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Abstract
Recently we described an ischemic preconditioning induced by repetitive coronary stenosis, which
is induced by 6 episodes of non-lethal ischemia over 3 days, and which also resembles the
hibernating myocardium phenotype. When compared with traditional second window of ischemic
preconditioning using DNA microarrays, many genes which differed in the repetitive coronary
stenosis appeared targeted to metabolism. Accordingly, the goal of this study was to provide a
more in depth analysis of changes in metabolism in the different models of delayed
preconditioning, i.e., second window and repetitive coronary stenosis. This was accomplished
using a metabolomic approach based on liquid chromatography-mass spectrometry (LC-MS) and
gas chromatography-mass spectrometry (GC-MS) techniques. Myocardial samples from the
ischemic section of porcine hearts subjected to both models of late preconditioning were compared
against sham controls. Interestingly, although both models involve delayed preconditioning, their
metabolic signatures were radically different; of the total number of metabolites that changed in
both models (135 metabolites) only 7 changed in both models, and significantly more, p<0.01,
were altered in the repetitive coronary stenosis (40%) than in the second window (8.1%). The
most significant changes observed were in energy metabolism, e.g., phosphocreatine was
increased 4 fold and creatine kinase activity increased by 27.2%, a pattern opposite from heart
failure, suggesting that the repetitive coronary stenosis and potentially hibernating myocardium
have enhanced stress resistance capabilities. The improved energy metabolism could also be a key
mechanism contributing to the cardioprotection observed in the repetitive coronary stenosis and in
hibernating myocardium.
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1. Introduction
Delayed ischemic preconditioning; the second window of ischemic preconditioning,
described 19 years ago, involves one or several ischemic episodes on one day leading to
ischemic protection 1-2 days later [1, 2]. More recently another model of delayed
preconditioning induced by 6 episodes of 90 minutes of coronary stenosis every 12 hours for
3 days, was described and referred to as repetitive coronary stenosis [3, 4]. In both models
coronary blood flow is normal as is global left ventricular (LV) function, however in the
repetitive coronary stenosis, contractile function in the previously ischemic zone remains
depressed due to myocardial stunning [5]. The repetitive coronary stenosis resembles
hibernating myocardium in many ways, including an adaptative decrease in myocardial
oxygen consumption and contractile power [3, 6]. Repetitive coronary stenosis induces as
robust cardioprotection as the second window in terms of infarct size reduction, but their
underlying molecular mechanisms are substantially different [4, 7].

When these two models of delayed preconditioning were compared using cDNA microarray
techniques, it was apparent that many of the genes that changed, particularly in repetitive
coronary stenosis, were related to myocardial energy metabolism [4, 7]. However, despite
the potential importance of this topic and mechanisms for mediating cardiac protection,
relatively little has been investigated in delayed preconditioning, with almost no prior
studies examining how preconditioning can alter baseline metabolism, even prior to an
ischemic intervention. In order to provide an in depth analysis of changes in metabolism in
these models of delayed preconditioning, we employed a comprehensive metabolomic
approach, which is based on technology that utilizes liquid chromatography–tandem mass
spectrometry (LC/MS/MS2) and gas chromatography–mass spectrometry (GC/MS)
platforms; allowing for an untargeted assessment of the concentration of small compounds
as metabolites through a wide range of biochemical pathways. Of specific interest was to
determine novel mechanisms that could protect preconditioned hearts from superimposed
stress, including myocardial ischemia. We compared a well-established chronically
instrumented swine model of the second window of ischemic preconditioning [8] with a
more novel model of delayed ischemic preconditioning induced by repetitive coronary
stenosis [3, 4, 7]; both models induce marked cardioprotection following a more prolonged
ischemic insult which results in myocardial infarction [4, 7].

Myocardial samples were obtained in the preconditioned state in order to assess the
myocardial metabolomic changes that are associated with the two forms of delayed ischemic
preconditioning.

2. Materials and methods
2.1. Animal models

All protocols concerning animal use were approved by the Institutional Animal Care and
Use Committee at the New Jersey Medical School. All of the investigations conformed to
the Guide for the Care and Use of Laboratory Animals published by the United States
National Institutes of Health.

Thirty female 3.1 month old Yorkshire pigs, weighing 26.9±0.9 kg, were randomly
distributed into three experimental groups; sham operated (n=10); second window (n=10);
and repetitive coronary stenosis (n=10). The myocardial samples were derived from pigs
studied in prior publications using the repetitive coronary stenosis model [4, 7].

The second window of ischemic preconditioning and repetitive coronary stenosis were
induced in conscious, chronically instrumented pigs after full recovery from
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instrumentation, as previously described in detail (n=10/group) [4, 7]. Briefly, the second
window was induced by a preconditioning stimulus consisting of two episodes of total left
anterior descending (LAD) coronary artery occlusion for 10 min and 10 min of coronary
artery reperfusion (CAR), followed by 24 hours of CAR. Repetitive coronary artery stenosis
(CAS) was induced by inflating the proximal LAD occluder to reduce coronary blood flow
approximately 40% from baseline for 90 minutes each 12 hours, 6 times in total (Figure S1).

The animals for the sham group (1 hour after surgery) (n=10), the second window group (24
hours after the preconditioning stimulus), and the repetitive coronary stenosis group (1 hour
after the sixth CAS), were euthanized with a mixture of pentobarbital 390 mg/ml +
phenytoin 50 mg/ml in a dose of 1 ml each 10 pounds (4.5 kg) and a section of the anterior
LV wall from the preconditioned zone and a similar level from the sham group was excised
and quickly frozen in liquid nitrogen. In these models of ischemic preconditioning, necrosis
is negligible without a superimposed sustained coronary artery occlusion [3, 9, 10].

2.2. Metabolomics measurements
The sample preparation process was carried out using the automated MicroLab STAR®
system from the Hamilton Company. Recovery standards were added prior to the first step
in the extraction process for quality control purposes. Sample preparation was conducted
using a proprietary series of organic and aqueous extractions to remove the protein fraction
while allowing maximum recovery of small molecules. The resulting extract was divided
into two fractions; one for analysis by liquid chromatography (LC) and one for analysis by
gas chromatography (GC). Samples were placed briefly on a TurboVap® (Zymark) to
remove the organic solvent. Each sample was then frozen and dried under vacuum.

The analytical platform incorporates two separate ultrahigh-performance liquid
chromatography/tandem mass spectrometry (UHPLC/MS/MS2) injections and one gas
chromatography/mass spectrometry (GC/MS) injection per sample. A total of 287
metabolites were measured, spanning several relevant classes. The detection of the entire
panel was carried out with 24 minutes of instrument analysis time (two injections at 12
minutes each), while maintaining low median process variability (<12% across all
compounds). The resulting MS/MS2 data were searched against a standard library that
included retention time, molecular mass to charge ratio (m/z), preferred adducts and in-
source fragments, as well as their associated MS/MS2 spectra for all molecules in the
library. The library allowed for the identification of the experimentally detected molecules
on the basis of a multiparameter match without the need for additional analyses. For the
tissue analysis, an equivalent amount of sample from each tissue was loaded on the
instruments after adjusting the extraction volumes to the weights of the tissues; therefore, no
other normalization process was needed.

For the purpose of bioinformatics analysis, the metabolomic data were classified into
clusters of related pathways that share a common metabolite called super-pathways,
furthermore these clusters are subdivided by more specific pathways, defined as sub-
pathways. For this specific metabolomic analysis, the results were divided into the following
seven super-pathways: amino acids, peptides, carbohydrates, energy, lipids, nucleotides,
cofactor and vitamins (Table S1).

2.3. Western blotting analysis
Protein expression of creatine kinase was assessed by western blot using commercial anti-
creatine kinase (CK) MM and CK-MT antibodies (Abcam) as previously described [11].
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2.4. Enzymatic Activity
Total CK was measured using EnzyChrom™ Creatine Kinase Assay Kit (BioAssay
Systems). From whole cardiac tissue lysate, 50 ng of protein was analyzed following the
instructions of the manufacturer and the enzymatic activity was represented as units per liter
(U/L).

2.5. Statistical analysis
ANOVA with Bonferroni post hoc analysis was used to compare among all three
experimental groups (Figures 4-6). χ2 two tails was used to compare proportions. A
principal component analysis (PCA) to cluster samples based on variance was performed.
The data are presented as fold change (FC) with respect to the sham group. For
supplemental table 1 (Table S1), Welch's two-sample t-test was used to identify
biochemicals that differed significantly between experimental groups.

3. Results
3.1. Global metabolomic profile

There were major differences in the changes in metabolites in the second window of
ischemic preconditioning versus the repetitive coronary stenosis model. Interestingly,
although both are models of delayed preconditioning, the total number of metabolites that
changed in both models (135 metabolites) only 7 changed in both models. Of these 7, only 1
increased in both models (ophthalmate) whereas 5 decreased in both models (malate,
phosphate, methyl palmitate, inosine and vitamin C) and the one that went up in the second
window and down with repetitive coronary stenosis was adenosine 5′-diphosphate (Figure
1A and Table S1). More importantly, significantly more metabolites rose with repetitive
coronary stenosis (45 metabolites or 15.6%) compared with second window (7 metabolites
or 2.4%) p<0.05, and significantly more metabolites fell with repetitive coronary stenosis
(73 metabolites or 25.4%) than in the second window (17 metabolites or 5.9%) p<0.05.
Furthermore, not only was the frequency of the changes more with repetitive coronary
stenosis than in second window (41.1% versus 8.3%; p<0.05), but also the magnitude was
greater for those metabolites that increased or decreased with repetitive coronary stenosis
(Figure 1B and Table S1). All the metabolites that changed are noted in Table S1.

3.2. Principal Component Analysis
The PCA clusters variables based on variance. The first principal component accounts for
the highest variance and the additional principal components account for lower variance.

In the present study the first principal component contained 44.4% of the total variance and
the second principal component contains metabolites with 9% of the total variance (Figure
2A). Moreover, the PCA showed that there is not a clear separation between the second
window and sham groups, indicating that they are similar in terms of variance; however the
repetitive coronary stenosis model showed a clear separation from the other groups,
indicating that this preconditioning model is different not only from sham, but also from the
second window model in terms of variance in metabolites (Figure 2A).

Those metabolites that contribute more to the total variance within principal component 1
are: uracil, leucylglutamate, 4-hydroxybutyrate (GHB) and dihydroxyacetone phosphate
(DHAP) (Figure 2B).
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3.3. Super- and sub-pathways
Seven super-pathways were examined, i.e., amino acid, peptides, carbohydrate, energy,
lipid, nucleotides and, cofactor and vitamins (Figure 3).

In the amino acid super-pathway, like the peptide super-pathway, these metabolites were
increased with repetitive coronary stenosis but not in second window, suggesting that the
repetitive coronary stenosis induces proteolysis. In the carbohydrate super-pathway, the
metabolites were decreased with repetitive coronary stenosis, but not in the second window
of preconditioning. A greater decrease was seen in the metabolites related to the energy
super-pathway, indicating a decrease in energy transfer with repetitive coronary stenosis. In
the lipid super-pathway, the metabolites were decreased more than in the second window
suggesting an enhancement in the breakdown of complex lipids with repetitive coronary
stenosis. In the nucleotide, cofactor and vitamin super-pathways, the metabolites were
significantly decreased with repetitive coronary stenosis, and to a much lesser extent in the
second window. In summary, these points reinforce the overall data demonstrating that a
greater number of metabolites changed with repetitive coronary stenosis than in the second
window, suggesting enhanced metabolic rearrangement (Figure 3).

Within the 7 super-pathways, three sub-pathways were involved in energy transfer in the
cardiomyocyte, i.e. creatine metabolism, Krebs cycle and carnitine metabolism which
showed changes in more than 60% of the measured metabolites in the repetitive coronary
stenosis model, as detailed below.

3.4. Creatine metabolism
Within the creatine metabolic pathway, again there was greater activity with repetitive
coronary stenosis compared to the second window. Creatine concentration was significantly
decreased, p<0.05 (Figure 4A), while phosphocreatine (PCr), was increased, p<0.05 (Figure
4B). The total CK activity was increased (Figure 4C); with no change in the protein
concentration measured by western blot (Figure 4D). Thus, these were major changes
present only with repetitive coronary stenosis which suggests improvement in the energetic
status of the heart.

3.5. Krebs cycle
In the energy super-pathway, the repetitive coronary stenosis model showed greater
decreases than in the second window in the concentration of metabolites within the Krebs
cycle, e.g., malate, succinate and fumarate (p<0.05) (Figure 5A, 5B and 5D). Second
window showed a decrease only in alpha-ketoglutarate (Figure 5C).

3.6. Carnitine metabolism
In the lipid metabolism super-pathway, specifically in the carnitine sub pathway, again
repetitive coronary stenosis showed a greater change, as reflected by the decrease in the
concentrations of carnitine (Figure 6A), acetylcarnitine (Figure 6B) and palmitoylcarnitine
(Figure 6C), suggesting that the repetitive coronary stenosis produced a deficiency in
mitochondrial fatty acid uptake, due to a decrease in carnitine and carnitine esters that are
required for mitochondrial lipid uptake and oxidation.

4. Discussion
There are several models of delayed preconditioning; the second window, described 19
years ago, utilizes similar preconditioning stimuli as in the first window [12], but the
ischemic protection reappeared 1-2 days later [1, 2]. Another model was described where the
preconditioning was induced by microembolization and the protection was present 6 hours
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after the stimulus [13, 14]. More recently, our laboratory described another model of
delayed preconditioning induced by 6 episodes of 90 min coronary stenosis delivered 12
hours apart, which we refer to as repetitive coronary stenosis [3]. The cardioprotection in the
repetitive coronary stenosis model is equivalent to that in the second window [7], but the
molecular mechanisms mediating the two are radically different. For example, nitric oxide
mediates the second window, but not the repetitive coronary stenosis model [7, 15]. More
importantly, the repetitive coronary stenosis model more closely resembles the clinical
situation in patients with recurrent ischemic episodes.

Despite the critical link between myocardial metabolism and cardiomyocyte death under
conditions of limited coronary blood supply, relatively little has been studied on this topic
related to ischemic preconditioning. Except for the demonstration of altered fatty acid
metabolism in the second window [8], relatively little else has been found. The data from the
current study confirm surprisingly few of the changes in metabolism in the second window
of preconditioning, but demonstrate profound alterations in the myocardial metabolomic
profile in the repetitive coronary stenosis model. Significantly more metabolites rose with
repetitive coronary stenosis (45 metabolites) compared with second window (7 metabolites)
and significantly more metabolites fell in the repetitive coronary stenosis model (73
metabolites) than in the second window (17 metabolites). Thus, application of an unbiased
metabolomics approach was successful at unveiling novel changes to the myocardial
metabolome induced by the repetitive coronary stenosis model.

A major impetus for the current investigation was derived from a prior study using cDNA
microarray techniques, which identified a marked disparity in gene regulation induced by
the second window of ischemic preconditioning and repetitive coronary stenosis and the
finding that many of the altered genes in the repetitive coronary stenosis model related to
metabolism [7]. This difference was supported in the current study using a metabolomic
approach which verified that repetitive coronary stenosis induced significantly greater
effects on metabolism than the second window although both models involve delayed
preconditioning. Of the total number of metabolites that changed in both windows (135
metabolites) only 7 changed in both models and significantly more metabolites were
upregulated and downregulated in the repetitive coronary stenosis model compared with the
second window. Further, the second window showed little difference from sham-operated
animals, but the repetitive coronary stenosis model was markedly different from sham. Thus,
altogether this supports the concept that the mechanisms mediating the repetitive coronary
stenosis model is distinct from those mediating classic second window of ischemic
preconditioning.

Changes in amino acids, peptides, carbohydrates, energy, lipid, nucleotide and cofactor
super-pathways were observed with repetitive coronary stenosis. The repetitive coronary
stenosis model is closely linked to hibernating myocardium [16-19], which also has been
shown to have features from short-term and chronic hibernating myocardium [20-22], such
as altered regulation of metabolism, e.g., increase in intracellular glycogen deposits,
enhancement in glucose uptake and decreases in phosphorylative oxidation, and particularly,
changes related to energy status [23-26]. In the repetitive coronary stenosis model there was
a significant reduction in metabolites related to the energy super-pathway that involve
intermediates from the Krebs cycle and oxidative phosphorylation. These changes suggest a
decrease in the capacity for mitochondrial ATP production in the repetitive coronary
stenosis model, similar to that observed in hibernating myocardium [23, 25, 26], which
would act to protect the myocardium under conditions of reduced blood flow. Important
features of the changes in metabolites in the current study related to changes in the Krebs
cycle and creatine metabolism, all crucial ingredients for energy metabolism. On the other
hand, PCr and CK activity, central to high-energy phosphates in the cardiomyocyte and the
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transfer of energy from mitochondria to essential cytosolic ATPase, were significantly
increased. This pattern is opposite to that which is observed in failing hearts [27, 28],
indicating energy reserve in the repetitive coronary stenosis model can be utilized in
situations of ischemic stress or increased contractile demand. Previous studies of the
repetitive coronary stenosis model and short term hibernating myocardium have shown
upregulation of glucose uptake, increases in anaerobic metabolism and optimization of
energy utilization [3, 21, 22, 26, 29, 30]. This plus the increase in PCr and total CK activity
are likely important for protection of myocardium subjected to ischemia [31-34]. Support
from this concept comes from several clinical trials showing beneficial effects of exogenous
PCr on the ischemic heart [31-34]. Furthermore, in the current study metabolites involved in
the peptide and amino acid super-pathways were observed with repetitive coronary stenosis,
suggesting enhanced proteolysis, consistent with chronic myocardial hibernation [20, 21,
35].

The metabolic pattern is the sum of a complex interaction among genome, proteome and
environment. Whereas the untargeted assessment of small metabolites in metabolomic
studies permits a snapshot of the broad sweep of changes in different metabolic pathways
simultaneously, the weakness of this method is that the concentration of metabolites depends
on the kinetics of the interaction among the reactants and the measured metabolites, which
may not be in a steady state [25]. Nonetheless, the metabolomic approach provides a broad
insight into changes in metabolism in any altered state, such as the heart under conditions of
preconditioning, which was the focus of the current investigation. Furthermore, although we
cannot be certain that the changes are in the cardiomyocytes, keep in mind that
cardiomyocytes account about 67-80% of the myocardial volume and 90% of the cardiac
mass [36], therefore, we believe that most of the metabolites that we present in this
manuscript reflect what is happening in cardiomyocytes. Note that in numerous prior papers
in cardiac metabolism [37-39], it is assumed that the changes observed reflect myocyte
metabolism.

One may question why the results in the repetitive coronary stenosis model differ from those
in the second window: is it the number of preconditioning stimuli? Is it the duration of the
preconditioning stimuli? Is it the duration of the preconditioning stimuli, 3 days versus
minutes or hours? Is it the persistence of stunned myocardium [3] in the preconditioned
hearts following repetitive coronary stenosis? All of these factors may be involved. What is
important is that the repetitive coronary stenosis model differs from the more widely studied
classical models of preconditioning in that it more closely mimics the clinical situation and
that this intervention induces powerful cardioprotection along with profound metabolic
changes in the myocardium, which are not observed in other models of preconditioning.

5. Conclusion
Metabolomic analysis demonstrated remarkably few changes with the second window of
ischemic preconditioning compared to normal myocardium, but revealed dramatic alteration
with repetitive coronary stenosis. This metabolic rearrangement is important for
understanding the different mechanisms of cardioprotection in the repetitive coronary
stenosis versus second window of ischemic preconditioning, but also to short term and
chronic hibernating myocardium, which are closely linked to repetitive coronary stenosis
and consequent chronic stunning. The results of the current investigation should provide for
further emphasis on how changes in metabolism are critical for ischemic preconditioning,
which has previously been largely overlooked in studies of the second window of ischemic
preconditioning.
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Abbreviation

CAR Coronary artery reperfusion

CAS Coronary artery stenosis

CK Creatine kinase

GC Gas chromatography

IPC Ischemic preconditioning

LAD Left anterior descending

LC Liquid chromatography

LV Left ventricle

PCA Principal component analysis

PCr Phosphocreatine

RCS Repetitive coronary stenosis

SWOP Second window of ischemic preconditioning
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Figure 1.
(A) Venn diagram shows the number of significantly increased or decreased metabolites in
second and sham group. (B) The graph at the bottom shows metabolite fold change over
sham group, in both second window of ischemic preconditioning and repetitive coronary
stenosis.
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Figure 2.
(A) Score plot of the top two principal components (PCs) from the PCA using 122
metabolites, which showed significant changes among three groups (p<0.05, ANOVA). As
indicated, PC1 and PC2 account for 44% and 9% of the total variation, respectively. Sample
groups are shown in different symbols. It appears that PC1 can separate repetitive coronary
stenosis samples from sham and second window samples. (B) Loading plot for PC1. The
metabolites were sorted on the x-axis by their contribution (loading) to PC1. Red dots are
metabolites whose value is > 0.2.
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Figure 3.
Bar graph shows the percentage of metabolites significantly changed (up or down) in the
super-pathways for amino acid, peptides, carbohydrate, energy, lipid, nucleotides and,
cofactor and vitamins. N=10 pigs per group.
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Figure 4.
PCr synthesis pathway. Bar graph shows the concentration of (A) creatine, (B) PCr, (C) the
total CK activity and (D) western blotting for CK-MM and CK-MT isoforms. ANOVA and
Bonferroni post hoc test: * p<0.05 different from sham, † p<0.05 different from second
window of ischemic preconditioning. N=10 pigs per group.
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Figure 5.
Krebs cycle. Bar graph shows the concentration of (A) malate, (B) fumarate and (C) alpha-
ketoglutarate and (D) succinate. ANOVA and Bonferroni post hoc test: * p<0.05 different
from sham, † p<0.05 different from second window of ischemic preconditioning. N=10 pigs
per group.
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Figure 6.
Mitochondrial fatty acid uptake. Bar graph shows the concentration of (A) carnitine, (B)
acetylcarnitine, (C) palmitoylcarnitine. ANOVA and Bonferroni post hoc test: * p<0.05
different from sham, † p<0.05 different from second window of ischemic preconditioning.
N=10 pigs per group.
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