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BACKGROUND: High-energy phosphate metabolism is altered in the ischemic myocardium. We investigated the
effects of in vivo administration of phosphocreatine (PCr) in a transient ischemic rat model to
emulate off-pump myocardial revascularization.

STUDY DESIGN: Rats received either PCr (100 mg/kg) or saline intravenously 1 hour before surgery. Regional
ischemia was maintained for 12 minutes by ligation of the left anterior descending artery and
compared with sham-operated animals. Cardiac tissue was studied for ATP, PCr, and inorganic
phosphate (Pi) using 31P-cryo-NMR. Results were compared by ANOVA.

RESULTS: Levels of ATP were significantly (p � 0.01) lower in the ischemic hearts compared with con-
trols; Pi and PCr remained unchanged. The PCr/Pi ratio was altered in ischemic hearts,
reflecting an increased energy demand. PCr administration significantly (p � 0.01) elevated
the content of PCr and ATP in both normal and ischemic hearts.

CONCLUSIONS: PCr restores high-energy phosphates and attenuates metabolic stress during periods of myocar-
dial ischemia in the rat. Preconditioning with PCr may serve as a useful adjunct to off-pump
coronary revascularization. ( J Am Coll Surg 2003;197:786–791. © 2003 by the American
College of Surgeons)

Recently there has been a great deal of interest in the
application of phosphocreatine (PCr) for medicine and
muscle physiology. PCr is intimately involved in the
energy metabolism of all muscle cells, including the
heart.1 Together with adenosine triphosphate (ATP),
these energy-rich molecules are shuttled from mito-
chondria to contractile proteins in the muscle. ATP is
essential for muscle work and PCr is capable of acting as
an energy buffer, protecting the ATP concentration.2 In
addition to its role in cellular metabolism, PCr also sta-
bilizes the membrane phospholipid bilayer by binding
to the polar heads and decreasing membrane fluidity.
Stabilizing the membrane attenuates some of the dam-
age caused by transient ischemia and hypoxia and helps
prevent cytoplasmic leakage.1,3

Current myocardial protective strategies to alleviate
ischemia-reperfusion injury during cardiac surgery in-
clude the use of compounds added as preconditioning
agents, substrates added during cardioplegic arrest, or
during reperfusion. Adenosine-supplemented blood
cardioplegia attenuates postischemic dysfunction after
severe regional ischemia,4 but it does not attenuate cor-
onary artery endothelial dysfunction unless adminis-
tered during reperfusion. Clinical trials have shown that
using glucose-insulin-potassium during and after car-
diac surgery improves ischemic cardiac dysfunction and
reduces injury.5 But increasing glycolytic substrate with
high glucose and insulin appears to be beneficial in low-
flow ischemia and in patients with acute myocardial in-
farction.5,6 These results were verified by Cave and col-
leagues,7 who showed improved ATP synthesis during
low-flow ischemia with addition of a glycolytic sub-
strate. But in their model of ischemia, the addition of
glucose and insulin failed to use more of the available
phosphocreatine to slow the rate of ATP depletion.
More benefit may be obtained by adding a source of
high-energy phosphate, such as phosphocreatine, which
can more directly affect the efficiency of energy transfor-
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mation. In order to prevent losses in cardiac muscle en-
ergetics, PCr has been given to patients by intravenous
injection as part of the treatment for ischemia and myo-
cardial infarction.3 It preserves myocardial energy and
decreases electrical anomalies that sometimes lead to le-
thal arrhythmias. PCr has been used as a cardioplegic
cardioprotective agent during cardiopulmonary bypass
and ischemic arrest.1,8 This suggests that PCr, as an en-
ergy buffer during cardiac ischemia, is important to the
energy metabolism of the myocardium. Though off-
pump coronary artery bypass grafting has had a recent
resurgence, its wider application has been limited partly
because of associated myocardial dysfunction, which can
be significant.9 Methods to alleviate this dysfunction are
needed if the benefits of off-pump coronary artery by-
pass grafting are to be available to a wider group of
patients.

Because PCr has potent beneficial effects on muscle
energy, particularly in buffering ATP concentration, the
present study tested the hypothesis that PCr will increase
high-energy phosphates in the ischemic cardiac muscle.
Specifically, this study investigates whether chemical
preconditioning with PCr, before transient regional
ischemia, will alter high-energy phosphates in the car-
diac muscle. This could have therapeutic implications in
transient ischemic conditions created by off-pump myo-
cardial revascularization.

METHODS
Animal preparation
Seventeen pathogen-free male Sprague-Dawley rats
(275 to 350 g) were housed and maintained in the ani-
mal facility at West Virginia University as approved by
the Animal Care and Use Committee, under guidelines
of the National Institutes of Health for the treatment of
experimental animals. Food and water were provided ad
libitum, and a 12-hour light/dark cycle was used. Rats
were anesthetized with Telazol (30 mg/kg, intraperito-
neally). Additional Telazol was administered as needed.
Rats were placed on an electric heating pad to maintain
body temperature. Rats received either PCr (100 mg/kg)

or saline intravenously 1 hour before surgery. Control
animals were sham-injected with an equal volume of
0.9% normal saline. A catheter was placed in the trachea
to allow artificial ventilation. The chest was opened by
left thoracotomy at the fourth intercostal space and the
fourth and fifth ribs were sectioned approximately 2 mm
from the left margin of the sternum. Immediately after
opening the chest, the animals were ventilated with
room air using a stroke volume of approximately 2 mL/
100 g and a rate of 54 strokes/minute. Regional ischemia
was maintained for 12 minutes by ligation of the left ante-
rior descending artery and compared with sham-operated
animals.10 After the ligation period, samples of cardiac
tissue were taken for measurement of high-energy phos-
phates with animals still under general anesthesia.

31P nuclear magnetic resonance
Cardiac tissue was immediately freeze-clamped with
precooled aluminum tongs at liquid nitrogen tempera-
ture for cryo-nuclear magnetic resonance (NMR) anal-
ysis as previously described.11 Briefly, a weighed amount
of frozen tissue was mixed gently with 1 mL of 2-mM
methylenediphosphonic acid (MDP) in 60% (v/v) eth-
ylene glycol, ground in a liquid nitrogen bath with a
mortar and pestle, transferred to a 10-mm NMR tube
and equilibrated with 1 mL of 40 mM edetic acid
(EDTA) (pH 7.4) for 1 hour at 243 K. NMR measure-
ments were obtained with a Bruker Avance DMX300
spectrometer using a 10-mm QNP probe maintained at
243 K. Single-pulse 31P-NMR spectra (600 scans, 1 sec-
ond delay, 1H decoupling) were acquired at 121.4936
MHz over a 20-kHz spectral width. 31P chemical shift
was referenced externally to 85% D3PO4. Metabolite
concentrations were determined for ATP, phosphocre-
atine (PCr), inorganic phosphate (Pi), monophosphate
esters, and other phosphate metabolites by comparing
integrated resonance areas to those of an external
10-mM PCr solution. Methylene-diphosphonic acid
was used as an internal standard for chemical shift de-
terminations and area calculations. Relative peak areas
were compensated for T1 saturation effects (25% to
45% loss). The pHi was calculated from the relative
chemical shift of Pi with respect to PCr.

Statistical analysis
Statistical analyses were performed with analysis of vari-
ance (ANOVA) incorporating repeated measures. If the
ANOVA showed significant differences, individual

Abbreviations and Acronyms

NMR� nuclear magnetic resonance
PCr � phosphocreatine
Pi � inorganic phosphate
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group means were compared with the control using or-
thogonal contrasts. All data in the text and figures are
presented as mean � SEM. A p value of 0.05 or less was
considered statistically significant.

RESULTS
Cardiac tissue homogenates were prepared from rats
subjected to either phosphocreatine (100 mg/kg, iv) or
sham injection with normal saline 1 hour before they

underwent 12 minutes of transient ischemia. 31P-NMR
analysis was performed within 1 hour of tissue removal.
Representative spectra (Fig. 1) were collected for each
treatment group in order to display changes in high-
energy phosphate content for the individual ATP, PCr,
and Pi metabolites. The 31P spectrum of ATP and phos-
phocreatine shows that each of the three phosphorous
nuclei of ATP is distinguishable from one another and
visible in the spectra from control, ischemia, and PCr-

Figure 1. 31P-NMR scan of the cardiac muscle. Results of phosphorus 31-labeled magnetic
resonance spectroscopy of cardiac tissue from rats after regional ischemia and pretreated for
1 hour with either PCr or saline. The peaks include: Pi, inorganic phosphate; PCr, phosphocre-
atine; �-ATP, adenosine triphosphate; note the peak MDP, methylene-diphosphonic acid, which
represents a known marker.
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ischemia groups. Concentrations of the various phos-
phate metabolites are provided in Table 1.

Levels of ATP were significantly (p � 0.01) lower in
the ischemic hearts compared with controls. ATP con-
centrations were reduced by nearly 60%, from
14.62 � 3.01 mM to 6.02 � 2.25 mM. Tissue PCr was
also reduced by 50% from 8.0 � 2.06 mM to
4.06 � 1.66 mM, although this change was not statis-
tically different. Pi and ADP concentrations were both
reduced in the ischemic hearts. Only ADP levels were
significantly (p � 0.01) reduced by 75% in the ischemic
hearts compared with the controls. Hearts subjected to
ischemia showed a 30% reduction in the PCr/Pi ratio,
an index of oxidative metabolism, reflecting an increased
energy demand.

Pretreatment with PCr before ischemia significantly
(p � 0.01) elevated the content of tissue PCr and ATP
in both normal and ischemic hearts. In the ischemic
hearts, tissue PCr (4.06 � 1.66 mM to 14.66 � 2.29
mM) and ATP (6.02 � 2.25 mM to 16.25 � 2.27
mM) were increased with pretreatment by 3.6- and 2.7-
fold, respectively. There was a fourfold (p � 0.01) in-
crease in the content of ADP (0.114 � 0.026 mM to
0.449 � 0.119 mM) in the ischemic heart with pre-
treatment. There was a twofold increase in the Pi in the
cardiac tissue with in vivo administration of PCr, but
this increase was not statistically significant. Measure-
ments of intracellular pH were not significantly different
between control and experimental animals.

DISCUSSION
In this study, cardiac ischemia was imposed for 12 min-
utes by ligation of the left anterior descending artery in
the rat. Samples of the cardiac muscle were taken in the
area of the occlusion and measured for phosphate me-

tabolites (ATP, PCr, ADP, and Pi) and intracellular pH
using 31P-NMR spectroscopy. 31P-NMR spectroscopy
and imaging techniques have proved reliable and sensi-
tive indicators of deficiencies of myocardial energy me-
tabolism in intact cells, organs, and animals.12,13 In ad-
dition, NMR technology compares favorably with
chemical indices when assessing the distribution of
phosphate-containing metabolites in muscle tissue and
in intact beating hearts during ischemia and reperfusion
studies.7,14

Ischemic conditions can create a state of energy defi-
ciency in the heart. Alterations in myocardial energetics
vary according to the type, duration, and degree of isch-
emia imposed, but it generally compromises heart func-
tion. The model of ischemia imposed in this study re-
flects creation of a relatively severe ischemia (zero-flow)
in a region of the heart. By comparison, we would expect
the metabolic pathways for glycolysis and oxidative
phosphorylation to be more inhibited than in less severe
ischemia models. In this transient ischemic model, car-
diac tissue PCr was reduced by 50% and ATP by 60%
with 12 minutes of ligation; Pi remained unchanged or
did not accumulate. This agrees with total ischemia
models, where PCr falls within minutes to very low lev-
els in order to slow the rate of ATP depletion.7 Although
we observed a decline in PCr, tissue concentrations re-
mained at 50% of preischemic values, even when ATP
had declined by 60%. Experiments with labeled phos-
phate have shown that newly synthesized PCr is being
formed only from mitochondrial ATP, explaining why
ATP can still be found during ischemia after all contrac-
tile activity has ceased.15 Interestingly enough, with tran-
sient ischemia, we did not observe changes in intracel-
lular pH of the tissue even after 12 minutes of ligation.
Although we observed a decline in ATP and PCr levels,

Table 1. High-Energy Phosphate Ratios and Intracellular pH in Cardiac Tissue from Saline and PCr-Treated Rats after Regional
Ischemia

Pi (mM) PCr (mM) ATP (mM) ADP (mM) PCr/Pi ratio pH

Control rats
�PCr (n � 4) 6.94 � 1.21 8.05 � 2.06 14.62 � 3.01 0.46 � 0.06 1.32 � 0.42 7.59 � 0.04
�PCr (n � 3) 3.26 � 0.67 18.35 � 5.74* 44.10 � 16.55* 0.25 � 0.02 5.80 � 1.35* 7.58 � 0.05

Ischemic rats
�PCr (n � 5) 4.35 � 1.81 4.06 � 1.66 6.02 � 2.25† 0.11 � 0.03† 0.93 � 1.03 7.57 � 0.04
�PCr (n � 5) 8.25 � 2.69 14.66 � 2.29* 16.25 � 2.27*† 0.45 � 0.12* 1.77 � 0.69 7.58 � 0.04

Data are presented as mean � SEM of 3–5 animals in each group.
*p � 0.01 with PCr.
†p � 0.05 versus control.
ADP, adenosine diphosphate; ATP, adenosine triphosphate; PCr, phosphocreatine; Pi, inorganic phosphate.
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there was not an accumulation of free protons, and pH
fell by less than 0.1 pH unit. This would indicate that
hypoxia had not yet begun to compromise the cardiac
tissue with ischemia as substrate availability was declining.

A major result of this study is that pretreatment with
PCr increased ATP concentrations in the cardiac tissue
with ischemia. In addition, pretreatment with exoge-
nous phosphocreatine maintained phosphocreatine
content in the cardiac tissue near control levels at
14.66 � 2.29 mM after ischemia. The same was true for
ATP as concentration was maintained at 16.25 � 2.27
mM with PCr administration. This is in agreement with
Sharov and coworkers,16 who showed protection of isch-
emic myocardium by exogenous phosphocreatine and
complete restoration of ATP and PCr after 35 minutes
of total ischemia. Exogenous phosphocreatine (200 mg/
kg) given to cats 5 minutes before coronary ligation and
for 3 to 6 hours after ligation showed a decrease in the
size and severity of ischemia.17 Although the mechanism
of metabolic regulation was not defined in this study,
administration of PCr stimulated oxidative phosphory-
lation by increasing both ADP and Pi concentrations in
the cardiac tissue. With this in mind, it seems reasonable
to conclude that PCr administration was able to stabilize
ATP concentrations sufficiently through oxidative phos-
phorylation reactions in order to sustain mitochondrial
respiration.

Ischemic preconditioning as a method to improve
myocardial protection is not currently popular.9 To
achieve ischemic preconditioning brief periods of occlu-
sion and reperfusion is followed by a longer period of
occlusion to perform the coronary artery bypass grafting
to improve myocardial protection in the area supplied by
the coronary artery. Because most patients require mul-
tiple anastomoses this technique has limitations in the
clinical setting. The chemical methods to attenuate
myocardial dysfunction are attractive because they can
be administered before surgery and they do not increase
the operative time if successful.

The cardioprotective effects of phosphocreatine are
well documented.18 One of the key mechanisms of PCr
action is its interaction with the sarcolemmal membrane
and its ability to stabilize membrane phospholipids into
a more structured gel-like state. In addition, PCr is an
important high-energy phosphate compound for car-
diac contractile function, as demonstrated by chronic
phosphocreatine deficiency studies.19 In clinical studies
where PCr was given in the blood cardioplegia to valve

replacement patients with acquired heart disease, a more
rapid recovery of hemodynamics after release of the aor-
tic cross-clamp was achieved. There was also decreased
frequency of fibrillation and frequent restoration of si-
nus rhythm.20

The molecular and cellular mechanisms of creatine
phosphate for cardioprotection have been studied for
more than 50 years.21 Results of these studies on admin-
istered PCr have identified that the efficiency of exoge-
nous PCr for cardiac protection is related to the transient
movement from the extracellular space into the heart
rather slowly. PCr is administered by intramuscular or
intravenous route because it is broken down in the gas-
trointestinal tract. Its pharmacodynamic effects last for 2
to 5 hours. The pharmacokinetics of PCr after a single-
dose injection shows a biphasic distribution of PCr in
the blood with clearance half-times of 7 and 50 min-
utes.16 Although the clearance rate is rapid initially,
PCr is specifically absorbed by the heart and remains
bound to extracellular binding sites because of its high
affinity. In addition, PCr has membrane-stabilizing effects
that oral creatine does not have, and oral creatine has to
be administered for many days to obtain full benefit.22

A limitation of this study was that it examined normal
rat hearts, which are different from ischemic human
hearts that have been preconditioned with chronic isch-
emic heart disease. The reperfusion injury was not eval-
uated in this study. Attenuation of reperfusion injury
and stunning, if shown, would provide a strong role for
PCr in the clinical field.9 Whether improved intramyo-
cardial phosphate levels translate into improved energy
and functional capability remains unproved.

In summary, PCr administration restores high-energy
phosphates and attenuates metabolic stress during peri-
ods of myocardial ischemia in the rat. Because its peak
pharmacodynamic activity is 2 to 5 hours after intrave-
nous administration, it is well suited for perioperative
use. Because the safety of PCr is well documented, pre-
conditioning with PCr might serve as a useful adjunct to
off-pump revascularization.
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