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Defective Metabolic Signaling in Adenylate Kinase AK1
Gene Knock-out Hearts Compromises Post-ischemic
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Coronary blood flow is tightly linked to myocardial oxygen
consumption securing adequate oxygenation and nutrient
delivery and preventing underperfusion (1– 4). Mismatch
between myocardial blood supply and energy metabolism precipitates heart dysfunction, leading to aberrant force-frequency
relationships in acute coronary and chronic metabolic syn-
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dromes (4 –7). The no-reflow phenomenon, observed after vascular reperfusion, precipitates poor outcome (8). Despite
advances made in elucidating components that regulate vascular tone, the intimate mechanisms integrating metabolic signals
and securing adequate vasodilatation under stress remain partially understood (4, 9 –13).
Regulation of vascular tone involves several effectors, including ATP-sensitive potassium (KATP) channels, adenosine and
purinergic signaling, AMP-activated protein kinase (AMPK),3
nitric oxide (NO), and neurohormonal factors (1– 4, 9 –13).
Intra- and extracellular nucleotide-mediated signaling pathways catalyzed by phosphotransfer enzymes may provide linkage between these otherwise distinct systems (14 –16). In particular, adenylate kinase phosphotransfer couples with KATP
channels, facilitating decoding of metabolic signals critical in
adjusting excitability-dependent functions in response to
demand (17, 19 –21). Adenylate kinase, with a unique property
to catalyze the reaction 2ADP 7 ATP⫹AMP, is a sensitive
reporter of the cellular energy state, translating small changes
in the ATP/ADP balance into relative larger changes in AMP
concentration, so that AMP-regulated enzymes and metabolic
sensors can respond with high sensitivity and fidelity to stress
signals (15–21). Adenylate kinase interacts with creatine
kinase, a parallel phosphotransfer system, conveying positive
and negative signals to stress response elements (7, 19 –23). An
imbalance between phosphotransfer enzymes compromises
signal reception by metabolic sensors and disrupts maintenance of bioenergetic homeostasis (17, 20, 23–27). Although
altered phosphotransfer enzyme activities are associated with
abnormal vascular tone, such as hypertension (26, 27), evidence
demonstrating the significance of phosphotransfer-mediated
signaling in the vascular response is still lacking (11, 28).
In myocardial and vascular tissue, AK1 is the major adenylate
kinase isoform. AK1 is localized in the cytosol and myofibrils
where it serves as a metabolic hub connecting minor adenylate
kinase isoforms, AK3 in the mitochondrial matrix, AK2 in the
intermembrane space, AK6 in the nucleus, and ecto-AK1 in the
extracellular space (16, 17, 25, 29 –31). The AK1 splice variant,
AK1␤, is targeted to the plasma membrane and linked to KATP
channel gating (32). Such strategic distribution of adenylate

3

The abbreviations used are: AMPK, AMP-activated protein kinase; NO, nitric
oxide; eNOS, endothelial NO synthase; AK1, adenylate kinase 1; KO,
knockout.
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Matching blood flow to myocardial energy demand is vital for
heart performance and recovery following ischemia. The molecular mechanisms responsible for transduction of myocardial
energetic signals into reactive vasodilatation are, however, elusive. Adenylate kinase, associated with AMP signaling, is a sensitive reporter of the cellular energy state, yet the contribution
of this phosphotransfer system in coupling myocardial metabolism with coronary flow has not been explored. Here, knock out
of the major adenylate kinase isoform, AK1, disrupted the synchrony between inorganic phosphate Pi turnover at ATP-consuming sites and ␥-ATP exchange at ATP synthesis sites, as
revealed by 18O-assisted 31P NMR. This reduced energetic signal communication in the post-ischemic heart. AK1 gene deletion blunted vascular adenylate kinase phosphotransfer, compromised the contractility-coronary flow relationship, and
precipitated inadequate coronary reflow following ischemiareperfusion. Deficit in adenylate kinase activity abrogated AMP
signal generation and reduced the vascular adenylate kinase/
creatine kinase activity ratio essential for the response of metabolic sensors. The sarcolemma-associated splice variant AK1␤
facilitated adenosine production, a function lost in the absence
of adenylate kinase activity. Adenosine treatment bypassed AK1
deficiency and restored post-ischemic flow to wild-type levels,
achieving phenotype rescue. AK1 phosphotransfer thus transduces stress signals into adequate vascular response, providing
linkage between cell bioenergetics and coronary flow.

Adenylate Kinase and Coronary Reflow

EXPERIMENTAL PROCEDURES
AK1 Knock-out Mice—AK1 knock-out mice were generated
from embryonic stem cells carrying a replacement mutation in
the AK1 gene (31, 33, 34). Inactivation of AK1 expression was
achieved by homologous DNA recombination, with a HygroB
cassette vector used to replace the entire exon 3–5 region in
AK1 (33). Male homozygous AK1 null (AK1⫺/⫺) mice were
compared with age- and sex-matched wild-type controls.
The investigation conformed to the National Institutes of
Health guidelines regulating the care and use of laboratory
animals and was approved by the Institutional Animal Care
and Use Committee.
Heart Perfusion—Hearts from heparinized (50 units, intraperitoneal) and anesthetized (75 mg/kg pentobarbital, intraperitoneal) mice were rapidly excised and perfused on a
Langendorff apparatus with 95% O2/5% CO2-saturated
Krebs-Henseleit (K-H) buffer (in mmol/liter: 118 NaCl, 5.3
KCl, 2.0 CaCl2, 19 NaHCO3, 1.2 MgSO4, 11.0 glucose, 0.5
EDTA; 37 °C) at a perfusion pressure of 70 mmHg (34, 37).
Hearts were perfused for 45 min and subjected to 30 min of
no-flow normothermic ischemia followed by a 30-min-long
reperfusion. Left ventricular developed pressure (LVDP), left
ventricular end diastolic pressure, rate-pressure product, and
heart rate were derived from the left ventricular pressure signal
monitored with a fluid-filled balloon-tipped pressure transducer (Harvard Apparatus). Through the protocol, coronary
flow was recorded on-line using a small animal blood flow
meter (Transonics System Inc.) interphased with a data acquisition system (MP150; Biopac Systems Inc.).
18
O-assisted 31P NMR Spectroscopy—The 18O labeling procedure is based on incorporation of one 18O atom, provided
from [18O]H2O, into Pi with each ATP hydrolysis act and the
subsequent distribution of 18O-labeled phosphoryls among
other high energy phosphoryl-carrying molecules (37–39).
This permits monitoring of energetic dynamics with determination of ATP consumption and synthesis rates, high energy
phosphoryl transfer by creatine kinase and adenylate kinase
reactions, and energetic communication between intracellular
OCTOBER 26, 2007 • VOLUME 282 • NUMBER 43

ATP hydrolysis and ATP synthesis sites (18, 33, 37– 43). To
follow the kinetics of 18O incorporation into phosphoryls, 18Oassisted 31P NMR spectroscopy, based on the 18O-induced shift
in 31P NMR spectra, was applied (18, 37, 41). This method permits in a single run, without prior separation of phosphorylcontaining metabolites, the determination of concentrations
and metabolic turnover rates of main components in the cellular energetic network and metabolic flux rates (37, 41– 44).
Accordingly, hearts were labeled with 18O, introduced for 30 s
with the K-H buffer supplemented with 30% of 18O-labeled
H2O (Isotec) at the end of reperfusion (18, 33, 37). Hearts were
freeze-clamped, pulverized under liquid N2, and extracted in a
solution containing 0.6 M HClO4 and 1 mM EDTA. Extracts
were neutralized with 2 M KHCO3 and used to determine 18O
incorporation. 18O labeling of Pi and ␥-ATP was determined
with 18O-assisted 31P NMR spectroscopy. High resolution
31 16
P[ O] and 31P[18O] spectra were acquired at 202.5 MHz on a
Bruker 11 T spectrometer (Avance) in 5-mm tubes at ambient
temperature. For 31P spectra, signal accumulation (36,000
scans) was run without relaxation delay (acquisition time
1.61 s) with a pulse width of 10 s (53° angle). Incorporation of
each 18O induces isotope shifts of 0.0210 and 0.0228 ppm in the
31
P NMR spectrum of Pi and ␥-ATP, respectively. During signal
acquisition, proton decoupling was applied with a 506-s pulse
width using the WALTZ-16 sequence at a 3-kHz radio frequency (37).
18
O Labeling Rates and Metabolite Levels—18O labeling rates
of Pi and ␥-ATP were calculated as described (37– 44). Percentages of 16O, 18O1, 18O2, and 18O3 phosphoryl species in ␥-ATP
and percentages of 16O, 18O1, 18O2, 18O3, and 18O4 phosphoryl
species in Pi were proportional to the integrals of their respective peaks in the 31P NMR spectrum (37). Cumulative percentage of 18O labeling in Pi was calculated as [%18O1 ⫹ 2(% 18O2) ⫹
3(% 18O3) ⫹ 4(% 18O4)]/[4(% 18O in H2O)], whereas the 18O
labeling percentage values in ␥-ATP was calculated as [%18O1 ⫹
2(% 18O2) ⫹ 3(% 18O3)]/[3(% 18O in H2O)] (18, 37). The amount
of 18O incorporated into Pi and ␥-ATP expressed as nmol/
min/mg protein was calculated by multiplying tissue levels of Pi
and ATP by corresponding fractions of labeled phosphoryls.
Tissue levels of Pi and ATP were determined by 31P NMR using
methylene diphosphonic acid as a standard (18, 37). The Pi/␥ATP 18O labeling ratio, an index of intracellular energetic communication (37, 42, 43), was calculated using the amount and
percentage of 18O incorporated into Pi and ␥-ATP. Such comparison is necessary for the proper interpretation of 18O labeling results (37– 40).
Vascular Tissue Harvest—Thoracic aorta (arch and descending segments) was isolated from heparinized and anesthetized
mice, washed in oxygenated heart perfusion medium, and
cleared of connective tissue and fat (33). Tissue was frozen by
immersion in liquid nitrogen and stored in liquid nitrogen until
processing. To simulate ischemia in vitro, portions of aortic
tissue samples were transferred into deoxygenated heart perfusion medium saturated with 95% N2 and 5% CO2 at 37 °C for 10
min and snap-frozen in liquid nitrogen.
Cardiomyocyte and Sarcolemma Isolation—Adult cardiomyocytes and sarcolemma fractions from mice hearts were isolated as described (17, 23). Hearts were homogenized (in mM:
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kinase isoforms creates a continuous phosphotransfer network,
mediating energy transfer and metabolic signaling between cell
compartments and along the interstitial space (14 –16). Disruption in the network function, by deletion of the AK1 gene, lowers the muscle energetic efficiency, compromising relaxation
kinetics and increasing vulnerability to stress (31, 33–35). AK1deficient phenotype is characterized by a reduced maintenance
of adenine nucleotide pools and inefficient signal communication to the nucleus and cytosolic metabolic sensors, including
KATP channels and AMPK (17, 31, 33, 36). However, linkage
between adenylate kinase-mediated AMP signaling and the
regulation of vascular flow has so far not been established.
Here, analysis of the AK1-null mutant demonstrated that
deficit in vascular and myocardial adenylate kinase catalysis
blunts energetic communication, AMP, and adenosine metabolic signal transduction, compromising post-ischemic coronary reflow. These data provide the first direct evidence for the
role of adenylate kinase as a metabolic monitor supporting regulation of the reactive vascular response in the stressed heart.

Adenylate Kinase and Coronary Reflow

RESULTS
AK1 Knock Out Mitigates Energetic Signal Communication—
The difference in the kinetics of Pi and ␥-ATP 18O labeling,
detected by 18O-assisted 31P NMR spectroscopy (Fig. 1), indicates the degree of synchronization between ATP consumption
and ATP production sites. Control hearts, not subjected to
ischemia-reperfusion, demonstrate a Pi/␥-ATP labeling ratio of
1.2–1.5 expressed in mass units of incorporated 18O and 0.90 –
0.95 expressed as percentage of phosphoryl oxygens replaced
by 18O (37, 42, 43), indicating efficient energetic communication between ATP consumption and ATP production sites. In
ischemia-reperfusion-challenged wild-type hearts, perfused
with medium containing H2[18O], the Pi/␥-ATP labeling ratio
was 3.83 ⫾ 0.50, expressed in mass units of 18O-incorporated in
Pi, and ␥-ATP versus 0.65 ⫾ 0.08, expressed in percentage of
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FIGURE 1. Disturbed intracellular energetic communication in AK1-KO
hearts after ischemia-reperfusion assessed by 18O-assisted 31P NMR.
Upper panel, 18O-assisted 31P NMR recordings of 18O-induced shift (blue) in 31P
NMR spectra of Pi (red) and ␥-ATP (blue and red, respectively) indicating incorporation of one and two atoms of 18O and metabolic activity of these energetic intermediates. Lower panels, A and B, changes in Pi/␥-ATP labeling ratios
(by 18O mass (A) and by percentage of 18O (B) incorporated into corresponding phosphoryls) in wild-type (WT) and adenylate kinase knock-out (AK1-KO)
hearts after ischemia-reperfusion. Increased 18O mass in Pi compared with
␥-ATP (A) along with diminished percentage labeling ratio (B) indicates disrupted communication between ATP consumption and ATP synthesis sites in
AK1-KO hearts.

phosphoryl oxygens replaced by 18O (n ⫽ 5; Fig. 1A). In the AK1
null mutant, with an adenylate kinase-catalyzed phosphotransfer rate blunted by 60% (34), the Pi/␥-ATP labeling ratio
expressed in mass units increased to 7.44 ⫾ 0.80 while the percentage ratio decreased to 0.46 ⫾ 0.06 (n ⫽ 4) compared with
wild type (p ⬍ 0.05; Fig. 1B). This indicates that AK1 knock out
causes accumulation of 18O-labeled Pi species at ATPases and
ineffective delivery to ATP synthesis or ␥-ATP labeling sites,
indicating disturbed energetic signal communication.
Myocardial Energetics Versus Coronary Flow—In wild-type
hearts, correlation coefficients of energetic parameters reflecting ATPase and adenylate kinase velocities, Pi, and ␤-ADP and
␤-ATP turnover rates (34) versus basal coronary flow were 0.58,
0.58 and 0.53. A significant negative correlation, r ⫽ ⫺0.97 (p ⬍
0.05, n ⫽ 5), was observed between myocardial GTP levels (34)
and basal coronary flow, indicating distribution of control
among energetic signaling systems. AK1 knock-out hearts had
a higher correlation coefficient for ATPase velocity or Pi 18O
labeling and basal coronary flow, r ⫽ 0.80, and a negative correlation between creatine kinase velocity or creatine phosphate
18
O labeling, creatine phosphate levels (34), and basal coronary
flow, r ⫽ ⫺0.85 and r ⫽ ⫺0.95 (p ⬍ 0.05, n ⫽ 4), indicating
imbalanced phosphotransfer signaling. Post-ischemic coronary
flow recovery of AK1 knock-out hearts correlated with ␤-ADP
and ␤-ATP turnover rates (34), reflecting the remaining adenylate kinase isoform velocity, r ⫽ 0.98 and r ⫽ 0.99 (p ⬍ 0.05, n ⫽
4), respectively. This tight relationship suggests that adenylate
kinase phosphotransfer becomes rate-limiting in the myocarVOLUME 282 • NUMBER 43 • OCTOBER 26, 2007
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10 HEPES, 1 EGTA, 1 dithiothreitol, 1 aprotinin, 0.2 phenylmethylsulfonyl fluoride, and 1 g/ml leupeptin, pH 7.4) and
were spun at 5,000 ⫻ g. Supernatant was centrifuged at
100,000 ⫻ g and membrane pellets suspended by sonication in
(in mM) 20 HEPES, pH 7.4, 140 NaCl, 5 KCl, 2 MgCl2, 0.5 dithiothreitol, 1 aprotinin, 0.2 phenylmethylsulfonyl fluoride, and 2
g/ml leupeptin. Sarcolemmal fraction was purified by sucrose
density gradient centrifugation, and the degree of enrichment
was determined based on sodium, K-ATPase activity (23).
Adenylate kinase-mediated generation of AMP from added 0.2
mM ADP and subsequent adenosine production by 5⬘-nucleotidase present in cardiac sarcolemma was measured using high
performance liquid chromatography (18, 33).
Immunocytochemistry—Localization of the membrane-associated AK1␤ isoform was detected using the anti-AK1␤ antibody (CIM Antibody Core, University of Texas-Southwestern),
the Alexa Fluor 568 secondary antibody (Molecular Probes),
and a standard immunostaining protocol (32).
Enzyme Activities and Metabolite Levels—Blood vessel tissue
was ground in liquid nitrogen and extracted with buffer containing (in mM) 150 NaCl, 60 Tris-HCl, pH 7.5, 5 EDTA, 1
phenylmethylsulfonyl fluoride, 10 g/ml leupeptin, 1 g/ml
aprotinin, and 0.2% Triton X-100 and centrifuged (10,000 ⫻ g,
4 °C). Adenylate kinase activity was measured with a Beckman
DU 7400 spectrophotometer at 340 nm in medium containing
(in mM) 100 K⫹-acetate, 20 HEPES, pH 7.5, 20 glucose, 4 MgCl2,
2 NADP⫹, 1 EDTA, 1 dithiothreitol, 2 ADP, 4.5 units/ml hexokinase, and 2 units/ml glucose-6-phosphate dehydrogenase
(17, 33). Creatine kinase activity was measured using the CK-20
reagent kit (Sigma). Adenine nucleotide and nucleoside levels
were determined in perchloric acid extracts using high performance liquid chromatography (33, 44). Freeze-clamped
hearts or aortic tissues were pulverized in mortar with liquid
nitrogen and extracted in a solution containing 0.6 M HClO4
and 1 mM EDTA (33, 37). Proteins were pelleted by centrifugation (15,000 ⫻ g, 10 min) and protein content determined with
a DC Protein Assay kit (Bio-Rad). Extracts were neutralized
with 2 M KHCO3 and analyzed using high performance liquid
chromatography (33, 44).
Statistical Analysis—Data are expressed as mean ⫾ S.E.
Student’s t test was used for statistical analysis and p ⬍ 0.05
predetermined.

Adenylate Kinase and Coronary Reflow

dial-vasculature energetic communication in ischemia-injured
hearts.
AK1 Deficiency Alters the Heart Contractility-Flow Relationship and Abrogates Coronary Reflow after Ischemia-Reperfusion—The AK1 null mutant displayed reduced vascular
adenylate kinase activity, at 0.08 ⫾ 0.02 mol/min/mg protein (n ⫽ 5) compared with 0.25 ⫾ 0.04 mol/min/mg (n ⫽
4) in wild type (p ⬍ 0.001; Fig. 2A). Vascular creatine kinase
activity, the parallel phosphotransfer pathway, was essentially unchanged at 0.17 ⫾ 0.04 mol/min/mg in wild type
(n ⫽ 4) and 0.19 ⫾ 0.05 mol/min/mg protein in AK1 knockouts (n ⫽ 5). However, the adenylate kinase/creatine kinase
activity ratio was significantly diminished, from 1.45 ⫾ 0.12
in wild type to 0.42 ⫾ 0.13 in AK1 knockouts (p ⬍ 0.01; Fig.
2B). AK1 knock-out hearts demonstrated a dampened oscillation of contractility and coronary flow, which occurs in the
wild type and has been related to alternations of myocardial
metabolic cycles (11, 45). While the relationship between
changes in heart contractility above base line and corresponding increments in coronary flow was steep in wild-type
hearts (Fig. 2C), the slope was significantly shallower in AK1knock-out hearts, indicating altered signal communication
from the myocardium to the vasculature. The slope of the left
ventricular developed pressure-coronary flow relation was
halved, from 0.040 ⫾ 0.007 in wild-type to 0.021 ⫾ 0.004 in AK1
knock-out hearts (Fig. 2C). Despite this difference in the heart
contractility-flow relationship, basal coronary flow under well
oxygenated conditions was on average similar among groups.
However, recovery of flow after ischemia-reperfusion was
markedly compromised in AK1 knock-out hearts (Fig. 2D).
OCTOBER 26, 2007 • VOLUME 282 • NUMBER 43

FIGURE 3. Adenylate kinase deficiency reduces vascular AMP signaling
and cardiac membrane adenosine generation, while supplementation of adenosine rescues disrupted coronary reflow in AK1-KO
hearts. A, generation of vascular (aorta) AMP signal is markedly diminished in AK1-KO mice in response to ischemia. B, isolated myocytes
stained with anti-AK1␤ antibody. Color-transformed image indicates predominantly sarcolemmal localization of the AK1␤ splice isoform (red).
C, isolated sarcolemma demonstrates bound AK activity (AK1␤ splice isoform) that facilitates adenosine production from added 0.2 mM ADP. Inhibition of AK activity with a specific inhibitor, diadenosine pentaphosphate
(Ap5A, 25 M), abrogated adenosine production. D, compromised reflow
in AK1-KO hearts after ischemia-reperfusion can be rescued by perfusion
with adenosine (50 M).

Basal coronary flow was 2.83 ⫾ 0.31 ml/min (n ⫽ 5) and 2.68 ⫾
0.24 ml/min (n ⫽ 4) in weight-matched wild-type and AK1
knock-out hearts, respectively. Following ischemia-reperfusion, recovery of flow essentially reached pre-ischemic levels,
i.e. 98 ⫾ 4.0%, in the wild type but remained at 67 ⫾ 5.0% of
pre-ischemic levels in AK1-deficient hearts (p ⬍ 0.05). Thus, a
reduced adenylate kinase activity and an altered adenylate
kinase/creatine kinase activity ratio in the setting of AK1
deficiency contribute to inadequate coronary reflow after
ischemia-reperfusion.
Defective Vascular AMP and Adenosine Signaling in AK1
Knock-out Mice—Deletion of the AK1 gene reduced the generation of vascular AMP signaling in response to ischemia (Fig.
3A). In isolated wild-type aorta, AMP levels increased from
0.65 ⫾ 0.08 nmol/mg protein in well oxygenated conditions to
2.56 ⫾ 0.24 nmol/mg protein (n ⫽ 5, p ⬍ 0.01) after 10 min of
simulated ischemia. However, AK1 knockouts lacked this
response as AMP levels remained essentially unchanged,
0.78 ⫾ 0.09 nmol/mg protein in normoxic conditions and
0.93 ⫾ 0.11 nmol/mg protein (n ⫽ 4) following 10 min of ischemia. The AK1 gene produces two transcripts, the cytosolic AK1
isoform and the membrane-associated AK1␤ splice variant
(32). Immunocytochemistry, using a specific AK1␤ antibody,
demonstrated a predominant sarcolemmal distribution of the
AK1␤ isoform (Fig. 3B). The membrane-associated adenylate
kinase-generated AMP is efficiently transformed by 5⬘-nucleotidase into adenosine, a mediator implicated in the vascular
response to metabolic stress (Fig. 3C). Inhibition of sarcolemJOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 2. Adenylate kinase AK1 gene knock out reduces vascular AK
activity, shallows the relationship between coronary flow and heart contractility, and compromises coronary reflow after ischemia-reperfusion.
A and B, compared with wild-type (WT), adenylate kinase knock-out (AK1-KO)
hearts display markedly diminished AK activity in vascular (aorta) tissue along
with a decreased AK/creatine kinase (CK) activity ratio, indicating cellular
phosphotransfer imbalance. C, the relationship between natural fluctuations
in heart contractility (left ventricle developed pressure, ⌬LVDP) and increments in coronary flow (⌬CF) is dampened in AK1-KO hearts. D, coronary
reflow after ischemia-reperfusion is blunted in AK1-KO hearts (red) compared
with WT counterparts (green).

Adenylate Kinase and Coronary Reflow

DISCUSSION
The molecular components supporting metabolic linkage
between the ischemic myocardium, experiencing oxygen and
nutrient deficit, and the vascular response, adjusting flow to
meet energy demand, are only partially understood. Here, we
identify adenylate kinase as a necessary element in facilitating
energy communication and transduction of metabolic signals
from the myocardium to the vasculature, regulating the contractility-flow relationship and coronary reflow in the post-ischemic heart.
Efficient intracellular and intercellular communication of
energetic and metabolic signals is critical for maintenance of
cell homeostasis and induction of adequate functional response
(5–7, 14 –25). Using the 18O-assisted 31P NMR technique, we
demonstrate that energetic communication between ATPases
and ATP generation sites is compromised in AK1-deficient
hearts, as indicated from altered Pi/␥-ATP 18O labeling ratios
(37). These findings are in accord with the function of adenylate
kinase-catalyzed phosphorelay to support communication
between mitochondria and myofibrils, nucleus or membrane
metabolic sensors (17, 19, 22, 43, 44, 46). Thus, deletion of AK1
mitigates intracellular metabolic signaling disrupting integration and synchronization of ATP-consuming and ATP-producing processes in response to stress.
This study also demonstrates that along with defective myocardial intracellular energetic communication, AK1 deficiency
blunts vascular AMP signal generation. Moreover, deficiency in
AK1 and the membrane-associated AK1␤ splice variant
reduced adenosine generation, critical in the vascular response.
Deletion of AK1 also diminishes myocardial AMP and adenosine generation (31, 34). Thus, metabolic signaling is compromised in both tissues, preventing cross-talk in response to
stress. Poor coronary reflow in AK1 knock-out hearts after
ischemia-reperfusion was rescued with adenosine treatment,
which bypassed AK1 deficiency and restored post-ischemic
flow to wild-type levels. Adenosine protects against vascular
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FIGURE 4. Summary of the myocardial-vascular metabolic signal transduction cascades initiated by phosphotransfer redistribution between
adenylate kinase (AK) and creatine kinase (CK) governing the AMP/adenosine (Ado) cycle and the response of metabolic sensors (ATP-sensitive
potassium channel, KATP, and AMP-activated protein kinase, AMPK).
Hypoxia or metabolic stress diminishes CK and increases AK flux, inducing
AMP generation and subsequent AMP/adenosine signaling events. Adenosine/AMP signals delivered to vascular tissue through intercellular and paracellular pathways induce signaling through adenosine receptors A(2A)AR,
AMPK␣1, and KATP channels. AMPK␣1 activates eNOS, inducing NO/cGMP
signaling, and could regulate KATP channels. Collectively, A(2A)AR, AMPK␣1,
eNOS, and KATP signaling converge on contractile protein, Ca2⫹, and membrane potential regulation, critical determinants of vascular tone.

dysfunction via A1 receptors and determines coronary flow via
A2A and A2B receptors (1, 47). Also, adenosine present in the
extracellular space can be transported back into myocytes
where it is phosphorylated to AMP and ADP by adenosine
kinase and adenylate kinase, respectively (48). Such changes in
nucleotide distribution would alter intracellular metabolic
dynamics that govern ion channels and contractile behavior as
well as the activity of energy-sensing protein kinases (7, 11, 25,
48 –52) and, thus, coronary vasoreactivity. Although we cannot
exclude altered nitric oxide signaling and/or other mechanisms, that adenosine supplementation rescued deficient
reflow in AK1 knock-out hearts suggests that defective AMP/
adenosine signaling directly contributes to the abnormal
phenotype.
In the heart, under normoxia creatine kinase suppresses
adenylate kinase phosphotransfer by scavenging cellular ADP
and maintaining KATP channels closed with low signaling through
the AK 3 AMP 3 AMPK and AK 3 AMP 3 adenosine systems
(Fig. 4) (7, 19 –21, 25). Hypoxia or metabolic stress diminishes creatine kinase and increases adenylate kinase flux,
inducing AMP generation and downstream AMP/adenosine
signaling (18, 23). Deletion of AK1 shifts this balance toward
creatine kinase, compromising metabolic signaling and coronary reflow after ischemia-reperfusion. This is supported
by the observed shift in the negative correlation of coronary
flow toward the creatine kinase system in AK1 knock-out
hearts. AK1 deficiency compromises metabolic signal reception by metabolic sensors such as KATP channels and AMPK
(17–21, 36), and altered adenylate and creatine kinase phosphotransfer activities are associated with abnormal vascular
tone (26, 27). The significance of adenylate kinase-mediated
myocardial to vascular metabolic signaling is underscored by
the tight association between ATP and ADP ␤-phosphoryl
turnover and recovery of coronary flow following ischemia,
as well as by a compromised contractility-flow relationship
in AK1-deficient hearts.
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mal adenylate kinase activity with the specific inhibitor diadenosine pentaphosphate (Ap5A) abrogated adenosine production. The rate of adenosine production was 18.3 ⫾ 1.2 nmol/
min/mg protein in the presence of adenylate kinase activity and
4.1 ⫾ 0.3 nmol/min/mg protein in its absence (n ⫽ 3, p ⬍ 0.01).
Thus, adenylate kinase deficiency compromises vascular AMP
signal generation and adenosine efflux in the stressed
myocardium.
Rescue of Defective Phenotype in AK1 Knock-out Hearts—To
test whether addition of adenosine could rescue disrupted coronary reflow in AK1 knock-out hearts, perfusion medium was
supplemented with adenosine. Addition of adenosine (50 M)
nullified the difference in recovery of coronary flow between
wild-type and AK1-deficient hearts following ischemia-reperfusion (Fig. 3C). Coronary flow, in the presence of adenosine,
was 3.65 ⫾ 0.31 ml/min in wild-type (n ⫽ 4) and 3.60 ⫾ 0.28
ml/min in AK1 knock-out (n ⫽ 4) hearts. Adenosine supplementation thus rescues defective coronary flow in AK1 knockout hearts, bypassing the deficit in adenylate kinase-mediated
generation of AMP/adenosine and the malfunction in linkage
between cell bioenergetics and coronary flow.

Adenylate Kinase and Coronary Reflow
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little, output of adenosine to vascular tissue. Metabolic imbalances trigger AK-mediated AMP generation and release of
adenosine (61). This signal is modulated by transporters and by
the adenylate kinase reaction to prevent excess of adenosine
signaling, regimenting the coronary response. Disruption in
tuning of adenosine signals by adenosine transporter inhibitors
results in excessive adenosine signaling unleashing maximal
vascular response, i.e. the coronary flow reserve (4, 62). Delivered to the vasculature, adenosine can act through endothelial
and smooth muscle adenosine receptors to generate cyclic
AMP, which signals to the Ca2⫹ transport machinery (Fig. 4).
Consequently cyclic AMP could be converted to AMP by phosphodiesterase, thus contributing to metabolic signaling
through AMPK and endothelial NO synthase (eNOS) pathways
(63, 64). In this regard, coronary flow in AK1-deficient hearts
remains responsive to exogenous adenosine signals, indicating
an intact intrinsic vascular endothelium and smooth muscle
signal reception system.
Recent data indicate that extracellular adenosine can activate
AMPK through a mechanism that requires uptake of adenosine
and conversion to AMP (65). Vasorelaxation induced by activation of AMPK is abolished in AMPK␣1⫺/⫺ (major vascular
isoform), but not in AMPK␣2⫺/⫺-deficient, mice (66). It is also
known that AMPK can phosphorylate and activate eNOS (10),
which contributes to elevated eNOS activity and subsequent
NO production (64). However, inhibition of eNOS does not
prevent AMPK activation-induced aortic relaxation (66), suggesting direct effects of AMP signaling on smooth muscle cells.
In this regard, inhibition of NO synthesis attenuates coronary
dilation during adenosine infusion or pacing-induced increase
in metabolic demand (67). Thus, AK1 deficiency and changes in
adenine nucleotide metabolism could impair eNOS activation
and NO generation. Collectively with the present data, emerging evidence suggests the existence of an integrated metabolic
signaling system securing transmission and tuning of energetic
signals from the myocardium to vasculature (Fig. 4).
In summary, myocardial and vascular adenylate kinase phosphotransfer is necessary in facilitating intracellular and intercellular energetic communication and AMP metabolic signal
transduction, regulating myocardial-vasculature cross-talk and
coronary reflow after ischemia-reperfusion. In this way, adenylate kinase is a pivotal monitor of cellular energetic imbalances,
generating and transmitting a feedback reply to metabolic sensors to adjust vascular blood flow.
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