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Abstract

The proline hydroxylase domain-containing enzymes (PHD) act as cellular oxygen sensors and initiate a hypoxic signal cascade to induce
a range of cellular responses to hypoxia especially in the aspect of energy and metabolic homeostasis regulation. AMP-activated protein
kinase (AMPK) is recognized as a major energetic sensor and regulator of cardiac metabolism. However, the effect of PHD signal on AMPK
has never been studied before. A PHD inhibitor (PHI), dimethyloxalylglycine and PHD2-specific RNA interference (RNAi) have been used
to activate PHD signalling in neonatal rat cardiomyocytes. Both PHI and PHD2-RNAi activated AMPK pathway in cardiomyocytes effec-
tively. In addition, the increased glucose uptake during normoxia and enhanced myocyte viability during hypoxia induced by PHI pretreat-
ment were abrogated substantially upon AMPK inhibition with an adenoviral vector expressing a dominant negative mutant of AMPK-�1.
Furthermore, chelation of intracellular Ca2� by BAPTA, inhibition of calmodulin-dependent kinase kinase (CaMKK) with STO-609, or
RNAi-mediated down-regulation of CaMKK � inhibited PHI-induced AMPK activation significantly. In contrast, down-regulation of LKB1
with adenoviruses expressing the dominant negative form did not affect PHI-induced AMPK activation. We establish for the first time that
activation of PHD signal cascade can activate AMPK pathway mainly through a Ca2�/CaMKK-dependent mechanism in cardiomyocytes.
Furthermore, activation of AMPK plays an essential role in hypoxic protective responses induced by PHI.
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Introduction

The heart has developed exquisite sensitivity to oxygen levels due
to its high consumption of oxygen. A decline in oxygen tension
(hypoxia) triggers a variety of cellular adaptive responses to pre-
serve cell and tissue viability. Recent studies have identified the
proline hydroxylase domain-containing enzymes (PHD1, PHD2,
PHD3) and asparaginyl hydroxylase domain protein factor-inhibit-
ing HIF (FIH) as cellular oxygen sensors [1, 2]. Under normoxic
conditions, hydroxylation of specific proline residues within the
oxygen-dependent degradation domain of hypoxia-inducible fac-
tor (HIF)-1� by the three PHD isoforms earmarks HIF-1� protein
for proteasomal degradation by promoting its interaction with the

von Hippel–Lindau (VHL) protein [3], whereas further hydroxyla-
tion of an asparagine residue by FIH reduces its transcriptional
activity [2]. Thus, hydroxylases repress both the expression and
transcriptional activity of HIF-1. During hypoxia, the reduction of
proline- and asparagine-hydroxylation leads to HIF-1 stabilization
and transactivation. Consequently, HIF-1 activates the expression
of over 70 genes that contain hypoxia-response elements in their
promoter regions and mediate a myriad of adaptive responses.
Moreover, accumulating evidence suggests that PHDs may act as
a master regulator in initiating the O2-sensing signal cascade,
rather than an ‘obligatory HIF-regulator’. In addition to HIF-1�,
PHDs directly hydroxylate other targets to initiate HIF-1�-inde-
pendent cellular changes [4, 5]. More importantly, activation of the
PHD signal pathway via PHD inhibitor (PHI) mediates a variety of
cellular responses to hypoxia and preconditioning stimuli [6].
However, the underlying molecular mechanisms remain poorly
understood.

Cardiac energy metabolism is essential for the maintenance of
mechanical function, and any disturbances of energetics translate
directly into cardiac dysfunction. The compensatory effects, which
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are induced by opening the PHD O2 sensing pathway usually with
PHI, are highlighted by its energy and metabolism regulation
under varying metabolic stress conditions, such as maintenance
of ATP, accumulation of glycogen, increase of glucose uptake and
preservation of myocyte viability [7–9].

AMP-activated protein kinase (AMPK) is recognized as the
‘guardian of energy status’ in the heart [10] and a critical regula-
tor of energy homeostasis by coordinating a number of adaptive
responses in ATP-depleting metabolic states, such as hypoxia,
ischaemia/reperfusion and exercise [11]. The activation of AMPK
is also considered as one of the typical cellular responses elicited
by low oxygen tension. Previous studies have indicated that AMPK
can be rapidly activated in mildly ischaemic heart tissue before any
obvious energy deficiency develops [12, 13], implying a direct link
between hypoxia signalling and AMPK activation. However, the
molecular mechanisms responsible for AMPK activation in
hypoxic heart remain incompletely understood.

Is PHD signal implicated in AMPK activation in heart cells?
What are the underlying molecular mechanisms and link between
PHD signalling and the AMPK cascade? What is the functional 
significance of AMPK in cellular protective effects elicited by 
PHI against hypoxia? In this study, we employed PHI and PHD2-
specific RNAi adenovirus vector to address these important ques-
tions in neonatal rat cardiomyocytes.

Materials and methods

Ethics statement

All animal procedures were approved by the Institutional Animal Care and
Use Committee of the Third Military Medical University and which con-
forms with the Guide for the Care and Use of Laboratory Animals published
by the US National Institutes of Health.

Cell culture and treatment

Ventricles of 1–3-day-old Wistar rats were minced and digested with 0.1%
trypsin (Gibco-BRL, New York, NY, USA). The cells were pelleted and 
suspended in complete DMEM (Gibco-BRL) containing 10% foetal bovine
serum (FBS; Gibco-BRL). A single pre-plating step was used to further
increase the cardiomyocyte to non-cardiomyocyte ratio due to the propen-
sity of non-cardiomyocytes to attach readily to the bottom of the culture
dishes. The remaining unattached viable cells were collected and seeded 
at a density of 1 � 106 cells/ml in complete DMEM/F-12 medium plus 
0.1 mmol/l 5-bromo-2-deoxyuridine (Sigma-Aldrich, St. Louis, MO, USA)
for 48 hrs to prevent low-level nonmyocardial cell proliferation, then
replaced with complete DMEM medium and used for experimental treat-
ment as detailed below.

1,2-bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid tetrakis
(acetoxymethyl ester) (BAPTA-AM) (Sigma-Aldrich) were dissolved in
PBS. DMOG (Alexis Biochemicals, San Diego, CA, USA), Ionomycin
(Sigma Chemical Co, Deisenhofen, Germany), STO-609 (Tocris, Ellisville,
MO, USA) and 5-Aminoimidazole-4-carboxamide ribonucleoside (AICAR)

(Calbiochem, Darmstadt, Germany) were dissolved in dimethyl sulfoxide
(DMSO). The final concentration of DMSO did not exceed 0.2%, and con-
trol cells were treated with the same amount of solvent.

In those experiments in which the effect of a blocker was investigated,
cells were pretreated with blocker for 15–30 min., and then treated with
PHI or vehicle for three hrs.

Hypoxia treatment was achieved by exposure of isolated cardiomy-
ocytes in a hypoxia chamber filled with 5% CO2, 1% O2 and 94% N2 at
37�C as described previously [14].

Western blot analysis

After treatment, cells were lysed in ice-cold Tris buffer [50 mM Tris–HCl (pH
7.4)] containing 1% Triton, 50 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1 mM
sodium orthovanadate, 1 mM NaF, 1 �g/ml aprotinin, 1 �g/ml leupeptin and
1 �g/ml pepstatin. Cell lysates including 20–30 �g protein were subjected
directly to Western blot analysis with specific antibodies such as anti-AMPK�-
pan, anti-phosphoThr-172 AMPK, anti-phosphoSer-79 ACC, anti-ACC (Cell
Signaling Technologies, Beverly, MA, USA), HIF-1� (R&D Systems,
Minneapolis, MN, USA), CaMKK� (BD Biosciences-Pharmingen, San Diego,
CA, USA). Blots were developed using an enhanced chemiluminescence
reagent (Amersham Biosciences, Piscataway, NJ, USA), and scanned and
quantified using a calibrated densitometer (Bio-Rad, Hercules, CA, USA).

Measurement of ATP, ADP and AMP 
in cardiomyocytes by high performance 
liquid chromatography (HPLC)

The intracellular AMP, ADP and ATP contents were determined in neutral-
ized perchloric acid extracts of cardiomyocytes using HPLC as described
previously [15].

AMPK activity assay

AMPK was immunoprecipitated from 100 �g cell lysate protein using a
rabbit anti-pan-� antibody (Upstate Biotechnology, Lake Placid, NY, USA)
and protein A-Sepharose. AMPK activity was measured using the SAMS
peptide (Upstate Biotechnology) phosphorylation assay as reported previ-
ously [16]. AMPK activity was calculated and expressed as pmol/min./mg
of protein.

Construction of recombinant adenoviruses 
and infection

An adenoviral vector expressing a dominant negative mutant of AMPK-�1
(DN-AMPK) was constructed by mutation of Thr172 to Ala172 as
described previously [17]. An adenoviruse expressing a dominant negative
form of LKB1 was constructed by single amino acid substitution of Alanine
for Asparagine 194 of LKB1 (kinase inactive, D194A mutant) as previously
described [18]. Ad-GFP, a replication-defective adenoviral vector express-
ing green fluorescence protein (GFP), was used as control. Both constructs
were made by Genechem Co., Ltd, Shanghai, China. Cardiomyocytes were
infected with Ad-GFP, or DN-AMPK or DN-LKB1 at a multiplicity of infec-
tion (MOI) of 30, 20 and 40, respectively. After 24–26 hrs, the medium was
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renewed and the cells were either harvested or cultured for subsequent
experiments.

For PHD2 siRNA knockdown in cardiomyocytes, short hairpin RNA was
designed according to the complementary DNA sequence of the EGLN1
(GenBank NM_178334). The PHD2 small hairpin RNA (shRNA) expression
vector was built using pGenesil-1/U6 (Genesil Biotechnology, Wuhan,
China) as parental plasmid and nucleotide positions 554 to 572 of 
PHD2 (5�-CTGGTCAGCCAGAAGAGTG-3�) as the target. A negative control
sequence was also designed which had no homology with rat, mouse or
human. All of the constructs used in this study were verified by DNA
sequencing. The shRNA adenoviral vector was linearized with PacI and
transfected into 293A cells using Lipofectamine following the protocols.
Approximately 12 days after transfection, the adenovirus-containing 293A
cells were harvested and lysed to prepare a crude viral stock. The resultant
viral stock was amplified, and the viral concentration was determined. Two
days after plating, cardiomyocytes were infected with the virus at MOI 20.

Lentiviral siRNA vector for CaMKK�
and transduction

Small hairpin RNA of rat CaMKK� lentivirus gene transfer vector encoding
GFP was constructed by Genechem Co., Ltd, Shanghai, China. The target-
ing sequence of the shRNA was 5’-GAAACTGGACCACGTGAAT-3’ (GenBank
Accession No.NM_031662), and confirmed by sequencing. The recombi-
nant lentivirus of shRNA targeting CaMKK� (CaMKK�-RNAi-Lentivirus)
and the negative control lentivirus (5�-TTCTCCGAACGTGTCACGT-3�-
lentivirus) which contain a scrambled, non-targeting sequence were pre-
pared and titred to 109 TU (transfection unit)/ml. The cardiomyocytes were
plated for 2 days, then incubated with the lentiviral vectors with the addi-
tion of polybrene (10 �g/ml) and enhanced transfect solution at various
MOI for 3, 4 and 5 days, respectively. At day 4 after transduction, cells were
either harvested or treated with PHI and then harvested.

RNA isolation and real-time PCR

Total RNA was extracted from the cardiomyocytes using the TRIZOL
(Invitrogen, Carlsbad, CA, USA). RNA was reverse transcribed using the
Ambion reverse transcription Retroscript kit, Real-time PCR was performed
using the SYBR Green Real-time PCR Master Mix (TOYOBAO, Japan), DNA
templates were amplified by real-time PCR on the Applied Biosystems SDS
7500 instrument (ABI, Foster City, CA, USA) using the Sybr green method [19].
GAPDH and �-actin were used as internal control. The primer sequences were:
GAPDH 5�-TTCAACGGCACAGTCAAGG-3� and 5�-CTCAGCACCAGCATCACC-
3�. �-actin 5�-GTT GAC ATC CGT AAA GAC C-3� and 5�-GAC TCA TCG TAC TCC
TGC T-3�. CaMKK�5�-GGAAAGACCAGCGGGAAG-3� and 5�-CAGCCTCACCA-
CACCATAG-3�. PHD2 5�-CCCTGGTGGACATCTT-3� and 5�-TCTCCGCTCTGAA-
CAA-3�. Experimental data were analysed and the relative levels of gene
expression were calculated by 7500 System SDS software.

2-(3H)deoxyglucose uptake assay

After treatments, the cells were incubated with 2-(3H)deoxyglucose
(1�Ci/ml) (Beijing Atom Hightech, Beijing, China) at room temperature for
15 min. Then reactions were terminated by washing cells with ice-cold
phloretin buffer, and cells were lysed directly on plates with 0.05 M NaOH.
Extracts were counted via 	-scintillation (Beckman LS3801 version-3.0-D).

Parallel non-radiolabelled cultures treated as above were harvested for pro-
tein determinations. Protein concentration was determined using the
Bradford reagent (Sigma-Aldrich).

Cell viability assay

Cardiomyocytes were plated at a density of 2.0 � 105 cells/well in 96-well
plates, after treatment the cell viability was examined using cell counting
kit-8 (Dojindo Laboratory, Kumamoto, Japan) following manufacturer’s
protocol. The relative number of surviving cells was determined in dupli-
cates with the value of untreated cells as 100%.

Statistical analysis

Data were expressed as the mean 
 S.D. Statistical analyses were per-
formed using SPSS 11.0 (SPSS, Chicago, IL, USA) and statistical signifi-
cance evaluated by ANOVA followed by post-hoc tests. P � 0.05 was con-
sidered significant.

Results

PHIs activate AMPK in cardiomyocytes

We first attempted to evaluate the effect of DMOG, the widely used
specific PHI, on AMPK activity in neonatal rat cardiomyocytes. 
Figure 1 shows that, under normoxic conditions DMOG caused a
time- and dose-dependent increase in AMPK phosphorylation at
Thr172, a crucial site for enzyme activity. This increase in Thr172 phos-
phorylation occurred simultaneously with the increased phosphory-
lation of acetyl-CoA carboxylase (ACC) at Ser79 (Fig. 1A and B),
which is a putative AMPK substrate; while the total amount of ACC
or AMPK� subunit was essentially the same. Similar results were
obtained when AMPK activity was measured by 32P incorporation
into the AMPK-specific SAMS peptide (Fig. 1C and D). AMPK activa-
tion induced by PHI was detectable at 0.5–1 hr, peaking at 6 hrs and
persisted for at least 9 hrs. The HIF-1� induction and AMPK activa-
tion by DMOG occurred at a similar time point (Fig. 1A and B), thus
revealing that PHI could effectively open the PHD-oxygen sensing
pathway in cardiomyocytes, and therefore activate the AMPK path-
way. Furthermore, there was no obvious alteration in PHD1, 2, 3 pro-
tein contents in cardiomyocytes treated with DMOG (Fig. 1E and F).

Depletion of PHD2 leads to AMPK activation 
in cardiomyocytes

PHD2 is considered as a main cellular oxygen sensor [20, 21]. To
investigate the effects of PHD oxygen-sensing pathway on AMPK,
we employed RNA-interference technique to knock down PHD2 in 
cardiomyocytes. Real-time PCR revealed that adenoviral mediated
PHD2-specific shRNA, but not a scrambled sequence, significantly
diminished PHD2 at mRNA level (Fig. 2A) and led to decrease of
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PHD2 protein level and HIF-1� accumulation under normoxic con-
dition (Fig. 2B). PHD2 siRNA did not affect the expression of other
genes, such as PHD1, PHD2 or ß-actin (Fig. 2A and B), suggest-
ing that PHD2 shRNA specifically inhibited PHD2 transcription.
Consistent with the decrease of PHD2, Ad-PHD2-shRNA induced
significant increase in phosphorylation of AMPK and hence ACC in
normoxic cardiomyocytes (Fig. 2C). Collectively, these results
confirmed that opening the PHD pathway leads to activation of the
AMPK pathway.

Opening of the PHD pathway increases glucose
uptake via AMPK activation

Glucose uptake is an important protective manoeuvre against
ischaemic/hypoxic injury especially in the heart [22]. To evaluate
whether AMPK plays a role in mediating PHI-induced glucose 
uptake in cardiomyocytes, we first generated a dominant-negative
mutant of AMPK-�1 (AMPK-DN) by mutation of Thr172 to alanin.

Cardiomyocytes were infected with DN-AMPK vector or Ad-GFP vec-
tor as negative control. Western blot analysis confirmed the expres-
sion of DN-AMPK (Fig. 3A) and its inhibitory effect on endogenous
AMPK activity, as demonstrated by reduced DMOG-mediated phos-
phorylation of AMPK� subunit (Thr172) and ACC Ser79 (Fig. 3B). To
examine the contribution of AMPK to PHI-induced glucose uptake in
the cardiomyocytes, myocytes were infected with DN-AMPK or Ad-
GFP for 24 hrs, and then treated with DMOG or vehicle (DMSO) for
8 hrs before glucose uptake assay. The results showed that DMOG
treatment facilitate 2-(3H)deoxyglucose uptake whereas these effects
have been greatly abolished by DN-AMPK (Fig. 3C). These data indi-
cate the critical role of AMPK in this process.

Effects of AMPK inhibition on hypoxic cell 
viability in cardiomyocytes exposed to PHI

Previous studies have shown that PHI treatment induces tolerance
against metabolic inhibition and hypoxic/ischaemic stress. To test

Fig. 1 PHIs activate AMPK activity in cardiomyocytes in a time- and dose-dependent manner. Cardiomyocytes were treated with DMOG (2 mM) for indi-
cated time periods (A, C, E) or different dose of DMOG for 3 hrs (B, D, F). For A and B, representative immunoblots together with densitometric analysis
of four experiments are shown. Target protein phosphorylation has been normalized to the expression of the total protein. For C and D, AMPK activity was
measured and shown as pmol/min./mg of protein. For E and F, representative immunoblots of PHD1, 2, 3 under same DMOG-treated conditions were
shown. Each bar represents the mean 
 S.D. for three independent assays in duplicate. **P � 0.01 versus control; *P � 0.05 versus control.

Fig. 2 PHD2 knockdown leads to AMPK activation in cardiomyocyte. Cardiomyocytes were infected with adenoviruses for scrambled shRNA or PHD2
shRNA for 26 hrs, and then were collected for molecular analysis. (A) Real-time PCR for PHD1, 2, 3 (n  3 independent experiments) shows fold change
of mRNA. Values represent the mean 
 S.D. (B and C) Representative immunoblots together with densitometric analysis (mean 
 S.D.) of four inde-
pendent experiments. AMPK and ACC phosphorylation has been normalized to the expression of total protein, respectively.
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whether AMPK is involved in PHI-induced hypoxic tolerance, we
infected cardiomyocytes with DN-AMPK vector or Ad-GFP vector
as negative control, and then treated them with DMOG before
hypoxia exposure. The results showed that pretreatment with
DMOG significantly increased cellular resistance to hypoxia as
reflected by increased viability of cardiomyocytes infected with
Ad-GFP (Fig. 4A). However, DMOG-induced cellular resistance to
hypoxia was abrogated when the endogenous AMPK activity was
inhibited by DN-AMPK (Fig. 4B). These results indicate that AMPK
pathway plays an essential role in cellular protective effects
induced by PHI against hypoxic stress.

PHI has no effect on AMP:ATP ratio 
in cardiomyocytes

To investigate whether PHI activate AMPK by increasing the
AMP:ATP ratio in the cardiomyocytes, we measured intracellular
AMP and ATP concentrations in vehicle- or DMOG-treated car-
diomyocytes using HPLC. We found that DMOG (3 mM) had not
induced significant difference in the intracellular AMP:ATP ratio
compared to control (Table 1). These results suggest that PHI acti-
vate AMPK by mechanisms other than changing intracellular
AMP:ATP ratio.

Fig. 3 DMOG stimulates glucose uptake via AMPK acti-
vation. (A) Cardiomyocytes were exposed to 30 MOI of
Ad-GFP or 20 MOI of DN-AMPK adenovirus for 24 hrs,
hence, an equal transfection efficacy above 95% was
obtained; cells were then harvested for Western blot
analysis. (B) After adenovirus infection, cardiomyocytes
were then exposed to 2 mM DMOG for three hrs before
immunoblot assay. Representative immunoblots together
with densitometric analysis (mean 
 S.D.) of four inde-
pendent experiments are shown. AMPK and ACC phos-
phorylation has been normalized to GAPDH expression.
(C) After infection, cells were further incubated with
DMOG (2 mM) or vehicle (DMSO) for 8 hrs. Then, 2-
[3H]deoxy-D-glucose was added to culture media for 15
min., and glucose uptake was measured 3H accumula-
tion rate which normalized to protein content. Each col-
umn represents means 
 S.D. for three independent
assays in duplicate.
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LKB1 is not required for PHI-induced AMPK
activation in cardiomyocytes

LKB1 has been proved to be the main upstream kinase of AMPK
in the heart. To test whether LKB1 kinase is involved in PHI-
induced AMPK activation, a dominant-negative mutant of LKB1
(DN-LKB1, D194A mutant) was expressed in cardiomyocytes by
adenovirus (Fig. 5A). Expression of DN-LKB1 significantly inhib-
ited the AICAR-induced phosphorylation of AMPK and ACC but did
not alter the activation of AMPK pathway induced by DMOG treat-
ment, as the phosphorylation of AMPK and ACC had not been
inhibited by DN-LKB1 (Fig. 5B). These results strongly suggest
that LKB1 is not the main kinase involved in PHI induced AMPK
activation.

CaMKK� mediates AMPK activation upon PHI
stimulation in cardiomyocytes

Next we explored another mechanism that may account for PHI-
induced AMK activation. Since AMPK activation is Ca2�-depend-
ent in some contexts [23, 24], we first treated cardiomyocytes
with the Ca2� ionophore ionomycin (1 �M) and indeed found
AMPK phosphorylation (Fig. 6A), suggesting that Ca2� may be an
upstream signal for AMPK activation in cardiomyocytes. Next, we
found that chelation of intracellular Ca2� by BAPTA led to signifi-
cant inhibition of AMPK phosphorylation at Thr172 stimulated by
DMOG (Fig. 6B). Correspondingly, ACC phosphorylation at Ser79

was reduced, which presented inhibition of AMPK activity. Then,
we used STO-609, a relatively selective inhibitor of CaMKK� and

Fig. 4 AMPK activation is critical for PHI-induced hypoxic protection in cardiomyocytes. (A) Cardiomyocytes were incubated with DMOG (2 mM) or 
vehicle (DMSO) for 12 hrs, then subjected to hypoxic condition for six hrs. (B) Cardiomyocytes were infected with Ad-GFP or DN-AMPK constructs for
24 hrs, then exposed to DMOG (2 mM) or vehicle (DMSO) for 12 hrs, and subjected to hypoxia for 6 hrs. Cell viability was determined by CCK-8 assay.
Data represent mean 
 S.D. of three independent experiments in duplicate, and the cell survival ratio was expressed as a percentage of the control.

Table 1 PHIs do not increase the intracellular AMP:ATP ratio in cardiomyocytes

ATP ADP AMP AMP/ATP

1-hr incubation (nmol/mg protein)

3 mM DMOG 16.8 
 2.8 2.9 
 0.8 0.34 
 0.06 0.02 
 0.002

Control 18.1 
 3 2.7 
 0.3 0.33 
 0.03 0.019 
 0.005

3-hr incubation (nmol/mg protein)

3 mM DMOG 17.7 
 3.2 2.7 
 0.5 0.34 
 0.06 0.019 
 0.003

Control 17.7 
 2.2 2.6 
 0.2 0.33 
 0.02 0.021 
 0.004

6-hr incubation (nmol/mg protein)

3 mM DMOG 18.3 
 2.9 2.9 
 0.2 0.35 
 0.05 0.019 
 0.003

Control 17.4 
 3.2 2.8 
 0.6 0.38 
 0.08 0.022 
 0.003

Cardiomyocytes were treated with vehicle, 3 mM DMOG for the indicated time. The intracellular AMP and ATP concentrations were measured by
HPLC and the AMP:ATP ratio was calculated. Values represent mean 
 S.D. for at least three independent assays in duplicate.
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CaMKKß [25] and found that it caused significant reduction of
DMOG-induced AMPK and ACC phosphorylation (Fig. 6C).
Although CaMKK � is the most functionally relevant AMPK kinase
[24], we could not detect CaMKK� in cardiomyocytes in this
study. It has also been demonstrated that both CaMKK-� and -�
function as AMPKK [26], so we examined whether CaMKK� acts
as the AMPK kinase in PHI-stimulated cardiomyocytes. To this
end, we knocked down CaMKK� in cardiomyocytes by shRNA and
found that AMPK and ACC phosphorylation induced by DMOG was
significantly reduced while AMPK and ACC phosphorylation
induced by AICAR, an activator of AMPK mimicking the action of
AMP, were not significantly changed (Fig. 6D), suggesting that
CaMKK� was the major AMPK kinase under these conditions. The
selective down-regulation of CaMKK� by RNAi was confirmed at
both protein and mRNA levels (Fig. 6E and F).

Discussion

The prolyl hydroxylase domain proteins (PHD1-3) are oxygen-
sensitive enzymes that serve as cellular oxygen sensors and pro-
vide a direct link between oxygen availability and cellular adapta-
tions in response to hypoxia. On the other hand, AMPK acts as a
critical regulator of energy homeostasis. The activation of AMPK
is also considered as one of the typical cellular responses
elicited by low oxygen tension. But the connection between them
remains poorly understood. In the present study, we demon-
strate for the first time that opening the PHD-oxygen sensing
pathway using either two structurally distinct PHIs or  PHD2-

RNAi can activate the cellular energy sensor AMPK system in
cardiomyocytes.

All three PHDs have Km values for oxygen slightly higher than
tissue oxygen concentrations during normoxia, which is proposed
to enable the PHDs to function as effective cellular oxygen sensors
[27, 28]. Among the three different members of the PHD family,
PHD2 has been shown as the most abundant and critical hydrox-
ylase in a large variety of cultured cells studied [20, 21]. siRNA-
mediated silencing of PHD2 is sufficient to stabilize HIF-1� in nor-
moxia, indicating that this isoenzyme is the major oxygen sensor
setting low steady-state levels of HIF-1� in normoxia. According
to these findings one would anticipate that activation of PHD path-
way could be the very first cellular event occurred when oxygen
pressure drops. Based on our present finding that silencing of
PHD2 could activate AMPK pathway, it is plausible that hypoxic
signal could be transduced directly through PHD to cellular energy
metabolism, thus providing a direct link between oxygen availabil-
ity and cellular metabolic adaptations in response to hypoxia.

Full activation of the PHD pathway can be achieved using the
broad-spectrum PHI. The protective effects of PHI against
ischaemic/hypoxic stress have been investigated extensively in
recent years. It has been demonstrated that pretreatment with PHI
significantly reduced post-ischaemic infarct size in rabbit hearts
[29], and systemic treatment of mice with PHI significantly
increased viability and enhanced exercise performance of mice in
hypoxia [30]. Similarly, in the present study, cardiomyocytes
treated with PHI were shown to have enhanced survival rates
under hypoxic exposure and increased glucose uptake under nor-
moxic conditions. Furthermore, we found that the attenuated
hypoxic myocyte’s death and elevated glucose uptake mediated by
PHI pretreatments were abrogated substantially upon the inhibition

Fig. 5 LKB1 is not required for PHI-induced AMPK activation in cardiomy-
ocytes. (A) Cardiomyocytes were exposed for 24 hrs to 30 MOI of Ad-GFP or
40 MOI of DN-LKB1 adenovirus, after that, cells had been harvested for
Western blot analysis. (B) After adenovirus infection with Ad-GFP or DN-LKB1
for 24 hrs, cardiomyocytes were then further exposed to 2 mM DMOG or vehi-
cle (DMSO) for 3 hrs before immunoblot assay. Representative immunoblots
together with densitometric analysis (mean 
 S.D.) of four independent
experiments are shown. AMPK and ACC phosphorylation has been normalized
to the total protein expression, respectively.
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Fig. 6 CaMKK� is the major AMPK kinase upon PHI stimulation in cardiomyocytes. (A) Cardiomyocytes were stimulated with ionomycin (1 �M) for the indi-
cated times. (B) Cardiomyocytes were pretreated with BAPTA-AM (20 �M, 30 min.) and subsequently stimulated with DMOG (2 mM) for three hrs. (C)
Cardiomyocytes were preincubated with STO-609 (5 �M) for 30 min. before DMOG stimulation for three hrs; cells were lysed and subjected to immunoblot-
ting. (D) Cardiomyocytes were incubated with transfection reagent only [polybrene (10 �g/ml), control] or with lentiviral shRNA vector targeted to rat CaMKK�

or lentiviral control-shRNA (1 �g/30-mm dish) for four days. After that, cells were incubated with DMOG (2 mM), AICAR (2 mM) or DMSO for three hrs, and
harvested for Western blot analysis. Representative blots and densitometry data (means 
 S.D.) of four independent experiments for each treatment are
shown. Cardiomyocytes were infected with lentiviral CaMKK� shRNA vector (1 �g/30-mm dish, 96 hrs) or control-shRNA or incubated with transfection
reagent only (polybrene (10 �g/ml), control]. Representative immunoblot of CaMKK� (E) and graph of real-time PCR for CaMKK� (F) are shown. Values rep-
resent the mean 
 S.D., n  3 independent experiments. AMPK and ACC phosphorylation has been normalized to the total protein expression, respectively.
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of endogenous AMPK by DN-AMPK, suggesting a major role of
AMPK pathway in PHI-induced hypoxic adaptive processes.

In this study, the increased AMPK activity induced by DMOG
was in accordance with its phosphorylation at Thr172, suggesting
that DMOG-induced AMPK activation occurs mainly via its phos-
phorylation by an AMPK upstream kinase. Two AMPK upstream
kinases have been identified in the heart, i.e. tumour suppressor
LKB1 [31] and CaMKK [23]. Although LKB1 has been reported to
exist and function in the heart [32], we did not find obvious evi-
dence for the contribution of LKB1 to PHI-induced AMPK activa-
tion. First, PHI treatment did not alter intracellular AMP:ATP ratio
significantly. Although LKB1 is not activated directly by AMP [12],
LKB1-AMPK signalling pathway is believed to be activated by an
elevation of the intracellular AMP:ATP ratio [33]. Second, down-
regulation of LKB1 with its DN form did not significantly block the
PHI-induced AMPK and ACC phosphorylation while abrogated
AICAR-induced AMPK and ACC phosphorylation. AICAR is con-
verted into an AMP mimetic within the cell, and has previously
been reported to act through LKB1 [34].

In contrast, many previous studies have indicated that AMPK
activation through the CaMKK pathway is independent of the
AMP:ATP ratio, but is instead induced by a rise in intracellular
Ca2� concentration [23, 24]. In this study, we are the first to
demonstrate that CaMKK� is the main upstream kinase of AMPK
in cardiomyocytes under DMOG treatment based on several lines
of evidence. First, we found that Ca2� ionophore was able to
induce AMPK phosphorylation in cardiomyocytes and AMPK acti-
vation by DMOG was significantly abolished by Ca2�-chelating
agent, suggesting that intracellular Ca2� increase was required in
PHI-induced AMPK activation. Second, CaMKK inhibitor STO-609
significantly reduced DMOG-induced increase in phosphorylation
of AMPK-Thr172 and ACC-Ser79. Third, down-regulation of
CaMKK� with specific shRNA significantly reduced DMOG-
induced phosphorylation of AMPK and ACC. Taken together, these

results strongly suggest that CaMKK� is the upstream kinase
mediating AMPK activation in cardiomyocytes upon PHI treat-
ments. It is worth noting that although we were not able to detect
CaMKK by immunoblot analysis in cultured neonatal rat cardiomy-
ocytes, our results could not exclude the possibility that CaMKKß
also participates in the regulation of AMPK upon PHI treatment. In
addition, neither STO-609 nor CaMKK� shRNA was able to block
PHI-induced AMPK activation completely as verified by
immunoblot analysis. This may reflect incomplete inhibition of
enzyme activity or knockdown of CaMKK, but the contribution of
another, as yet unidentified, AMPK kinase cannot be excluded.

In summary, we establish for the first time that activation of
PHD signal pathway via its pharmacologic inhibitor or PHD2-RNAi
activates AMPK pathway in cardiomyocytes. In the context of PHI
treatment, PHD signal to AMPK mainly via a Ca2�/CaMKK-
dependent pathway in cardiomyocytes, and AMPK activation is
essential for PHI to exert protective effects against hypoxic stress.
Our results also imply that the PHD/Ca2�/CaMKK/AMPK pathway
is present in heart cells and could be the signal pathway that leads
to AMPK activation during the early stage of hypoxia, before the
metabolic disturbance occurs.
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