioprotective effects against ER stress-
mediated cell death.

In the present study, we found that ER stress is one patho-
logical change induced by hypoxia in neonatal rat cardiomyo-
cytes and that it plays a significant role in the process of
apoptosis. In addition, we found that AMPK could potentially
prevent ER-associated apoptotic signaling in cardiomyocytes.
To our knowledge, this is the first demonstration that AMPK is
involved in the regulation of the UPR under hypoxic conditions.

MATERIALS AND METHODS

Reagents. AICAR (Toronto Research Chemicals, Inc., Canada) was used as a
pharmacological activator of AMPK. Tunicamycin (Tm), an inhibitor of the
synthesis of all N-linked glycoproteins, and thapsigargin (Tg), an irreversible

FIG. 1. Unfolded protein responses were induced by hypoxia in cardiomyocytes. Neonatal rat cardiomyocytes were incubated under hypoxic
conditions for the indicated time periods as described in Materials and Methods. Expression levels of BiP and CHOP mRNA (A), BiP and CHOP
protein (B), and ATF6, XBP1, BiP, CHOP, and VEGF mRNA (C) were examined by Northern blot (A and C) and Western blot (B) analyses.
Densitometry was used to determine the ratios of band intensities for BiP and CHOP to band intensities for GAPDH (A and C) and �-tubulin
(B). Values are the means � SDs from three independent experiments. �, P of �0.05 versus without hypoxia.
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inhibitor of ER Ca2�-ATPase, were used as agents inducing ER stress (Sigma,
St. Louis, MO). 8-( p-sulfophenyl)-theophylline (8-SPT) was used as a nonselec-
tive adenosine receptor antagonist (Sigma). Anti-BiP/GRP78 and anti-CHOP/
GADD153 antibodies were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Anti-caspase 12 and anti-�-actinin (sarcomeric) antibodies were
purchased from Sigma. Anti-phosphorylated AMPK (Thr172), anti-AMPK, anti-
phosphorylated eukaryotic elongation factor 2 (eEF2) (Thr56), anti-phosphory-
lated 4E binding protein 1 (4E-BP1) (Thr37/46), anti-phosphorylated eukaryotic
initiation factor 2� (eIF2�) (Ser51), and anti-cleaved poly(ADP-ribose) poly-
merase (PARP) (Asp214) antibodies were purchased from Cell Signaling Tech-
nology (Beverly, MA). Anti-phosphorylated acetyl-coenzyme A carboxylase
(ACC) (Ser79) was purchased from Upstate Biotechnology (Charlottesville,
VA). Anti-�-tubulin monoclonal antibody was purchased from Calbiochem
(Germany). All other chemicals were reagents of molecular biology grade ob-
tained from standard commercial sources.

Cell culture and in vitro hypoxic model. Primary cultures of neonatal rat
cardiomyocytes were prepared from ventricles of 1-day-old Wistar rats (Kiwa
Jikken Dobutsu, Japan) as described previously (39). Care of all animals in the
present study accorded with the Osaka University Animal Care guidelines.
Briefly, hearts were treated with trypsin and collagenase for 30 min. Isolated cells
were collected by centrifugation and resuspended in Medium 199 (M-199) con-
taining 10% fetal calf serum (FCS). Cultures were enriched with myocytes by
preplating for 90 min to deplete the population of nonmyocytes. Nonattached
cells were plated onto plastic culture dishes at an appropriate cell density. The
cells were cultured in M-199 containing 10% FCS at 37°C in 95% air-5% CO2 for
30 h. The culture medium was then changed to fresh M-199 containing 1% FCS
and cells were cultured for 16 h. Subsequently, the cells were treated with
reagents or incubated in a hypoxic culture chamber. Medium was changed to
fresh M-199 containing 1% FCS 1 h before exposure to reagents or hypoxia in
order to obtain consistent ER stress response data (29).

Hypoxia was achieved by using an AnaeroPack System anaerobic jar (Mitsubishi
Gas Chemical, Japan) equipped with an AnaeroPack (oxygen-absorbing and
carbon dioxide-generating envelope) and a methylene blue indicator to monitor
oxygen depletion. The AnaeroPack System is capable of depleting the concen-
tration of oxygen down to �1% in 1 h and providing a 5% CO2 atmosphere
without changing medium pH. Cultured neonatal rat cardiomyocytes were sub-
jected to hypoxic conditions in the anaerobic jar at 37°C for the time periods

indicated, while controls were left in normoxic conditions at 37°C for the same
time periods.

Generation of recombinant adenovirus and protocol for adenoviral infection.
AMPK is an ��� heterotrimer, the activation of which requires phosphorylation
of threonine-172 on its catalytic � subunit. Therefore, cDNA encoding �1, which
contains a mutation that changes threonine-172 to alanine, was used to construct
the recombinant adenovirus expressing a dominant-negative form of the �1
subunit of AMPK (Ad-dnAMPK) according to a protocol described elsewhere
(1). The cDNA was kindly donated by T. Kadowaki (Tokyo University, Tokyo,
Japan) (66, 68).

We used adenovirus-mediated gene transfer to express this mutant in cultured
primary rat cardiomyocytes. At 22 h after plating, cardiomyocytes were infected
with adenovirus diluted in M-199 containing 10% FCS at a multiplicity of infec-
tion (MOI) of 20 and incubated for 8 h. After removal of viral suspension,
cardiomyocytes were incubated with M-199 containing 1% FCS for 16 h and
stimulated with reagents or exposed to hypoxia. Adenovirus vector expressing
�-galactosidase (Ad-�-gal) was used as a control. Efficiency of infection, deter-
mined by lacZ gene expression in cultured cardiomyocytes, was consistently
�90% with this method.

siRNA and transfection. Silencing of CHOP, caspase 12, and eEF2 kinase
gene expression in primary neonatal rat cardiomyocytes was achieved by the
small interfering RNA (siRNA) technique (12). The sequences of the siRNA
duplexes were selected from the coding regions of the target mRNAs. Duplexes
of 21-nucleotide siRNA with two 3�-overhanging TTs were designed and synthe-
sized by Genedesign (Japan). The sense strand of siRNA used to silence the rat
CHOP gene (CHOP siRNA) was CCUGUCCUCAGAUGAAAUUdTdT
(where dT is deoxythymidine) (regions 172 to 192). The sense strand of siRNA
used to silence the rat caspase 12 gene (caspase 12 siRNA) was GCACAUUC
CUGGUCUUUAUdTdT (regions 743 to 763). The sense strand of siRNA used
to silence the eEF2 kinase gene (eEF2 kinase siRNA) was GGCAGUCCAUG
AUUUUAGUdTdT (regions 2116 to 2136). Nonspecific siRNA (ATCCGCGC
GATAGTACGTAdTdT) was purchased from B-Bridge International (Japan)
and used as a negative control (unrelated siRNA).

Transfection of cultured cardiomyocytes was carried out by electroporation
using a Nucleofector device (Amaxa, Germany) according to proposed protocol
(13). Briefly, after isolation of cardiomyocytes, 2 	 106 cardiomyocytes were
resuspended in 100 
l of Nucleofector solution (rat cardiomyocyte Nucleofector

FIG. 2. Immunostaining of BiP and CHOP induced by hypoxia in cardiomyocytes. (A and B) Neonatal rat cardiomyocytes were grown on glass
coverslips coated with gelatin and exposed to normoxic or hypoxic conditions for 16 h. Cells were immunostained with anti-BiP (A) or anti-CHOP
(B) and anti-sarcomeric �-actinin antibodies and examined microscopically (original magnification of 	200). Hoechst 33258 was used for nuclear
staining. Images shown are representative findings from three independent experiments that had similar results. Pictures in bottom row of each
panel are of cells triply stained with anti-BiP (A) or anti-CHOP antibody (B), anti-sarcomeric �-actinin antibody, and Hoechst 33258 and viewed
at a higher magnification (	400). (C and D) Bars represent the percentages of BiP-positive (C) or CHOP-positive (D) cells among �-actinin-
positive cells after exposure to hypoxia for 16 h. MetaMorpho microscope image analysis software was used for quantitative analysis. BiP- and
CHOP-positive cells were defined as those of intensities greater than the mean � SD of the control group under normoxic conditions. Values are
the means � SDs from three independent experiments. More than 100 sarcomeric �-actinin-positive cells were examined in each experiment.
�, P of �0.05 versus control.
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kit; Amaxa) together with 1.5 
g of a green fluorescent protein (GFP)-coding
plasmid (pCMV-GFP) and 1.5 
g of siRNA duplexes for each target. The cells
were then placed in an electroporation cuvette. Transfection of siRNA duplexes
specific for each target transcript was carried out. Immediately after electropo-
ration, 400 
l of prewarmed M-199 containing 10% FCS was added to the
cuvette and the cells were transferred into culture plates containing prewarmed
M-199 with 10% FCS. At the optimal time of gene silencing (48 h posttransfec-
tion), cells were exposed to reagents or hypoxia.

Western blot analysis. Neonatal rat cardiomyocytes were cultured at a cell
density of 1 	 106 in 60-mm plastic culture dishes in duplicate. After culture with
M-199 containing 10% FCS for 30 h, the medium was changed to M-199 con-
taining 1% FCS and incubated for 16 h. Thereafter, cardiomyocytes were stim-
ulated with reagents or incubated under hypoxic conditions. After stimulation,
cells were immediately lysed in lysis buffer (62.5 mmol/liter Tris-HCl, pH 6.8; 2%
[wt/vol] sodium dodecyl sulfate; 10% glycerol; 50 mmol/liter dithiothreitol; 0.1%
bromophenol blue). The samples were separated on a 4% to 20% gradient
polyacrylamide gel (Daiichi Kagaku, Japan), electrotransferred to a polyvinyli-
dene difluoride membrane (Immobilon-P; Millipore, Bedford, MA), and pro-
cessed for immunoblot analysis essentially as described previously (39). An
enhanced chemiluminescence system was used for detection. Band intensity was
analyzed using NIH image software (version 1.62).

Northern blot analysis. Portions (10 
g) of total RNA were prepared by the
acid guanidinium thiocyanate–phenol-chloroform method. Total cellular RNA
was loaded in each lane and size fractionated by 1% formaldehyde-agarose gel
electrophoresis. Probes for BiP and CHOP were kindly donated by T. Katayama
(Osaka University, Suita, Japan). Probes for ATF6 and XBP1 were kindly do-
nated by K. Mori (Kyoto University, Kyoto, Japan). Probe for GAPDH (glycer-
aldehyde-3-phosphate dehydrogenase) was kindly donated by K. R. Chien
(University of California, San Diego, CA). Probe for VEGF was generated as
described previously (19). Band intensity was analyzed using NIH image software
(version 1.62).

Immunostaining. For immunostaining, cardiomyocytes were grown on glass
coverslips coated with gelatin. Cells were incubated under hypoxic conditions.
Cells were fixed with 2% (wt/vol) formaldehyde for 15 min at room temperature
and permeabilized with 0.1% Triton X-100–phosphate-buffered saline (PBS).
Following three PBS washes, the glass coverslips were incubated in 1% bovine
serum albumin-PBS for 1 h to block nonspecific binding sites. Subsequently, the
cells were stained overnight at 4°C in 0.05% Tween 20 and 1% bovine serum
albumin-PBS with primary antibodies for each target, followed by incubation for
1 h at room temperature with fluorescence-conjugated goat anti-mouse and goat
anti-rabbit secondary antibodies. Then, the cells were stained with 0.5 mg/ml of
Hoechst 33258 (Nacalai Tesque, Japan) to visualize nuclei. Cardiomyocytes were
viewed by fluorescence microscopy, and pictures were taken using a Zeiss
Axioskop2 (Carl Zeiss, Germany) with equal exposure times. To count positive
cells for each primary antibody, a total of 200 to 300 Hoechst-stained nuclei
(magnification of 	200) were counted for each experimental group. We mea-
sured the extent of fluorescence by using MetaMorpho microscope image analysis
software (version 6.3; Molecular Devices, Japan). Cells with densities greater than
the mean � standard deviation (SD) of the control group were considered positive.

Measurement of cell viability. Cells were plated at a density of 1 	 105 cells
per well on 96-well plates for the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxyme-
thoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay. Cell viability was
quantitated with an MTS cell respiratory assay (Promega, Madison, WI) accord-
ing to the manufacturer’s instructions. Viability was expressed as the absorbance
at 490 nm measured with a spectrophotometer (Immuno-Mini NJ-2300; Inter
Med, Japan).

Apoptosis assays. We used the cleaved PARP antibody for Western blot
analyses and immunofluorescence analyses (52). PARP can be cleaved by many
interleukin-converting enzyme-like caspases and is one of the main cleavage
targets of caspase 3. Apoptosis was also confirmed by fluorescence microscope
examination using Hoechst 33258 to visualize cell nuclei.

ATP measurement. Cells were plated at a density of 5 	 105 cells per well on
96-well plates. Intracellular ATP contents in cardiomyocytes were measured
using an ATP assay kit (Calbiochem, Germany). After exposure to hypoxia or
normoxia for the indicated time periods, culture medium was removed. Cells
were treated with 100 
l of nuclear releasing reagent for 5 min at room tem-
perature with gentle shaking. Then, the cell lysate was treated with 1 
l ATP
monitoring enzyme. Luminescence was measured using FluorChem-IS8000
(Alpha Innotech Corporation, San Leandro, CA). Amounts of ATP were deter-
mined from a standard curve constructed with known concentrations of ATP.
Decreases in ATP levels were determined by comparing these results with levels
for the normoxic control.

Measurement of percent CPK. Cells were plated at a density of 1 	 106 cells
per well onto 60-mm plastic culture dishes for the creatine phosphokinase (CPK)
assay. Enzyme release determinations were made 30 h after exposure to hypoxia.
Determination of CPK in cultured conditioned medium was performed with a
commercially available kit (CPK2 kit; Wako, Japan) by monitoring absorbance
changes at 560 nm. We then added 0.5 ml of 0.1% Triton X-100–PBS to the
adherent cells on the 60-mm plastic culture dishes. After lysing pellets by incu-
bating the cells for 5 min at 37°C and centrifuging for 2 min at 11,000 	 g,
we measured CPK activities from lysed cells as described above.

Leucine incorporation. For measurement of incorporation of [3H]leucine,
cells were plated at a density of 1 	 105 cells per well on 96-well plates. To
examine the effects of AICAR on protein synthesis under hypoxic conditions, the
cells were preincubated with or without AICAR, and then [3H]leucine (1 
Ci/ml)
was added to the culture medium and the cells were exposed to hypoxia. The cells
were washed three times with PBS and then treated with 5% trichloroacetic acid
at 4°C for 10 min to precipitate proteins. The precipitates were dissolved in 0.1 N
NaOH, and aliquots were tested with a scintillation counter.

Statistical analysis. Values are presented as means � SDs. Statistical analysis
was performed with the unpaired Student t test. Findings of P values of �0.05
were considered significant.

RESULTS

Induction of the unfolded protein responses in cultured
neonatal rat cardiomyocytes after exposure to hypoxia. We
first examined transcriptional and translational induction of an
ER-specific chaperone, BiP, and a transcriptional factor,
CHOP, both of which are markers of UPR (2, 71), in cultured
neonatal rat cardiomyocytes under conditions of oxygen deple-
tion. Cardiomyocytes were exposed to hypoxia in an anaerobic
jar for various periods of time. Expression levels of BiP and
CHOP mRNAs were induced by exposure to hypoxia (Fig. 1A).
Expression levels of BiP and CHOP were also increased at the
protein level during hypoxia (Fig. 1B). In contrast, neither BiP
mRNA nor CHOP mRNA was induced under normoxic con-
ditions (data not shown). Furthermore, we examined the ex-
pression levels of the upstream components of UPR (32, 69),
ATF6 and XBP1, and a well-known hypoxia-inducible gene,
the VEGF gene (33). ATF6 and XBP1 mRNA levels increased
in a progressive manner during the time course (Fig. 1C). Both
ATF6 and XBP1 mRNA expression levels followed a similar
pattern to BiP, CHOP, and VEGF mRNA expression levels
during the time periods. Because expression of ATF6, XBP1,
BiP, and CHOP occurs specifically under conditions in which
ER function is disturbed, these findings indicate that hypoxia
disturbed ER function in cultured neonatal rat cardiomyocytes.

To confirm activation of UPR following exposure to hypoxia
and to investigate the extent of UPR in each cell, we examined
the expression levels of BiP and CHOP by use of immunohis-
tochemical staining in cultured neonatal rat cardiomyocytes.
Hypoxia increased the levels of expression of both BiP and
CHOP proteins (Fig. 2). Higher magnification on microscopic
examination revealed that BiP and CHOP proteins were im-
munostained in the paranuclear and nuclear regions of cardi-
omyocytes, respectively (Fig. 2A and B). BiP was constitutively
expressed in the cytosol under control conditions but signifi-
cantly increased in expression in the cytosol after exposure to
hypoxia (Fig. 2A). On the other hand, CHOP was undetectable
in most cells under normoxic conditions but was strongly in-
duced in nuclei by hypoxia (Fig. 2B). Quantitative analysis
revealed large numbers of BiP- or CHOP-positive cells among
cardiomyocytes after exposure to hypoxia (Fig. 2C and D,
respectively). We thus confirmed that UPR was induced by
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FIG. 3. ER stress-induced apoptotic signaling was detected after exposure to hypoxia in cardiomyocytes. (A) Cardiomyocytes were exposed to
hypoxia for the indicated time periods. Whole-cell extracts were examined by Western blot analysis. The membranes were probed with antibodies
specific for caspase 12. Densitometry was used to determine the ratios of band intensities for activated fragments of caspase 12 to band intensities
for �-tubulin. Values are the means � SDs from three independent experiments. �, P of �0.05 versus without hypoxia. (B) Fluorescence
microscopy examination (original magnification of 	200) of cardiomyocytes exposed to hypoxia for 30 h and triply stained with anti-CHOP
antibody, anti-cleaved PARP antibody, and Hoechst 33258. Images shown are representative findings from three independent experiments that had
similar results. Note that the strong immunostaining of CHOP in nuclei colocalized with cleaved PARP immunostaining and condensed nuclei
(arrows) revealed by Hoechst staining.
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FIG. 4. Knockdown of CHOP and caspase 12 using siRNA duplexes yielded cardioprotection following exposure to hypoxia. (A and B) Neonatal rat
cardiomyocytes were transfected with 1.5 
g of GFP siRNA together with 1.5 
g of pCMV-GFP as described in Materials and Methods. After 48 h of
incubation on glass coverslips coated with gelatin, the cells were fixed and immunostained with anti-GFP antibody and Hoechst 33258 for nuclear staining.
Knockdown of GFP was determined microscopically (original magnification of 	200). (C) Neonatal rat cardiomyocytes were transfected with the
indicated doses of GFP siRNA duplexes together with 1.5 
g of pCMV-GFP as described in Materials and Methods. After 48 h of incubation, the cells
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hypoxia in our model by demonstrating up-regulation of BiP
and CHOP expression. Taken together, these findings suggest
that ER stress is one of the pathological changes induced by
hypoxia in cardiomyocytes.

Exposure to hypoxia induced ER stress-associated apoptotic
signaling in cardiomyocytes. Because caspase 12, which is con-
fined to the cytoplasmic side of the ER (46), is expressed at
high levels in rat heart (45) and is believed to play an important
role in ER stress-mediated cell death (46), we examined the
activation of caspase 12 after exposure to hypoxia. As shown in
Fig. 3A, caspase 12 was cleaved during hypoxia, indicating
activation of caspase 12 in cardiomyocytes following exposure
to hypoxia.

To clarify the involvement of ER stress in apoptotic cell
death, double-fluorescence immunohistochemical staining of
CHOP and cleaved PARP, a marker of apoptosis, was per-
formed. Strong induction of CHOP during hypoxia colocalized
with staining of cleaved PARP and condensed nuclei revealed
by Hoechst staining (Fig. 3B), indicating that CHOP was as-
sociated with apoptosis.

Knockdown of CHOP and caspase 12 using siRNA duplexes
yielded cardioprotective effects following exposure to hypoxia.
To estimate transfection efficacy, 1.5 
g of a GFP-coding plas-
mid (pCMV-GFP) was cotransfected with 1.5 
g of unrelated
siRNA duplexes or of siRNA duplexes cognate to GFP (GFP
siRNA, purchased from Amaxa) by electroporation as de-
scribed in Materials and Methods. After 48 h of incubation,
cells were fixed and immunostained with anti-GFP antibody
and with Hoechst 33258 for nuclear staining. We analyzed the
findings for more than 300 Hoechst-stained cells and counted
GFP-positive cells by fluorescence microscopy. A total of 16%
of cardiomyocytes were transfected with pCMV-GFP. GFP
siRNA duplexes efficiently suppressed transfected GFP gene
expression, with an 83% reduction in the percentage of GFP-
positive cells with GFP siRNA duplexes from that with unre-
lated siRNA duplexes (Fig. 4A and B). We also confirmed by
Western blot analysis that GFP expression was barely detect-
able in GFP siRNA-transfected cardiomyocytes (Fig. 4C). It
thus appeared that siRNA duplexes were almost completely
transfected in cardiomyocytes transfected with pCMV-GFP
and that GFP expression was a marker of transfection with
siRNA duplexes.

To investigate whether siRNA duplexes for CHOP or caspase
12 knock down the target gene expression specifically, immuno-
fluorescence experiments to determine target protein depletion
were performed after exposure to 16 h of hypoxia. Figures 4D
and E show that the CHOP siRNA and caspase 12 siRNA

duplexes specifically reduced CHOP and caspase 12 expression
levels, respectively, without modifying the expression levels of
other proteins. No morphological changes were observed with
phase-contrast micrographs of the CHOP siRNA- or caspase 12
siRNA-transfected cardiomyocytes under normoxic conditions
(data not shown).

To confirm the effects of CHOP and caspase 12 knockout
against hypoxic injury, after 48 h posttransfection with CHOP
siRNA or caspase 12 siRNA duplexes, the cardiomyocytes
were exposed to normoxia or hypoxia for 36 h. After fixing the
cells, we counted GFP-positive cells undergoing apoptosis,
which were labeled with the cleaved PARP antibody in nuclei
by use of fluorescence microscopy. Figure 4F shows the per-
centages of cells undergoing apoptosis among GFP-positive
cells. The expression of cleaved PARP was barely detectable in
cardiomyocytes under normoxic conditions. Under conditions
of hypoxia, the percentage was dramatically attenuated in
CHOP siRNA- or caspase 12 siRNA-transfected cardiomyo-
cytes compared to that in unrelated siRNA-transfected cardio-
myocytes. These findings suggest that ER stress plays a role in
inducing apoptosis during hypoxia.

AMPK protected cardiomyocytes against hypoxic injury
through attenuation of ER stress. We investigated the roles
played by AMPK during hypoxia in cultured neonatal rat car-
diomyocytes. As shown in Fig. 5A, the exposure of cardiomy-
ocytes to hypoxia resulted in rapid and sustained phosphory-
lation of AMPK and ACC, a downstream target of AMPK
(24). We next assessed the activation of AMPK in cardiomy-
ocytes in the presence or absence of AICAR, a chemical acti-
vator of AMPK. Western blot analysis revealed that exposure
of cardiomyocytes to AICAR resulted in rapid phosphoryla-
tion of AMPK in a time-dependent (Fig. 5B) and dose-depen-
dent (data not shown) fashion. Pretreatment with AICAR 1 h
before exposure to hypoxia accelerated the phosphorylation
status of AMPK during hypoxia compared with that in the
untreated group (Fig. 5C).

To clarify whether AMPK promotes survival of cardiomyo-
cytes in conditions yielding hypoxic injury, we performed an
MTS cell respiration assay to assess cell viability and measured
percent CPK release in culture medium to detect cell injury
after exposure to hypoxia for 30 h. Relative MTS activity of the
cells in the AICAR-pretreated group was significantly higher
than that in the untreated group (Fig. 6A). Similarly, percent
CPK release in the culture medium in the AICAR-pretreated
group was significantly less than that in the untreated group
(Fig. 6B). To confirm the effects of activation of AMPK by
AICAR, we generated and performed infection of Ad-dnAMPK

were lysed, and GFP protein expression levels were examined by Western blot analysis. �-Tubulin was used as a control. (D and E) Neonatal rat
cardiomyocytes were transfected with 1.5 
g of CHOP siRNA or caspase 12 siRNA duplexes together with 1.5 
g of pCMV-GFP as described in
Materials and Methods. After 48 h of incubation on glass coverslips coated with gelatin, the cells were exposed to hypoxia for 16 h. Then, the cells were
fixed and immunostained with anti-GFP and anti-CHOP (D) or anti-caspase 12 (E) antibodies. Quantitative analysis was performed using MetaMorpho
microscope image analysis software. CHOP- and caspase 12-positive cells were defined as those with intensities greater than the mean � SD of the control
group under normoxic conditions. (F) Neonatal rat cardiomyocytes were transfected with 1.5 
g of siRNA duplexes for each target together with 1.5 
g
of pCMV-GFP as described in Materials and Methods. After 48 h of incubation on glass coverslips coated with gelatin, the cells were exposed to normoxia
or hypoxia for 36 h and then fixed and immunostained with anti-GFP and anti-cleaved PARP antibodies, and stained with Hoechst 33258 for nuclei. The
expression of cleaved PARP was barely detectable in cardiomyocytes under normoxic conditions. Images are representative findings from, and values are
means � SDs from, three independent experiments with similar results. Bars represent percentages of GFP-positive cells among Hoechst-positive cells
(B) or percentages of CHOP-positive (D), caspase 12-positive (E), or cleaved PARP-positive cells (F) among GFP-positive cells. More than 100
Hoechst-stained (A and B) or GFP-positive cells (D to F) were examined in each experiment. �, P of �0.05 versus unrelated siRNA.
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in cardiomyocytes. Ad-dnAMPK (20 MOI) effectively blocked
AICAR (0.5 mM)- and hypoxia-induced phosphorylation of
ACC in cardiomyocytes (Fig. 6C). However, Ad-dnAMPK (20
MOI) did not completely block the activation of AMPK induced
by more than 1 mM of AICAR (Fig. 6C). Figures 6D and E show
that the protective effects of AICAR against hypoxia were

abolished by overexpression of dnAMPK and that the in-
hibitory effects of Ad-dnAMPK were attenuated by a further
dose of AICAR pretreatment, indicating that the cardioprotec-
tive effects of AICAR are mediated in an AMPK-dependent
manner.

To examine whether AMPK protects cardiomyocytes against

FIG. 5. AMPK was activated in cardiomyocytes during hypoxia and after treatment with AICAR. (A) As described in Materials and Methods,
cardiomyocytes were incubated for the indicated time periods under normoxic or hypoxic conditions (A) or in the absence (�) or presence of
0.5 mM AICAR (B). For panel C, cardiomyocytes were treated or not with 0.5 mM of AICAR and 1 h later exposed to hypoxia for the indicated
time periods. At each time point, the cells were lysed, and phosphorylation levels of AMPK (p-AMPK) and ACC (p-ACC) were determined by
Western blot analysis. Membranes were reprobed with antibody to anti-�-tubulin to indicate equal protein loading. The graphs show the
quantitative analyses. Densitometry was used to determine the ratios of band intensities for p-AMPK and p-ACC to band intensities for �-tubulin.
All values are the means � SDs from four independent experiments. �, P of �0.05 versus without hypoxia (A) or without AICAR (B and C).
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hypoxia-induced apoptosis through attenuation of ER stress,
we assessed the effects of AICAR on the extent and time
course of induction of ER stress-associated proapoptotic sig-
naling, such as that through CHOP and cleavage of caspase 12
during hypoxia. We also performed Western blot analysis of
cell extracts by using anti-cleaved PARP antibody to assess
cellular apoptosis. Pretreatment with AICAR attenuated the
induction of CHOP mRNA (Fig. 7A) and protein (Fig. 7B to
D) as well as cleavage of caspase 12 (Fig. 7B) during hypoxia.
To confirm that these effects of AICAR were mediated in an
AMPK-dependent manner, we examined the effects of AICAR

on ER stress-mediated apoptotic signaling in cardiomyocytes
infected with Ad-dnAMPK. Induction of CHOP and cleavage
of caspase 12 were diminished by pretreatment with AICAR in
Ad-�-gal-infected cardiomyocytes (Fig. 7E and G). In contrast,
the effects of AICAR were abolished in Ad-dnAMPK-infected
cardiomyocytes (Fig. 7F and H), indicating that the protective
effects of AICAR against ER stress-associated apoptotic sig-
naling are mediated in an AMPK-dependent manner. More-
over, as shown in Fig. 7I, pretreatment with AICAR signifi-
cantly decreased the expression of cleaved PARP during hypoxia,
and these cardioprotective effects of AICAR were abolished in

FIG. 6. AMPK promoted survival of neonatal rat cardiomyocytes
during hypoxia. (A and D) Cardiomyocytes (some transfected with
Ad-dnAMPK or Ad-�-gal [D]) were treated or not (�) with 0.5 mM of
AICAR and 1 h later exposed to hypoxia for 30 h. Viability of cardi-
omyocytes was determined by MTS cell respiration assay, and values
are relative absorbances normalized to the mean absorbance of un-
treated control cells. (B and E) Cardiomyocytes (some transfected with
Ad-dnAMPK or Ad-�-gal [E]) were treated or not with 0.5 mM of
AICAR and 1 h later exposed to hypoxia for 30 h. Injury of cardio-
myocytes was assessed by percent CPK release in the culture medium.
Percent CPK release was calculated with the formula % CPK release �
A 	 100/(A � B), where A is the total CPK activity in cultured
conditioned medium and B is the total CPK activity from lysed adher-
ent cardiomyocytes. (C) Functional analysis of Ad-dnAMPK. (Top)
For cardiomyocytes infected with Ad-dnAMPK or Ad-�-gal, phos-
phorylation status of ACC (p-ACC) was determined by Western blot
analysis after exposure to hypoxia with AICAR treatment for the
indicated time periods (top) or after exposure to hypoxia with indi-
cated concentrations of AICAR for 3 h (bottom). Membranes were
probed with antibodies to anti-AMPK and anti-p-ACC and reprobed
with antibody to anti-�-tubulin to indicate equal protein loading. Rep-
resentative findings are shown. We performed three independent ex-
periments in each experimental group and analyzed the findings for 16
samples in each experiment. Values are the means � SDs of 48 sam-
ples from three independent experiments. �, P � 0.05.
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FIG. 7. AMPK delayed and attenuated ER-dependent death pathways during hypoxia. (A to D) Cardiomyocytes were treated or not (�) with
0.5 mM of AICAR and 1 h later exposed to hypoxia for the indicated time periods. Total RNA was isolated and subjected to Northern blot analysis
with CHOP cDNA probes. Equal loading and transfer conditions were confirmed by GAPDH hybridization. (B) Whole-cell extracts of cells were
examined by Western blot analysis. The membranes were probed with antibodies specific for CHOP and caspase 12. �-Tubulin was used as a
control. (C) Cells were fixed and immunostained with anti-CHOP and anti-sarcomeric �-actinin antibodies and examined microscopically (original
magnification of 	200). (D) Bars represent the percentages of CHOP-positive cells among �-actinin-positive cells. The intensity of CHOP staining
in each cardiomyocyte was measured using MetaMorpho microscope image analysis software. CHOP-positive cells were defined as those with
intensities greater than the mean � SD of the control group under normoxic conditions. More than 100 sarcomeric �-actinin-positive cells were
examined for each experiment. (E to I) Cardiomyocytes were infected with Ad-�-gal (E and G) or Ad-dnAMPK (F and H) for 8 h. At 24 h after
infection, the cells were treated or not with 0.5 mM of AICAR and 1 h later exposed to hypoxia for the indicated time periods. (E and F) Total
RNA was isolated and subjected to Northern blot analysis using CHOP cDNA probe. Equal loading and transfer conditions were confirmed by
GAPDH hybridization. (G and H) Whole-cell extracts of cells were examined by Western blot analysis. The membranes were probed with
antibodies specific for CHOP and caspase 12. �-Tubulin was used as a control. (I) Whole-cell extracts were examined by Western blot analysis. The
membranes were probed with antibody specific for cleaved PARP, a marker of apoptosis. Densitometry was used to determine the ratios of band
intensities for CHOP to band intensities for GAPDH (A, E, and F) and the ratios of band intensities for CHOP, activated fragments of caspase
12 (B, G, and H), or PARP (I) to band intensities for �-tubulin. Images are representative findings from, and values are means � SDs from, three
independent experiments with similar results. �, P of �0.05 versus AICAR (0.5 mM) (A, B, and E to I) or versus without AICAR (C and D).
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FIG. 7—Continued.
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Ad-dnAMPK-infected cardiomyocytes. In addition, the inhib-
itory effects of dnAMPK were attenuated by a further dose of
AICAR pretreatment. These findings indicate that pretreat-
ment with AICAR diminishes apoptotic cell death and pro-
motes survival.

Intracellular ATP content did not affect cardioprotection by
AICAR during hypoxia. Depletion of intracellular ATP con-
tent is a crucial feature of ischemic processes, and degree of
depression of ATP level is one of the determinants of apopto-
sis (9). Because AMPK is known to preserve energy during

FIG. 7—Continued.
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hypoxia (25), we examined whether the cardioprotective effects
of AICAR against hypoxia-induced injury are due to AMPK-
dependent ATP conservation during hypoxia. To investigate
whether AICAR pretreatment preserves intracellular ATP
content, ATP levels were measured after exposure of cardio-
myocytes to hypoxia for various time periods in the presence or
absence of AICAR. Figure 8 shows the time course of hypoxia-
induced ATP depletion in cardiomyocytes. Intracellular ATP
contents did not differ significantly between the AICAR-un-
treated group and the AICAR-pretreated group at either 10 h
or 20 h after exposure to hypoxia. These findings indicate that
the mechanism of cardioprotection by AICAR is not depen-
dent on ATP conservation.

AMPK decreased the rate of protein synthesis during hyp-
oxia via inactivation of eEF2. Recent reports have indicated
that activation of AMPK leads to increased phosphorylation of
eEF2, which inhibits elongation of translation in its phosphor-
ylated state and thus leads to inhibition of protein synthesis in
cardiomyocytes (28). We also confirmed that treatment of car-
diomyocytes with 0.5 mM AICAR for 24 h caused inhibition of
the protein synthesis rate by 21.5% under normoxic conditions,
as assessed by examining incorporation of [3H]leucine. Re-
duced rates of protein synthesis under conditions of ER stress
serve to reduce the load of substrates presented to the folding
machinery in the ER lumen, with mitigation of the conse-
quences of insults to cellular homeostasis (53). We therefore
hypothesized that regulation of eEF2 by AMPK might play a
role in the attenuation of ER stress-associated apoptosis under
conditions of hypoxia.

First, we measured the activities of key molecules related to
translation, such as eEF2, 4E-BP1, and eIF2�, in cardiomyo-
cytes during hypoxia. As shown in Fig. 9A, eIF2�, but not
4E-BP1, was phosphorylated during hypoxia. eEF2 was
uniquely phosphorylated during hypoxia in biphasic fashion.
Phosphorylation of eEF2 during hypoxia was significantly at-

tenuated by Ad-dnAMPK (Fig. 9B), but phosphorylation of
eIF2� during hypoxia was not attenuated by Ad-dnAMPK
(data not shown). Moreover, as shown in Fig. 9C and D,
AICAR phosphorylated eEF2, but not eIF2�, in a dose- and
time-dependent fashion in cardiomyocytes. To further examine

FIG. 7—Continued.

FIG. 8. AICAR did not increase intracellular ATP content during
hypoxia. Values are intracellular ATP contents during hypoxia with or
without (�) AICAR pretreatment. Intracellular ATP contents were
measured for cardiomyocytes on 96-well plates as described in Mate-
rials and Methods. Cardiomyocytes were pretreated or not with
0.5 mM of AICAR and 1 h later exposed to hypoxia for the indicated
time periods. Amounts of ATP were determined against a standard
curve by using an ATP bioluminescence kit. Values are the means �
SDs from three independent experiments. No statistical significance
was observed between the two groups at any time point.
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the effects of AMPK on protein synthesis during hypoxia, car-
diomyocytes were exposed to hypoxia for 8 h with or without
AICAR pretreatment and incorporation of [3H]leucine was
examined. The rate of protein synthesis during hypoxia was
significantly and dose-dependently decreased by pretreatment
with AICAR (Fig. 9E). This decrease in rate of protein syn-
thesis was completely prevented by Ad-dnAMPK, and the in-
hibitory effects of dnAMPK were attenuated by a further dose
of AICAR pretreatment (Fig. 9F).

Taken together, these findings suggest that AMPK might
protect cardiomyocytes against ER stress-induced apoptosis
during hypoxia via inhibition of protein synthesis through in-
activation of eEF2.

Attenuation of eEF2 phosphorylation using eEF2 kinase
siRNA duplexes abolished the cardioprotective effects of
AICAR during hypoxia. To confirm that eEF2 plays a role in
cardioprotection by AICAR during hypoxia, experiments with
siRNA duplexes to attenuate the phosphorylation of eEF2

during hypoxia and AICAR treatment in cardiomyocytes were
performed. Because eEF2 kinase is the only kinase that phos-
phorylates eEF2 (5), we suspected that knockdown of eEF2
kinase using siRNA duplexes would attenuate the phosphory-
lation of eEF2 during hypoxia and AICAR treatment. As
shown in Fig. 10A, eEF2 kinase expression was specifically
knocked down in eEF2 kinase siRNA-transfected cardiomyo-
cytes. The fluorescence intensity of the eEF2 protein was
affected in neither eEF2 kinase siRNA- nor unrelated siRNA-
transfected cardiomyocytes (Fig. 10B). Fluorescent phos-
phorylated eEF2 (p-eEF2) production increased after 4 h of
hypoxia with AICAR treatment in the unrelated siRNA-trans-
fected cardiomyocytes (Fig. 10C). In contrast, fluorescent p-
eEF2 production was abolished even after exposure to 4 h of
hypoxia with AICAR treatment in eEF2 kinase siRNA-trans-
fected cardiomyocytes (Fig. 10C), indicating that knockdown
of eEF2 kinase attenuated the phosphorylation of eEF2 during

FIG. 9. AMPK attenuated protein synthesis via eEF2 during hypoxia. (A) Cardiomyocytes were exposed to hypoxia for the indicated time
periods. At each time point, the cells were lysed, and the phosphorylation levels of eEF2, 4E-BP1, and eIF2� were examined by Western blot
analysis. Membranes were probed with antibodies specific for p-eEF2, phosphorylated 4E-BP1 (p-4E-BP1), and phosphorylated eIF2� (p-eIF2�).
�, P of �0.05 versus without hypoxia. (B) Cardiomyocytes were infected with Ad-�-gal or Ad-dnAMPK for 8 h. At 24 h after infection, the cells
were exposed to hypoxia for the indicated time periods. Whole-cell extracts were examined by Western blot analysis. The membranes were probed
with antibody specific for p-eEF2. �-Tubulin was used as a control. �, P of �0.05 versus Ad-�-gal at each time point. (C) Cardiomyocytes were
treated with 0.5 mM of AICAR for the indicated time periods. At each time point, the cells were lysed, and phosphorylation levels of eEF2,
4E-BP1, and eIF2� were examined by Western blot analysis. Membranes were probed with antibodies specific for p-eEF2, p-4E-BP1, and p-eIF2�.
�, P of �0.05 versus without hypoxia. (D) Cardiomyocytes were treated with indicated doses of AICAR for 2 h. The cells were lysed, and
phosphorylation levels of AMPK and eEF2 were examined by Western blot analysis. �, P of �0.05 versus without AICAR. (E) Cardiomyocytes
were treated or not with indicated doses of AICAR and 1 h later coincubated with [3H]leucine (1 
Ci/ml) and exposed to hypoxia for 8 h. Aliquots
were tested with a scintillation counter. Bars represent the relative absorbance levels normalized to the mean absorbance level of untreated control
cells (serum 10%). �, P of �0.05 versus without AICAR, serum 1%. n.s., not significant. (F) Cardiomyocytes were infected with Ad-�-gal or
Ad-dnAMPK for 8 h. At 24 h after infection, the cells were treated or not with indicated doses of AICAR and 1 h later coincubated with
[3H]leucine (1 
Ci/ml) and exposed to hypoxia for 8 h. Aliquots were tested with a scintillation counter. Bars represent the relative absorbance
levels normalized to the mean absorbance level of untreated control cells (serum 10%). �, P of �0.05 versus Ad-�-gal, without AICAR, serum 1%.
��, P � 0.05. We performed three independent experiments in each experimental group and analyzed the findings for 16 samples in each
experiment. Values are the means � SDs of 48 samples from three independent experiments. Densitometry was used to determine the ratios of
band intensities for each target to band intensities for �-tubulin.
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hypoxia with AICAR treatment. No morphological differences
between eEF2 kinase siRNA- and unrelated siRNA-trans-
fected cardiomyocytes were observed with phase-contrast mi-
crographs under normoxic conditions (data not shown).

To investigate the roles played by eEF2 in mediating the
cardioprotective effects of AICAR against hypoxia-induced
ER stress and cell death, unrelated siRNA- or eEF2 kinase
siRNA-transfected cardiomyocytes were incubated for 36 h
under hypoxic conditions with or without pretreatment with
AICAR. Cells under conditions of ER stress were assessed by
immunofluorescence analyses with CHOP antibody using
fluorescence microscopy. In addition, cells undergoing apopto-
sis were assessed by immunofluorescence analyses with cleaved
PARP antibody using fluorescence microscopy. Pretreatment
with AICAR dramatically decreased the percentage of CHOP-
positive and cleaved PARP-positive cells in the unrelated
siRNA-transfected cells (Fig. 10D and E). However, knock-
down of eEF2 kinase abolished these cardioprotective effects
of AICAR (Fig. 10D and E). These findings demonstrate that
eEF2 inactivation plays a crucial role in mediating the cardio-
protective effects of AICAR.

The cardioprotective effects of AICAR were not mediated by
adenosine. AICAR has been proposed to increase tissue aden-
osine levels by entering the de novo nucleotide biosynthetic
pathway (44), and several reports have indicated that the pro-
tective effects of AICAR are mediated by an adenosine-depen-
dent mechanism (11). Therefore, to determine whether the
protective effects of AICAR are independent of adenosine, we
used 8-SPT as a nonselective adenosine receptor antagonist.
The cytoprotective effects of AICAR were not diminished by
8-SPT (100 
M) (Fig. 11A and B), indicating that these effects
are independent of adenosine.

AICAR attenuated Tm- and Tg-induced apoptotic signaling
in cardiomyocytes. In cardiomyocytes, we found that BiP and
CHOP were induced by ER stress inducers, including Tm and
Tg, in a dose- and time-dependent fashion (data available on
request) and that exposure to Tm and Tg induced the activa-
tion of caspase 12 (data available on request). Therefore, we
examined whether AICAR attenuated Tm- and Tg-induced apo-
ptotic signaling, as well as hypoxia-induced apoptotic signaling,
in neonatal rat cardiomyocytes. As shown in Fig. 12A and B,
induction of CHOP mRNA by Tm or Tg was significantly
attenuated by pretreatment with AICAR 1 h before exposure
to Tm or Tg, compared with results obtained with lack of
pretreatment. These findings support the hypothesis that AMPK
plays a cardioprotective role under conditions of ER stress.

DISCUSSION

In the present study, we first demonstrated that the ER-
dependent apoptotic pathway is one of the mechanisms of
hypoxic injury in cardiomyocytes. Furthermore, endogenous
AMPK activation was found to protect cardiomyocytes against
hypoxic injury through attenuation of ER stress. The mechanism
by which AMPK protects cells during hypoxia attributes to sup-
pression of protein synthesis due to phosphorylation of eEF2.

First, we found that hypoxic stress activated ER stress-de-
pendent responses (Fig. 1 and 2) in cardiomyocytes. These
observations indicate that hypoxia is capable of triggering ac-
tivation of the ER-dependent signaling pathways in cardiomy-

ocytes. Previous studies found that neuronal cells required
both hypoxia and glucose deprivation for induction of UPR
(45). However, in the present study, UPR were induced in
cardiomyocytes in hypoxic conditions without glucose depriva-
tion. These findings suggest that cardiomyocytes may be sen-
sitive to ER stress. Interestingly, Okada et al. reported that
pressure overload by transverse aortic constriction also in-
duced UPR associated with cardiomyocyte apoptosis (48).
Moreover, cytokines (6) and norepinephrine (37), both of
which play roles in the pathophysiology of heart failure, also
induce UPR, suggesting that ER stress plays a role in the
pathophysiology of various heart diseases.

It has been established that ER stress both favors the sur-
vival of and induces apoptotic signaling in various types of
cells. Therefore, the decision between survival and apoptosis
may depend on the balance between survival signaling and
apoptotic signaling. We examined whether ER stress-specific
apoptotic signaling is involved in hypoxic injury of cardiomy-
ocytes. Of the apoptotic pathways, three are known to be
related to ER stress. The first is transcriptional induction of the
gene for CHOP. Overexpression of CHOP promotes apopto-
sis, and deficiency of CHOP can protect cells from ER stress-
induced apoptosis (49, 73), suggesting that CHOP is involved
in the process of cell death caused by ER stress. The second is
activation of caspase 12. Caspase 12 knockout mice exhibit
resistance to ER stress (46), suggesting that caspase 12 also
plays a role in the process of cell death caused by ER stress.
The third is activation of the c-Jun NH2-terminal kinase (JNK)
pathway (65), which is mediated by formation of the IRE1–
tumor necrosis factor receptor-associated factor 2 (TRAF2)–
apoptosis signal-regulating kinase 1 (ASK1) complex. Of these
three components of the ER-related death pathways, induction
of CHOP and activation of caspase 12 are ER-specific path-
ways. We therefore used these two pathways as markers of
induction of the ER-specific death pathway. Furthermore, be-
cause all three ER death pathways eventually lead to the ac-
tivation of caspase 3 (50), PARP, one of the main cleavage
targets of caspase 3 (52), is considered a marker of cells un-
dergoing apoptosis. In the present study, induction of CHOP
and cleavage of caspase 12 increased in cardiomyocytes after
exposure to hypoxia (Fig. 1A and B and 3A). Furthermore, as
shown in Fig. 3B, in cardiomyocytes exposed to hypoxia, in-
tense CHOP staining in nuclei colocalized with cleaved PARP
staining and condensed nuclei as revealed by Hoechst staining.
These findings indicate that hypoxic stress induced ER-depen-
dent death pathway activity, leading to apoptosis. This theory
is further supported by the observations that knockdown of ER
death pathways such as that through CHOP and caspase 12
using siRNA duplexes led to cardioprotection after exposure
to hypoxia (Fig. 4F).

The mechanisms of induction of the ER pathways after
exposure to hypoxia have not been clearly determined. One
proposed mechanism of ER stress induction during hypoxia is
disruption of calcium homeostasis through inhibition of the
sarcoplasmic/endoplasmic reticulum Ca2�-ATPase pump due
to intracellular ATP depletion (27). We therefore hypothe-
sized that conservation of intracellular ATP content during
hypoxia would protect cardiomyocytes from ER stress-induced
cell death. Because AMPK acts as an intracellular energy sen-
sor maintaining energy balance within cells during ischemia
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(55), AMPK would be a potential candidate for the molecule
that protects cells against ER stress-induced cell death during
hypoxia. Moreover, recent studies have indicated that hypoxia
itself regulates AMPK activity both independently of and de-
pendently of intracellular AMP content (17), suggesting that
AMPK also plays a role during mild ischemia that does not
exist as a global change in high-energy phosphate homeostasis.
Our findings showed that hypoxia activated AMPK and ACC

in cultured cardiomyocytes (Fig. 5A) and that pretreatment
with AICAR further activated AMPK and ACC (Fig. 5C),
resulting in attenuation of hypoxic injury as assessed by MTS
assay and percent CPK release in the culture medium due to
AMPK activation (Fig. 6). Consistent with these findings, Russell
et al. reported that the AMPK cascade protects cells against
changes resulting from ischemia and reperfusion in perfused
mouse hearts (54). Furthermore, AICAR has been shown to

FIG. 10. Attenuation of eEF2 phosphorylation with eEF2 kinase siRNA abolished the cardioprotective effects of AICAR during hypoxia. (A to C)
Cardiomyocytes were transfected with 1.5 
g of siRNA duplexes for eEF2 kinase together with 1.5 
g of pCMV-GFP as described in Materials
and Methods. After 48 h of transfection on glass coverslips coated with gelatin, the cells were exposed to hypoxia with 0.5 mM AICAR for 4 h
and then fixed and immunostained with anti-GFP and anti-eEF2 kinase (A), anti-eEF2 (B), or anti-p-eEF2 (C) antibodies. Quantitative analysis
was performed using the MetaMorpho microscope image analysis software. Bars represent the percentages of eEF2 kinase- (A), eEF2- (B), or
p-eEF2- (C) positive cells among GFP-positive cells. Positive cells for each target were defined as those with intensities greater than the mean � SD
of the normoxic unrelated siRNA-transfected cells. Note that eEF2kinase siRNA efficiently attenuated the phosphorylation of eEF2 following
exposure to hypoxia with 0.5 mM AICAR. n.s., not significant. (D and E) Neonatal rat cardiomyocytes transfected with pCMV-GFP and siRNA
duplexes for eEF2 kinase or unrelated oligonucleotide were pretreated or not (�) with 0.5 mM AICAR and 1 h later exposed to hypoxia for 36 h.
After fixing the cells, double-fluorescence immunohistochemical staining of CHOP (D) or cleaved PARP (E) and GFP and Hoechst staining were
performed. Bars represent the percentages of CHOP-positive (D) or cleaved PARP-positive (E) cells among GFP-positive cells. Values are the
means � SDs from three independent experiments. More than 100 GFP-positive cells were examined in each experiment. �, P � 0.05.
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exhibit cardioprotective effects in ischemic animal models as
well as patients undergoing coronary-aortic bypass grafting (21,
36, 44). Therefore, our findings suggest that AICAR exhibits
cardioprotective effects against hypoxic injury though AMPK-
dependent mechanisms.

Moreover, pretreatment with AICAR significantly attenu-
ated ER-specific death pathways during hypoxia, following
suppression of cleavage of PARP (Fig. 7). These findings sug-
gest that AICAR protects cardiomyocytes against hypoxia by
attenuating ER stress-specific apoptosis via AMPK activation.

The question arises by which mechanisms AICAR-activated
AMPK protects cells against hypoxia-induced ER-specific
death pathways. It is known that AMPK favors fatty acid oxi-
dation (31) and stimulates glycolysis by increasing glucose
transport (47) and activating 6-phosphofructo-2 kinase (38),
thereby promoting ATP production. We therefore first specu-
lated that the cardioprotective effects of AICAR against acti-
vation of the hypoxia-induced ER-specific death pathway were
due to conservation of intracellular ATP content. Surprisingly,
however, the intracellular ATP content in AICAR-pretreated
cells was essentially the same as that in AICAR-nontreated
cells (Fig. 8). There are at least two possible explanations for
this lack of difference in intracellular ATP levels between
AICAR-pretreated and AICAR-nontreated cells. First, ATP is
formed not only through mitochondrial oxidative phosphory-
lation but also through other metabolic pathways such as gly-
colysis and direct ADP phosphorylation by adenylate kinase
(55). Inclusion of 5.5 mM glucose and 1% FCS in the culture
medium may have provided cells with substrates for glycolytic
ATP production and stimulated glycolytic ATP production in
both groups of cells. Consistent with this hypothesis, Tatsumi
et al. reported that when glucose was added to the medium,
intracellular ATP content exhibited a corresponding increase
during ischemia (62). Second, endogenous AMPK activation
by hypoxia appears to be sufficient for preservation of intra-

cellular ATP content, and a further increase in activation of
AMPK by AICAR may thus exert no effects on preservation of
intracellular ATP content during hypoxia. Although we could
not exclude the possibility that small decreases in ATP level in
crucial intracellular compartments not detected by measuring
total cellular ATP content may have been responsible for the
protective effects of AICAR, the beneficial effects of AICAR
observed in this study appeared to be independent of total
cellular ATP content. This conclusion is supported by the ob-
servations that preincubation with AICAR attenuated drug-
induced ER stress, despite the presence of sufficient intracel-
lular ATP content (Fig. 12).

What, then, are the mechanisms of protection by AMPK
against hypoxic injury of cardiomyocytes? Recently, Chan and
Dyck reported that AMPK suppresses protein synthesis via
eEF2 inactivation in cardiomyocytes (8). Several studies re-
ported that prior exposure of cells to an inhibitor of protein
synthesis through translational initiation and elongation fac-
tors such as eIF2� (3, 35, 56), IF-4E (34), and EF1� (61)
suppressed ER stress-induced cell death pathways. We there-
fore speculated that inactivation of a translational elongation
factor such as eEF2 might suppress ER stress-induced cell
death pathways. In fact, it has recently become clear that cells
respond to stimuli that increase energy demand or reduce its
supply in adapting to the environment by translational repres-
sion at the level of translational elongation (41), suggesting
that elongation factors play a protective role under cellular
stresses. The finding of a direct correlation between AMPK
and eEF2 kinase (4) suggests that eEF2, a downstream target
of eEF2 kinase, may play a role in mediating the cardiopro-
tective effects of AICAR. As shown in Fig. 9B, increase in
eEF2 phosphorylation after exposure to hypoxia was attenu-
ated by Ad-dnAMPK. Furthermore, as shown in Fig. 9C and
D, AICAR increased phosphorylation of eEF2, but not that of
eIF2� and 4E-BP1, in a time- and dose-dependent fashion. As

FIG. 11. AICAR protected cardiomyocytes against hypoxic stress independently of adenosine. Cardiomyocytes were treated or not (�) with
0.5 mM of AICAR and 100 
M of 8-SPT, a nonselective adenosine receptor antagonist, and 1 h later exposed to hypoxia for 30 h. (A) Viability
of cardiomyocytes was determined by MTS cell respiration assay. Bars represent the relative absorbance levels normalized to the mean absorbance
level of AICAR-free control cells. We performed three independent experiments in each experimental group and analyzed the findings for
16 samples in each experiment. (B) Injury of cardiomyocytes was assessed by CPK activity in the culture medium. Values are the means � SDs
from three independent experiments. �, P � 0.05. n.s., not significant.
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shown in Fig. 10A and C, increase in eEF2 phosphorylation
after exposure to hypoxia with AICAR treatment was attenu-
ated by eEF2 kinase siRNA. These findings suggest that eEF2
kinase, the only upstream kinase for eEF2 (5), is probably
controlled by AMPK in cardiomyocytes during hypoxia.

We examined whether AICAR suppresses protein synthesis
under our experimental conditions. As shown in Fig. 9E and F,
AICAR significantly decreased the rate of protein synthesis
during 8 h of hypoxia through AMPK activation. Because reg-
ulation of protein synthesis in mammalian cells is extremely
complex, we could not rule out the possibility that other mol-
ecules play roles in hypoxia-induced suppression of protein
synthesis. However, given the present findings, we speculate
that eEF2 phosphorylation via AMPK-eEF2 kinase plays a role

in mediating the cardioprotective effects of AICAR against
hypoxia-induced ER stress. Although the effects of AICAR
pretreatment on protein synthesis rate were small (Fig. 9E), a
subtle inhibition of protein synthesis rate before ER dysfunc-
tion becomes apparent may be sufficient to suppress ER death
pathways during hypoxia. Recent studies by Scheuner et al.
(56) also suggest that a subtle increase in rate of protein syn-
thesis through the reduction in eIF2� phosphorylation leads to
�-cell failure and type 2 diabetes when an animal is exposed to
ER stress.

In the present study, adenoviral overexpression of dnAMPK
abolished the cardioprotective effect of AICAR (Fig. 6D and E
and 7I), suggesting that this effect of AICAR is mediated by an
AMPK-dependent mechanism. Because the cells we examined
were isolated cardiomyocytes, we can exclude effects of aden-
osine on the vasculature on leukocytes. Furthermore, the car-
dioprotective effects of AICAR were not blocked by 8-SPT, a
nonselective adenosine receptor antagonist, suggesting that the
protective effects of AICAR were mediated by an adenosine-
independent mechanism (Fig. 11A and B).

In conclusion, we found that ER-specific death pathways
were induced by exposure to hypoxia in neonatal rat cardio-
myocytes and that endogenous activation of AMPK by AICAR
attenuated ER-specific death pathways and thus had antiapop-
totic effects. The pathways that lead to cardioprotection
against ER stress by AICAR are far from being understood in
detail. Our findings indicate that AMPK-dependent phosphor-
ylation of eEF2 may play a role in cardioprotective signaling
mechanisms during hypoxia. Finally, we demonstrated that
hypoxia is one of the metabolic stresses that can trigger ER
death pathways in cardiomyocytes. Other cellular stresses, such
as oxidative stress (26) and viral infection (60), have also been
reported to be associated with ER stress. Cells of long-lived
organs such as the heart are subjected to ER stress and must
endure the consequences of accumulation of misfolded pro-
teins in the ER over relatively long periods of time. Further
studies of the ER death pathways in the heart should provide
new insights into the pathogeneses of various heart diseases
and lead to new therapeutic approaches to the prevention of
such diseases.
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