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Abstract

Ischemic preconditioning (IPC) protects tissues such as the heart from prolonged ischemia-

reperfusion (IR) injury. We previously showed that the lysine deacetylase SIRT1 is required for 

acute IPC, and has numerous metabolic targets. While it is known that metabolism is altered 

during IPC, the underlying metabolic regulatory mechanisms are unknown, including the relative 

importance of SIRT1. Thus, we sought to test the hypothesis that some of the metabolic 

adaptations that occur in IPC may require SIRT1 as a regulatory mediator. Using both ex-vivo-

perfused and in-vivo mouse hearts, LC-MS/MS based metabolomics and 13C-labeled substrate 

tracing, we found that acute IPC altered several metabolic pathways including: (i) stimulation of 

glycolysis, (ii) increased synthesis of glycogen and several amino acids, (iii) increased reduced 

glutathione levels, (iv) elevation in the oncometabolite 2-hydroxyglutarate, and (v) inhibition of 

fatty-acid dependent respiration. The majority (83%) of metabolic alterations induced by IPC were 

ablated when SIRT1 was acutely inhibited with splitomicin, and a principle component analysis 

revealed that metabolic changes in response to IPC were fundamentally different in nature when 

SIRT1 was inhibited. Furthermore, the protective benefit of IPC was abrogated by eliminating 

glucose from perfusion media while sustaining normal cardiac function by burning fat, thus 

indicating that glucose dependency is required for acute IPC. Together, these data suggest that 

SIRT1 signaling is required for rapid cardioprotective metabolic adaptation in acute IPC.
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1. Introduction

Two hallmarks of cardiac metabolism under normal conditions are a preference for 

mitochondrial fatty acid oxidation (FAO) as an energy source, and a degree of metabolic 

plasticity, i.e., the ability to adapt to different substrate availabilities [1]. Under pathologic 

conditions (e.g., following ischemia-reperfusion (IR) injury or pathologic hypertrophy) 

metabolic maladaptation occurs, accompanying the development of heart failure. A down-

regulation of FAO and up-regulation of glycolysis are characteristic of heart failure [1–5]. 

Although such metabolic remodeling is often detrimental, it may also serve a beneficial 

adaptive role in early stage heart failure [6–8].

In addition to long-term adaptations, cardiac metabolism is also regulated on a rapid time-

scale in response to acute energy demand. In the context of IR injury, metabolic 

interventions such as the stimulation of glucose metabolism [9], inhibition of mitochondrial 

FAO [10,11], mild mitochondrial uncoupling [12], and transient respiratory inhibition (see 

[13] for review), have all been shown to elicit cardioprotection. Furthermore, several of 

these metabolic events are documented to occur naturally in acute ischemic preconditioning 

(IPC), the phenomenon in which several short IR cycles can protect against subsequent 

prolonged IR injury [13–17].

The signals regulating cardiac metabolism on a rapid timescale (e.g., during IPC) are not 

extensively studied, and a detailed metabolomics analysis of acute IPC has not been 

performed. While some metabolic phenomena in IPC have been linked to p38 MAP kinase 

[16], the signals that drive the vast majority of rapid metabolic changes in acute IPC are 

currently unclear.

Among the plethora of known metabolic regulators, the sirtuin family of lysine deacylases 

are thought to be key orchestrators of several metabolic pathways [18], with SIRT1 

emerging as an important regulator of both glycolysis [19] and FAO [20]. Moreover, 

although cardioprotective signaling is both complicated and redundant [21], we recently 

showed that SIRT1 is both up-regulated in acute IPC, and is necessary for cardioprotection 

in this paradigm [22,23]. Specifically, we demonstrated that either genetic ablation or acute 

pharmacologic inhibition of SIRT1 abolished the cardioprotective effects of “first window” 

IPC. Furthermore, endogenous cardioprotection observed in transgenic SIRT1 over-

expressing mice was blocked by acute treatment with the SIRT1 inhibitor splitomicin. These 

studies establish that SIRT1 mediated cardioprotection requires activity of the enzyme 

during the immediate time frame of ischemia itself.

Therefore, we hypothesized that some of metabolic adaptations that occur in IPC may 

require SIRT1 as a regulatory mediator. To test this hypothesis, we conducted metabolomics 

analysis on acutely preconditioned myocardium, while modulating SIRT1 activity using 

splitomicin. Such a pharmacologic approach avoids the confounding issue of long-term 
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metabolic adaptations that occur in SIRT1 knockout or transgenic animals. Our results 

suggest that SIRT1 is an important player in the orchestra of signals that regulate rapid 

metabolic alterations in the setting of acute IPC.

2. Methods (see also supplement)

For in-vivo studies, 2 mo. old C57BL/6J mice were anesthetized and instrumented as 

previously described [23]. For in-vitro perfused heart studies, hearts were perfused ex-vivo 

as described previously [23] with minor modifications. Krebs-Henseleit (KH) buffer was 

supplemented with 5 mM glucose and/or 100 μM palmitate-BSA. A membrane oxygenator 

was used to saturate KH with 95% O2, 5% CO2. Cardiac function was monitored throughout 

via a left ventricular balloon pressure transducer. A schematic describing all perfusion 

protocols is shown in Fig. S1. Briefly, experiments were stratified into those studying IR 

injury (Fig. S1B), and those in which hearts were sampled for metabolomics analysis (Fig. 

S1A). IR injury comprised 25 min. global ischemia followed by 60 min. reperfusion. At the 

end of reperfusion infarct size was measured by tetrazolium chloride staining and 

planimetry. IPC comprised 3 cycles of 5 min. ischemia plus 5 min. reperfusion. The SIRT 

inhibitor splitomicin (10 μM final) was infused for 20 min. where indicated (Fig. S1).

In separate experiments samples were harvested at the end of either control perfusion or IPC 

to measure relative levels of metabolites (“steady state”). In addition, for 13C labeling 

studies, perfusion began with unlabeled (12C) substrates for control or IPC protocols. Then, 

at the end of perfusion protocols one substrate (either glucose or palmitate) was replaced 

with its U-13C labeled equivalent for 5 min., with continued presence of the other, 

unlabeled, substrate (Fig. S1).

For metabolomics sampling in-vivo or in-vitro, the heart was clamped in pre-cooled 

Wollenberger tongs and plunged into liquid N2, then ground in a cooled pestle & mortar. 

Immediately, metabolites were serially extracted from tissue powder in 80% MeOH. For 

amino acid detection samples were derivatized with triethylamine and benzyl chloroformate.

Metabolites were separated by reverse phase HPLC (Shimadzu) and identified by single 

reaction monitoring on a triple-quadrupole mass spectrometer (Thermo Quantum Ultra). 

Data were analyzed using publicly available MzRock machine learning tool kit (http://

code.google.com/p/mzrock/), which automated metabolite identification based on retention 

time, whole molecule mass, collision energy, and fragment mass. Selected metabolites were 

also analyzed using XCalibur Qual Browser (Thermo Scientific). Data for each run were 

median-normalized, and missing values (5.4%) and outliers (2.4%) imputed as weighted 

medians [24]. Fractional carbon saturation (F-SAT) was corrected for natural 13C abundance 

[25]. F-SAT values and isotopologue analysis for glycolytic and TCA cycle metabolites are 

presented in Figs. 3, 4, S3, S4 and S5.

Adult mouse cardiomyocytes (Ca2+-tolerant, ~6×105 cells per heart, >85% viability) were 

isolated as previously described [26]. Cells were plated on laminin-coated V7-PS plates 

(Seahorse Bioscience), and experiments performed in media containing 5 mM glucose plus 

100 μM palmitate-BSA. Cells were exposed to simulated IPC (sIPC), comprising a single 

cycle of 20 min. ischemia, 60 min. reperfusion, inside the Seahorse XF24 apparatus as 
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previously outlined [26]. In separate experiments cells were subjected to simulated IR injury 

(60 min. ischemia, 60 min. reperfusion, with or without prior sIPC, and cell death was 

assayed by LDH release (schematic, Fig. 5A).

Six to eight independent experiments were performed. Significance between two groups was 

determined using paired Student’s t-test. ANOVA was used for comparisons among 

multiple groups with Tukey’s multiple comparison test (Prism 6.0 for Windows; GraphPad). 

Pathway impact analysis and principal component analysis for steady state metabolomics 

data were performed using publicly available MetaboAnalyst software [27].

3. Results & Discussion

3.1 Model validation (in-vivo vs. ex-vivo metabolomics)

To validate that the perfused heart adequately reflects in-vivo metabolism, we first 

performed steady-state metabolomics analysis on rapidly sampled in-vivo hearts, and hearts 

perfused with a physiologically relevant substrate mix (5 mM glucose plus 100 μM 

palmitate-BSA). These data (Fig. 1) show a strong correlation (r2=0.80) between metabolite 

profiles of in-vivo and ex-vivo hearts. One outlier was di-P-glycerate, a regulator of 

hemoglobin O2 affinity enriched in red blood cells, which was present in in-vivo samples at 

a level ~750 fold higher than in perfused hearts, suggesting that rapidly sampled in-vivo 

hearts were contaminated with blood.

Since the heart is primarily a fat-burning organ, it was also important to validate that IPC 

could elicit cardioprotection, and this protection could be blocked by inhibiting SIRT1, in 

hearts perfused with a physiologically relevant substrate mix. The data in Figs. S1C/D 

confirm that IPC indeed yielded cardioprotection (improved post-IR functional recovery and 

lowered infarct size) in hearts perfused with glucose and fat, similar in magnitude to that 

previously observed with glucose alone [22,23], and this was blocked by the SIRT1 inhibitor 

splitomicin. Thus, we utilized this perfused heart system for the remainder of the study.

3.2 The metabolomic profile of IPC

Next we investigated how acute IPC altered cardiac metabolism, by sampling myocardium 

after control perfusion or immediately after the 3rd cycle of IPC, before index ischemia 

(arrow, Fig. S1A). Eighty one metabolites were reliably detected by LC-MS/MS with single 

reaction monitoring (Table S1). Based on a pathway impact analysis (Fig. S2), numerous 

metabolic pathways were adequately represented. To simplify the analysis, metabolites were 

parsed into functional pathways and their levels in IPC normalized to those in control 

perfused hearts (Fig. 2).

3.2.1 Glycolysis in IPC—Steady-state levels of most 6-carbon glycolytic intermediates 

(hexose-P, glucose-6-P, glucose-1-P, and fructose-bis-P) were significantly elevated in IPC 

(Fig. 2A), which is consistent with a reported stimulation of cardiac glucose uptake in IPC 

[16]. This is likely to be a functionally-relevant effect, since preventing glucose uptake by 

knock-down of cardiac GLUT4 is known to abolish cardioprotection by IPC [28].
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Within glycolysis a key control point is phosphofructokinase (PFK), wherein PFK2 makes 

fructose-2,6-bis-P, an allosteric activator of PFK1 which makes fructose-1,6-bis-P. Although 

we observed accumulation of fructose-bis-P in IPC (Fig. 2A), our methodology could not 

discern fructose 1,6- or 2,6-bis-P. Nevertheless, it has been reported that stimulating PFK1 

or exogenous delivery of fructose-1,6-bis-P can elicit cardioprotection [29,30], warranting 

further investigation of this metabolite in IPC.

In contrast to 6-carbon glycolytic intermediates, with the exception of di-P-glycerate most 3-

carbon intermediates were unchanged or slightly lower in IPC. While together these 

observations (more C6, same C3) might suggest inhibition in the lower half of glycolysis, 

conclusions about enzymatic rates cannot be drawn based solely on steady-state metabolite 

pool sizes. Thus, we next conducted fractional saturation (F-SAT) analysis using 13C-

labeled substrates. While working with whole hearts prevents extensive kinetic sampling, 

comparisons of pool sizes and labeling abundance at a single empirically-determined early 

non-saturated time point (F-SAT ~0.5) enables qualitative assessment of the relative 

progression of 13C label to that metabolite, a proxy for metabolic flux.

Hearts were perfused with buffer containing both glucose and fat, and subjected to IPC as 

above. Five minutes before sampling, either glucose or palmitate in the perfusion media 

were replaced with their U13C-labeled analogs (with continued presence of the other 

unlabeled substrate). Preliminary experiments examining 0–20 min. 13C substrate infusion 

showed that 5 min. was the optimal time for 13C substrate delivery, to obtain a dynamic 

range of labeling (40–70%) without full saturation (i.e. steady state equilibration of the 

label) in key metabolites (Figs. S3 & S4).

As shown in Fig. 3B, F-SAT of both the C6 and C3 metabolites of glycolysis was elevated 

in IPC (vs. Ctrl). Notably, both steady-state levels (pool sizes, Fig. 2A) and F-SAT values 

(Fig. 3B) were elevated for hexose-P, glucose-1-P, fructose-bis-P, and 1,3-di-P-glycerate, 

suggesting that progression of 13C label through the upper half of glycolysis was elevated in 

IPC, resulting in accumulation of these intermediates.

In contrast for the lower half of glycolysis, although F-SAT values were elevated in IPC 

(Fig. 3B), suggesting enhanced progression of 13C label down the glycolytic pathway, the 

steady-state pool sizes of these metabolites were not elevated in the same manner as the 

upper half of glycolysis (Fig. 2A). One possible explanation for this could be a rapid exit of 

carbon from the lower half of glycolysis. Notably, the steady state levels of both alanine 

(from pyruvate) and serine (from 3-P-glycerate) were elevated in IPC (Fig. 2D), while the 

pool size of acetyl-CoA was unchanged and lactate was slightly lower (Fig. 2A). Alanine 

accumulation in ischemia is thought to be due to inhibition of pyruvate dehydrogenase [31], 

and it has been proposed this may protect the heart by diverting carbon away from lactate 

[32]. While this would be consistent with the protective nature of IPC, the possibility cannot 

be excluded that these altered amino acid pools may originate at the level of proteolysis. 

Overall, the data suggest that IPC enhances progression of carbon through glycolysis, with 

possible diversion of carbon toward serine and alanine rather than Acetyl-CoA and lactate.
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3.2.2. Glycolysis-linked pathways in IPC (gluconeogenesis, glycogen, 
lipogenesis, pentose phosphate)—Due to the lack of a glyoxylate cycle the 

mammalian heart cannot use carbon from fat to make glucose. Thus as expected, there was 

zero-to-minimal F-SAT of glycolytic intermediates with either 5 min. (Fig. 3B) or 20 min. 

(Fig. S4A) infusion of 13C-palmitate in the presence of unlabeled glucose. Isotopologue 

analysis of P-enol-pyruvate, pyruvate and lactate (Fig. S5A) indicated that with 13C-glucose 

as substrate, only the fully-labeled species were present, indicating their sole origin from 

glycolysis and not the anaplerotic TCA cycle (i.e., P-enol-pyruvate carboxykinase). In 

addition, 13C-palmitate yielded virtually no isotopologues for these 3 species (Fig. S5B) 

confirming no gluconeogenesis from fat. This profile did not change with IPC (Fig. 3).

Accumulation of glucose-1-P in IPC (Fig. 2A) might suggest an increase in glycogenolysis. 

However, the greater F-SAT of this metabolite in IPC (Fig. 3B) indicates that its source is 

exogenous 13C-glucose and not stored glycogen. Furthermore, the F-SAT of UDP-glucose 

was also elevated in IPC (Fig. 3B), with no change in its steady-state accumulation (Fig. 

2F), suggesting an elevation in glycogen synthesis in IPC. Consistent with this, pre-ischemic 

glycogen accumulation has been shown to protect the heart against IR injury [33].

Neither steady-state levels nor F-SAT of glycerol-3-P were altered in IPC (Figs. 2A, 3B), 

suggesting no change in the exit of carbon from glycolysis toward triglyceride synthesis. 

Regarding the pentose phosphate pathway (PPP), F-SAT values were not available, but 

steady state data (Fig. 2G) showed that PPP intermediate pool sizes were unchanged in IPC. 

Consistent with this, steady-state levels of most nucleotide phosphates (Fig. 2C) and redox-

active pyrimidine nucleotides (Fig. 2E) were also unchanged in IPC, together suggesting 

that PPP activity was unaltered.

3.2.3. TCA cycle in IPC—In the heart, the mitochondrial TCA cycle is the major carbon 

sink for acetyl-CoA originating from either glycolysis or FAO (Fig. 4A). Thus we examined 

both steady state pool sizes and F-SAT for TCA cycle intermediates under control and IPC 

conditions. As shown in Fig. 4B, 5 min. infusion of control hearts with 13C-glucose in the 

presence of unlabeled palmitate did not elicit substantial labeling of any TCA cycle 

intermediate (note scale 0–0.3). This situation was the same with 20 min. 13C-glucose 

infusion (Fig. S3B), but removal of palmitate did permit 13C-glucose entry to the TCA cycle 

(Fig. S3C). These data indicate that under these perfusion conditions (i.e. glucose plus fat, 

no lactate, pyruvate or insulin), glycolysis is not a major carbon source for the TCA cycle 

when fat is present, directly confirming the classical Randle effect in the heart, wherein 

glucose oxidation is inhibited in the presence of fatty acids [34].

Confirming the dogma that fat is the heart’s preferred fuel, 5 min. infusion of control hearts 

with 13C-palmitate in the presence of unlabeled glucose yielded 50–70% F-SAT of 

numerous TCA cycle intermediates (Fig. 4B). There was no change in F-SAT for TCA cycle 

intermediates from either 13C-glucose or 13C-palmitate in IPC (Fig. 4B), and with a few 

exceptions to be discussed later, the steady state levels of most TCA cycle metabolites were 

unchanged in IPC (Fig. 2B). Moreover IPC did not change isotopologue distributions for the 

TCA cycle intermediates (Fig. S5C), suggesting that entry or exit of carbon from the TCA 

cycle (i.e., anaplerosis) was not modulated by IPC.
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3.2.4. Bioenergetics in IPC—Steady state ATP levels were slightly but significantly 

elevated in IPC (Fig. 2C), while energy charge (ATP+½ADP/ATP+ADP+AMP) was no 

different (0.95±0.02 in IPC vs. 0.93±0.02 in control), thereby suggesting that ATP 

accumulation in IPC may be a consequence of lower energy demand, as previously reported 

for preconditioned hearts [35], rather than stimulation of mitochondrial function.

To examine the effects of IPC on mitochondrial function under conditions of differential 

substrate choice, we used freshly isolated primary adult mouse cardiomyocytes and a 

Seahorse XF-24 analyzer to measure oxygen consumption (OCR) in a model of simulated 

IPC (sIPC, Fig. 5A). As shown in Fig. 5B, sIPC yielded a reduction in cell death following 

subsequent simulated IR injury (sIR).

In separate experiments, cells were incubated in the presence of different substrates, and 

their metabolic function was assayed. With palmitate alone or a mix of glucose plus 

palmitate, baseline OCR was faster than with glucose alone (Fig. 5C). This additional 

respiration may be due to augmentation of mitochondrial Ox-Phos by electrons from β-

oxidation entering the respiratory chain at the level of the electron transfer flavoprotein 

quinone oxidoreductase (ETF-QOR, see Fig. 4A, top left).

When myocytes respiring on different substrates were subjected to sIPC alone, no effect on 

respiration was observed in glucose-burning cells, but the additional respiration seen with 

palmitate was abolished by sIPC (Fig. 5C). Although these data might suggest that IPC 

inhibits FAO, as mentioned above there was no difference in penetration of label from 13C-

palmitate into the TCA cycle upon IPC (Fig. 4B). The cause of this discrepancy – i.e. 

inhibition of fatty-acid-linked respiration but no change in apparent 13C label progression 

through β-oxidation – is not clear.

3.3. The role of SIRT1 in rapid metabolic adaptation in IPC

SIRT1 is required for cardioprotection by acute IPC [22,23], and although SIRT1 can 

regulate several metabolic pathways [36], the role of SIRT1 in governing rapid metabolic 

adaptations in IPC is unknown. To investigate this, a pharmacologic approach was used 

(splitomicin), which capitalizes on the fact that SIRT1 is only important for protection 

within the acute time scale of IR injury [23], and avoids complications of knock-out animals 

(i.e., long-term metabolic adaptation). Splitomicin was originally discovered as an inhibitor 

of the archetypal sirtuin, Sir2p (yeast silent information regulator 2p), and mammalian 

SIRT1 is the isoform most closely related to Sir2p [37]. Splitomicin has been widely used as 

mammalian SIRT1 inhibitor in cardiac and vascular cells [38–42].

Of the 23 metabolites significantly altered in IPC (Fig. 2), 19 of these (i.e. 83%) showed 

either a blockade or reversal of the effects of IPC, in the presence of splitomicin (Fig. 6). In 

addition, all differences in F-SAT values in IPC (Figs. 3B & 4B), were abolished (i.e., 

rendered non-significant) in the presence of splitomicin (Figs. 3C & 4C). Full data sets for 

the IPC + splitomicin conditions, as well as for the effect of splitomicin alone (without IPC), 

are in Tables S1 and S2. The predominant metabolite class whose alterations in IPC were 

not affected by splitomicin, was the amino acids (Fig. 6) suggesting that such changes are 

modulated in IPC by signals other than SIRT1. This is consistent with the well-known 
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complexity and redundancy of IPC signaling, involving numerous kinases and other 

signaling molecules (e.g. Akt, GSK-3β, eNOS, PKC) [21].

A principal component analysis (PCA, Fig. S6) showed that the effect of IPC on steady state 

metabolite profiles was fundamentally different in nature when splitomicin was present (i.e., 

the principal components did not overlap). Together, these data suggest that rapid metabolic 

adaptations in acute IPC require SIRT1, and that when SIRT1 is inhibited IPC still affects 

metabolism but in a different manner.

Regarding the mechanism by which SIRT1 elicits rapid metabolic changes in IPC, the most 

likely route is via deacetylation of metabolic enzymes or the signaling pathways that 

regulate them. In this regard, we previously identified a number of important substrates for 

SIRT1 deacetylation during IPC, including GAPDH, eNOS, p65, and ICDH [22,23]. This is 

in addition to an ever-growing catalog of known SIRT1 metabolic targets [36,43].

It is important to note that these results do not preclude the possibility that additional sirtuins 

(e.g. SIRT3) may be important for regulating metabolism in the setting of acute IPC. 

However, the lack of specific inhibitors for these isoforms, and possible long term metabolic 

adaptations in knockout animals, may cause difficulties in studying the role of other sirtuins 

in regulating acute IPC metabolism.

3.4. IPC cardioprotection is metabolism-dependent

Although the SIRT1 inhibitor splitomicin blocks protection by IPC (Fig. S1C/D), and blocks 

the metabolic alterations induced by IPC, it is not clear whether the blockage of protection 

stems from the blockage of metabolic alterations. In this regard, it is interesting to note that 

the effect of splitomicin alone on metabolism (Tables S1 and S2) is somewhat similar to the 

effect of IPC alone. However, despite these similar effects on metabolism, these 

interventions have opposite effects on protection: IPC protects but splitomicin does not.

One possible interpretation of these data, could be that in IPC hearts metabolism is further 

remodeled in a beneficial manner during subsequent pathological ischemia, whereas in 

splitomicin treated hearts (depending on the duration of drug action) metabolism may be 

refractory to further changes, thus preventing the beneficial effects of IPC from taking place 

during pathologic ischemia.

Another interpretation of this result is that the protective effect of IPC is perhaps unrelated 

to the metabolic changes that occur in IPC. To investigate the link between metabolism and 

protection, we performed experiments in which metabolic changes in acute IPC were 

prevented, by limiting substrate availability. As shown in Fig. 7, hearts perfused with 

palmitate as sole substrate were functionally normal and exhibited a similar degree of 

damage in response to IR injury (infarct size & functional recovery), compared to hearts 

perfused with glucose plus palmitate (Figs. S1C/D). However, the palmitate-only hearts 

were refractory to protection by IPC. These data suggest that indeed, there is a link between 

metabolism and protection in IPC, with the ability to up-regulate glucose utilization required 

for the cardioprotective benefit of acute IPC. Thus, further work is likely required to define 

the interplay between splitomicin effects on metabolism, and its blockage of IPC protection.
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Regarding the relationship between metabolism and protection in general, it is currently 

unclear how diverting metabolism toward glucose utilization confers a cardioprotective 

benefit. It is possible that simply facilitating anaerobic metabolism is beneficial under 

ischemic conditions, as previously proposed [44]. Alternatively, a detrimental role for 

succinate accumulation during ischemia, with its rapid consumption at reperfusion driving 

ROS generation, has recently been shown [45]. Although we did not observe any effect of 

acute IPC on succinate during the observed time-frame(Figs. 2B & 4B), the effects of IPC 

on succinate accumulation or disposal during subsequent IR injury remain unknown and 

may warrant further investigation.

3.5. Other metabolites in IPC

Within the TCA cycle, we found that 2-hydroxyglutarate (2-OHG) was significantly 

elevated during IPC (Fig. 2B). Typically this metabolite is associated with isocitrate 

dehydrogenase (ICDH) mutation in cancer, leading to its characterization as an 

oncometabolite [46]. Very recently it has been shown that 2-OHG accumulates in response 

to hypoxia [47,48], but the regulation of this phenomenon is unclear. In this regard, the 

elevation in 2-OHG levels seen in IPC was blocked by SIRT1 inhibition (Fig. 6) and it is 

also known that ICDH is a substrate for SIRT-mediated deacetylation [49]. These data raise 

the possibility that 2-OHG may be a normal alternate product of ICDH dependent on its 

acetylation status. As such, drugs under development to target this oncometabolite (e.g., 

NCT01915498, see [50] for review) may have unintended cardiovascular effects. Further 

work is required to elucidate the exact source of 2-OHG during IPC.

Several important redox metabolites were altered in IPC, including elevated levels of NAD+ 

(Fig. 2E) which facilitates the activity of several enzymes implicated in cardioprotection 

such as aldehyde dehydrogenase [51] and SIRTs. In addition, 5-P-ribosyl-1-pyro-P (Fig. 

2C), an important intermediate in the resynthesis of purine nucleotides and NAD+ upon 

reperfusion [52], was elevated in IPC.

The observed increase in reduced glutathione (GSH) in IPC (Fig. 2E) could be due to greater 

reduction of oxidized glutathione (GSSG) by NADPH-dependent glutathione reductase. 

However, GSH/GSSG ratios in most tissues are 40:1, such that reduction of the entire GSSG 

pool can only elevate GSH levels slightly. The 3-fold increase in GSH, coupled with no 

change in GSSG, and no change in NADPH or the PPP (Fig. 2E & 2G), suggests that this 

increase in GSH in IPC may be due to de-novo glutathione synthesis.

In the same manner, another surprising observation was a large increase in the level of ADP-

D-glucose (Fig. 2F), a synthetic precursor for disaccharides typically only found in 

invertebrates, where these molecules are thought to afford protection in stress conditions 

such as hypoxia [53]. Together these data suggest that the cell may generate more protective 

molecules in response to IPC.

The levels of free flavin mononucleotide (FMN) were also elevated in IPC (Fig. 2C). This 

free FMN may originate from complex I of the mitochondrial respiratory chain which loses 

FMN during ischemia [54].
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In the hexosamine biosynthetic pathway which is linked to glycolysis, IPC significantly 

increased the level of UDP-N-acetylglucosamine (Fig. 2F), which serves as a substrate for 

O-GlcNac-ylation, an important protein post-translational modification which has been 

implicated in cardioprotection [55]. This change was also blocked by splitomicin, raising the 

possibility that O-GlcNac signaling may be regulated by SIRT1. Alternatively, UDP-N-

acetylglucosamine may be used to make hyaluronic acid, which has recently been shown to 

serve a cardioprotective role [56].

4. Limitations of this study

The limitations of this study primarily concern the relevance of metabolomic analyses in 

perfused hearts to the in-vivo condition. The perfused heart model employed was not a 

working heart preparation (i.e., no afterload) but the hearts employed all exhibited excellent 

contractile function (rate x pressure product 48,500 ± 2,700) and rapid incorporation of 13C 

labeled substrates. Furthermore, although lactate and pyruvate were absent from the 

perfusion media, this was in order to measure these metabolites as part of our analysis.

While some of these limitations could be overcome by using the in-vivo mouse LAD 

occlusion model of cardiac ischemia, this model has several pitfalls which render it 

unsuitable for metabolomics studies. These include an inability to rapidly sample cardiac 

tissue without blood contamination, or to rapidly dissect ischemic vs. non-ischemic 

myocardium, without affecting metabolite pools during dissection. Furthermore, in-vivo 

models are not amenable to 13C labeled substrate delivery or tracing. Thus, overall despite 

its limitations, the Langendorff ex-vivo perfused mouse heart is the preferred model system 

for such studies.

5. Conclusions & Outlook

Overall, we conclude that acute IPC induces a unique set of rapid metabolic alterations 

including stimulation of glycolysis and glycogen synthesis, inhibition of fatty-acid 

dependent respiration, and several unique alterations in metabolites such as 2-OHG, UDP-

N-acetylglucosamine, fructose-bis-P, NAD+, GSH, and 5-P-ribosyl-1-pyro-P. These 

alterations are largely (83%) blocked by the SIRT1 inhibitor splitomicin, suggesting a 

requirement for SIRT1 in this process, and consistent with the requirement for SIRT1 for 

cardioprotection by IPC. It should be emphasized that our data do not preclude the 

involvement or requirement of other signaling pathways (even other SIRTs) in IPC, either at 

the level of cardioprotection or in governing metabolic alterations.

Although numerous small molecule therapeutics are available that target cardiac metabolism 

[7–12], our data also suggest that molecules which modulate SIRT1 activity, including 

sirtuin activating compounds (STACs), and NAD+ precursors such as nicotinamide riboside 

(NR) and nicotinamide mononucleotide (NMN), may be therapeutically useful to alter 

cardiac metabolism and mimic a preconditioned-like state.
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Refer to Web version on PubMed Central for supplementary material.
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Non-standard Abbreviations

ETF-QOR electron transfer flavoprotein quinone oxidoreductase

FAO fatty acid oxidation

F-SAT fractional saturation with 13C label

IPC ischemic preconditioning

IR ischemia-reperfusion

LAD artery left anterior descending artery

LC-MS liquid chromatography–mass spectrometry

OCR oxygen consumption rate

PPP pentose phosphate pathway

SIRT1 silent information regulator two P homolog 1
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HIGHLIGHTS

First metabolomic profile of the preconditioned state

Discovery that SIRT1 is critical for acute metabolic changes in IPC

Discovery that the fat-only perfused heart cannot be preconditioned
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Figure 1. In-vivo vs. ex-vivo metabolomics
Whole hearts were rapidly sampled for metabolomic analysis as described in the methods, 

with starting material comprising either in-vivo hearts, or isolated hearts perfused with Krebs 

Henseleit buffer containing 5 mM glucose and 100 μM palmitate-BSA. Graph shows log-

transformed steady-state metabolite levels, with each point representing a single metabolite. 

Data are means of 7 (in-vivo) or 8 (ex-vivo) independent experiments. The highlighted red 

point is di-P-glycerate, a contaminant from blood (see text). All data excluding this point 

were fitted with a linear regression shown on the graph (r2 for all data including di-P-

glycerate was 0.745).
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Figure 2. Steady-state metabolomics of IPC
Schematics of perfusion protocols for steady-state metabolomics studies are presented in 

Fig. S1A. Metabolites are binned by pathway. Levels of each metabolite in the IPC 

condition are normalized to the same metabolite in the control condition. Ctrl = 1 (horizontal 

dotted line). Data are means ± SEM, n=8, *p<0.05 vs. Ctrl (paired t-test). Original data are 

in Table S1.
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Figure 3. Fractional carbon saturation (F-SAT) of glycolytic intermediates originating from 
U13C-labeled substrates; effect of IPC ±SIRT1 inhibition
Following control perfusion or IPC, ± splitomicin (Sp), hearts were perfused for 5 min. with 

U13C-labeled glucose or palmitate (see methods and Fig. S1A), with the corresponding non-

labeled partner substrates (glucose or palmitate) also present. Graphs show F-SAT, i.e., the 

fraction of a metabolite that became occupied by 13C from the labeled substrate within 5 

min. (A): Schematic presentation of glycolysis and associated pathways. (B): F-SAT of 

metabolites originating from U13C-glucose (blue) or U13C-palmitate (red), after control 

perfusion (pale colors) or IPC (dark colors). (C): F-SAT of metabolites originating from 

U13C-glucose (green) or U13C-palmitate (brown) after control perfusion (pale colors) or IPC 

(dark colors), all in the presence of the SIRT1 inhibitor splitomicin (Sp). All data are means 

± SEM, n=4–6, *p<0.05 between Ctrl. and IPC groups (ANOVA). ND = not detectable. Full 

data set in Table S2.
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Figure 4. Fractional carbon saturation (F-SAT) of TCA cycle intermediates originating from 
U13C-labeled substrates; effect of IPC ±SIRT1 inhibition
Following control perfusion or IPC, ± splitomicin (Sp), hearts were perfused for 5 min. with 

U13C-labeled glucose or palmitate (see methods), with the corresponding non-labeled 

partner substrates (glucose or palmitate) also present. Graphs show F-SAT, i.e., the fraction 

of a metabolite that became occupied by 13C from the labeled substrate within 5 min. (A): 
Schematic presentation of TCA cycle and related pathways. ETFQOR = electron transfer 

flavoprotein quinone oxido-reductase of FAO. (B): F-SAT of metabolites originating from 

U13C-glucose (blue) or U13C-palmitate (red), after control perfusion (pale colors) or IPC 

(dark colors). (C): F-SAT of metabolites originating from U13C-glucose (green) or U13C-

palmitate (brown) under control perfusion (pale colors) or IPC (dark colors), all in the 

presence of the SIRT1 inhibitor splitomicin (Sp). All data are means ± SEM, n=6, *p<0.05 

between Ctrl. and IPC groups (ANOVA). ND = not detectable. Full data set in Table S2.
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Figure 5. Simulated cardiomyocyte IR injury (sIR) and simulated IPC (sIPC) in seahorse XF
(A): Schematic showing treatment and measurement protocol for adult mouse 

cardiomyocytes. OCR = time point at which oxygen consumption rate was measured. (B): 
Cell death (LDH release) following sIR with or without prior sIPC. Data are means ± SEM, 

n=4, *p<0.05 vs. sIR (paired t-test). (C): Oxygen consumption rate (OCR) in 

cardiomyocytes at baseline and after sIPC. Cells were incubated with either glucose, 

palmitate or both substrates. Data are means ± SEM, n=6, *p<0.05 vs. glucose (ANOVA), 

#p<0.05 vs. corresponding baseline (ANOVA).
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Figure 6. Steady state metabolomics of IPC with SIRT1 inhibition
Hearts were subjected to control perfusion or IPC, in the presence of 10 μM splitomicin 

(Sp). The subset of metabolites that were significantly altered in IPC alone (Fig. 2) are 

shown as circles, using the same color scheme as Fig. 2 (expressed relative to control, dotted 

line = 1). N.B. symbols to indicate significance in this IPC alone group (circles) are removed 

for clarity, since all are significant. The effect of IPC on these metabolites in the presence of 

splitomicin is shown in corresponding triangles, relative to control perfusion with 

splitomicin alone (no IPC, dotted line = 1). Data are means ± SEM, n=8. *p<0.05 (paired t-

test) for IPC with splitomicin, vs. control perfusion with splitomicin (i.e. triangles).
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Figure 7. IR and IPC in the absence of glucose
Isolated hearts were perfused with buffer supplemented with 100 μM palmitate-BSA alone 

(no glucose), and were subjected to IR injury as described in the methods. Optionally, hearts 

were also subjected to IPC prior to IR injury. Schematics of perfusion protocols for ischemia 

reperfusion injury and ischemic preconditioning are presented in Fig. S1B. (A): Cardiac 

function (rate pressure product) in IR and IPC+IR hearts. Data are means ± SEM. (B): 
Myocardial infarct, plotted as individual points (left) and means ± SEM (right). Images inset 

to the graph show representative TTC-stained cardiac cross-section slices (white = infarct, 

red = live myocardium). Data are means ± SEM, n=7. No significant differences were 

observed between IR and IPC groups.
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