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Abstract

Diabetic hearts are subject to more extensive ischemia/reperfusion (ISC/REP) damage. This study 

examined the efficiency of citric acid cycle (CAC) flux and the transfer of cytosolic reducing 

equivalents into the mitochondria for oxidative support of cardiac work following ISC/REP in 

hearts of c57bl/6 (NORM) and type 2 diabetic, db/db mouse hearts. Flux through the CAC and 

malate-aspartate shuttle (MA) were monitored via dynamic 13C NMR of isolated hearts perfused 

with 13C palmitate + glucose. MA flux was lower in db/db than NORM. Oxoglutarate malate 

carrier (OMC) was elevated in the db/db heart, suggesting a compensatory response to low 

NADHc. Baseline CAC flux per unit work (rate-pressure-product, RPP) was similar between 

NORM and db/db, but ISC/REP reduced the efficiency of CAC flux/RPP by 20% in db/db. 

ISC/REP also increased UCP3 transcription, indicating potential for greater uncoupling. 

Therefore, ISC/REP induces inefficient carbon utilization through the CAC in hearts of diabetic 

mice due to the combined inefficiencies in NADHc transfer per OMC content and increased 

uncoupling via UCP3. Ischemia and reperfusion exacerbated pre-existing mitochondrial defects 

and metabolic limitations in the cytosol of diabetic hearts. These limitations and defects render 

diabetic hearts more susceptible to inefficient carbon fuel utilization for oxidative energy 

metabolism.
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1.0 Introduction

Patients with type II diabetes mellitus (DM2) are at an increased risk for cardiovascular 

disease. In fact, cardiovascular complications are the leading cause of diabetes related 

morbidity and mortality [1]. While some controversy exists as to the whether diabetic hearts 

are more susceptible to injury, most in vivo animals studies suggest that the diabetic 

myocardium is more sensitive to dysfunction following ischemic injury [2]. Both the 

diabetic heart and the metabolically related cardiac phenotype of the PPARα over-

expressing mouse heart (MHC-PPARα), show exacerbated post-ischemic dysfunction [3]. 

Yet, the distinctions in post-ischemic metabolic recovery of diabetic versus normal 

myocardium are at best, only superficially understood, and mechanisms regulating the 

production and oxidation of reducing equivalents for mitochondrial energy production have 

not been directly studied in the intact, post-ischemic diabetic hearts. This study probed the 

efficiency of carbon flux in the production of NADH by citric acid cycle (CAC) flux in the 

support of contractile recovery of intact, post-ischemic diabetic hearts. The protocols 

enabled a focus on mechanisms linking CAC flux to energy dissipation and the transfer and 

oxidation of cytosolic NADH into mitochondria.

Characterized by a decrease in glucose oxidation and an increase in fatty acid oxidation 

(FAO), DM2 is related to not only an increase in delivery of long chain fatty acids (LCFA) 

into the myocardium but also decreased insulin signaling and activation of peroxisome 

proliferator-activated receptor-α signaling [4–6]. Changes in myocardial fuel metabolism, a 

decrease in glucose oxidation and an increase in fatty acid oxidation, drive diabetic 

cardiomyopathy [4]. The DM2 heart is characterized by substrate inflexibility due to insulin 

responsiveness; reduced glucose uptake and oxidation with increased long chain fatty acid 

(LCFA) delivery and oxidation [4, 7]. As glucose availability becomes limited, the diabetic 

myocardium relies nearly completely on fatty acid oxidation (FAO) for energy production 

[3, 8].

Cardiac inefficiency, the ratio of cardiac work to myocardial O2 consumption (MVO2), is 

considered to be an underlying cause of cardiac dysfunction in both type I and type II 

diabetic myocardium due to consequences of impaired mitochondrial function [7, 9]. While 

previous work has shown both high insulin and high glucose enhance the pressure-volume 

area – MVO2 relationship during post-ischemic recovery in the db/db mouse heart, the 

relationship between reducing equivalent production from carbon-based fuels and cardiac 

function in the postischemic db/db heart remains unclear [10, 11]. To date, only oxygen 

consumption rates and substrate oxidation rates have been measured in diabetic hearts with 

studies of respiratory function in isolated mitochondria. This study provides the first detailed 

analysis of the efficiency of carbon flux through the CAC for oxidative, mitochondrial 

NADH production and the coordination of CAC flux with the transfer of cytosolic NADH 

following ischemia/reperfusion in hearts of diabetic animals.

We hypothesized that the contributions of cytosolic NADH to mitochondrial oxidative 

energy production is limited, due to impaired ability for glucose uptake in the diabetic heart, 

rendering oxidative metabolism increasingly reliant on NADH production via the CAC. 

Published studies suggest the increase in MVO2 is attributable to the increase in UCP3 [12, 

Banke and Lewandowski Page 2

J Mol Cell Cardiol. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



13], but no direct measurements of the actual NADH producing pathways have been 

performed beyond the indirect substrate preference or substrate oxidation rates. The current 

studied explores how the contributions of both cytosolic and mitochondrial NADH to 

oxidative energy metabolism in the mitochondria are linked to the demand for oxidative 

carbon flux through the CAC in postischemic, diabetic hearts.

Recently, changes UCP3 were shown to contribute to cardiac inefficiency through 

mitochondrial uncoupling in the post-ischemic, reperfused state [14]. Previous work in 

normal hearts has demonstrated the sensitivity of NMR detection of 13C enrichment rates of 

intramyocellular glutamate to the coupled processes of transfer of reducing equivalents 

produced in the cytosol into the mitochondria via exchange of malate for α-ketoglutarate 

within the malate-aspartate shuttle and flux through the citric acid cycle [15–20]. Here, we 

exploit the 13C NMR detection of these intracellular events in the intact myocardium to 

investigate changes in CAC flux as an oxidative source of NADH and its balance with 

transfer of reducing equivalents from cytosolic NADH into mitochondria through the 

oxaloacetate-malate carrier (OMC) [15–20]. The findings suggest that despite adaptive 

responses in mitochondrial OMC expression, the availability of cytosolic NADH remains 

limiting, and together with elevated expression of uncoupling proteins, exacerbate the 

metabolic inefficiencies of postischemic contractile dysfunction in the diabetic heart.

2.0 Material and Methods

2.1 Animal model

Male db/db, BKS.Cg- +Leprdb/+Leprdb/OlaHsd obtained from Harlan, were studied at 12 

weeks of age. The background strain, c57bl/6, were obtained from Harlan and studied at 12 

weeks of age [21, 22]. At this age, db/db mice were consistently and severely hyperglycemic 

and exhibit altered substrate metabolism and cardiac efficiency [13]. Blood glucose from 

both db/db and c57bl/6 was monitored. Mice had free access to food and water while being 

housed under controlled temperature and lighting. All experimental procedures were 

approved by the University of Illinois at Chicago Animal Care and Use Committee.

Isolated heart protocols—12-week old animals were heparinized (50 U/10 g, i.p.) and 

anesthetized with ketamine (80 mg/kg, i.p.) plus xylazine (12 mg/kg, i.p.). Hearts were 

excised and retrogradely perfused (80 cm H2O) with modified Krebs-Henseleit buffer (118.5 

mM NaCl, 4.7 mM KCl, 1.5 mM CaCl2, 1.2 mM MgSO4 and 1.2 mM KH2PO4) 

equilibrated with 95% O2/5% CO2, at 37°C, and containing 0.4 mM 12C palmitate/ fatty 

acid free albumin complex (3:1 molar ratio) and 10 mM glucose. Perfusion media contained 

0.4 mM palmitate for both c57bl/6 and db/db. The use of a physiologically normal palmitate 

concentration allowed for direct comparison of normal and diabetic hearts for elucidating 

fundamental metabolic mechanisms within the cardiomyocyte in the absence of confounding 

variables introduced by high exogenous lipids and glucose [7, 23–26]. Previous findings 

indicate that in the functioning, whole heart, elevated fat content influences lipid storage in 

the cardiomyocyte but cannot override the metabolic demand of mechanical work and does 

not result in elevated LCFA oxidation [27]. Protocols were designed to use similar 

substrates for isolated heart perfusions, as per previously published studies examining 
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oxygen consumption and mitochondrial uncoupling in the diabetic, postischemic heart. As 

thusly indicated hearts were perfused with LCFA plus glucose and no lactate [7, 23–26]

Hearts undergoing ISC/REP were subjected to 8 min no flow ischemia followed by 10 

minutes of reperfusion. After 10 minutes of reperfusion, hearts were switched to 13C-

enriched media ([4,6,8,10,12,14,16,-13C7] palmitate) for 30 minutes at baseline workload for 

mice on a regular chow diet (db/db, N=9; c57bl/6, N =6) and undergoing 8 minutes no flow 

ischemia/reperfusion (ISC/REP) (db/db, N=8; c57bl/6, N =6). [4,6,8,10,12,14,16,-13C7] 

palmitate was used for ease of analysis for the C4 carbon of glutamate in the 13C-NMR 

spectra due to overlapping resonances from the C4 position of glutamate and C2 position of 

acyl intermediates. Sequential 13C-NMR spectra were collected and hearts were frozen in 

liquid N2 cooled tongs for biochemical analysis [28, 29]. Mouse hearts are more susceptible 

to ISC/REP than other species, and small changes in time of global ischemia have resulted 

in large reductions in recovery contractile recovery [6]. For the purposes of this study, we 

subjected hearts to 8 minutes of ischemia, which produced a 50% reduction in the recovery 

of RPP throughout reperfusion in the db/db model.

A water-filled latex balloon was fitted into the left ventricle and set to a diastolic pressure of 

5 mmHg. Left ventricular developed pressure (LVDP) and heart rate (HR) were 

continuously recorded with a pressure transducer and digital recording system (Powerlab, 

AD Instruments, Colorado Springs, CO). Rate-pressure product (RPP) was calculated as the 

product of heart rate and developed pressure. Temperature was maintained at 37°C.

2.2 NMR spectroscopy and tissue chemistry

Using previously established methods, dynamic 13C-spectra from intact, beating hearts were 

collected as previously reported [30–33]. Sequential, proton-decoupled 13C NMR spectra 

were acquired (2 min each) with natural 13C abundance correction using previously reported 

NMR methods (Fig. 1) [30, 31]. Magnetic field homogeneity was optimized by shimming to 

a proton line width of 10–20 Hz.

Tissue metabolites were extracted from frozen heart tissue using 7% perchloric acid and 

neutralized with KOH. Tissue extracts were analyzed by enzymatic assay either 

spectrophotometrically or fluorometrically for metabolite content (aspartate, α-ketoglutarate, 

citrate) using previously described methods [34–36]. Glutamate concentration was 

determined with glutamate dehydrogenase and diaphorase (Roche L-Glutamic acid 

colorimetric kit). In vitro high-resolution 1H and 13C NMR spectra of tissue extracts 

reconstituted in 0.5 mL of D2O were collected with a 5 mm 13C probe (Fig. 1) (Bruker 

Instruments, Billerica, MA). Analysis of 13C spectra was performed to determine fractional 

enrichment of [2-13C] acetyl CoA [37, 38].

2.3 Kinetic Analysis of Isotope Enrichment and Oxidative Rates

Kinetic analysis of isotopic enrichment rates provided quantitative measures of flux through 

the CAC, rates of LCFA oxidation, and the rate of cytosolic NADH transfer through 

malate/α-ketoglutarate exchange between the cytosol and mitochondria [15–17, 19, 20]. 

Briefly, the oxidation of 13C enriched LCFA to form [2-13C] acetyl CoA results in 
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enrichment of the first span of the CAC to form [4-13C] α-ketoglutarate within the 

mitochondria. Competition for [4-13C] α-ketoglutarate, as a substrate for either oxidation via 

α-ketoglutarate dehydrogenase or efflux via OMC from the mitochondria in exchange for 

cytosolic malate, determines the extent and rate of the production of [2 or 3-13C] succinate 

or alternatively, interconversion of [4-13C] α-ketoglutarate into [4-13C] glutamate in the 

cytosol. Subsequent oxidation of [2 or 3-13C] succinate in the mitochondria through the 

second span of the CAC results in labeling of oxaloacetate at either the 2- or 3-carbon 

positions, in equal probability. Condensation of [2 or 3-13C] oxaloacetate with newly-

formed acetyl CoA recycles the 13C label to the 2- and 3-positions of citrate to re-enter the 

first span of the CAC and produce α-ketoglutarate that is enriched with 13C at the 2- and 3-

carbon sites. This relabeled α-ketoglutarate is also available for either further oxidation 

within the mitochondria or exchange to the cytosol through OMC. The rates of appearance 

of the isotope at each of the 4-, and 2- or 3-carbon positions of glutamate can then be 

detected, because glutamate is in sufficient abundance in the cell for NMR detection from 

the intact heart. Since the transamination of 13C-enrichedα-ketoglutarate to form 13C-

enriched glutamate, which is 90% cytosolic, is approximately 50-fold faster than the process 

of exchange for malate across the mitochondrial membrane via OMC, the enrichment of 

glutamate is also dependent on the net forward flux of intermediates through the malate-

aspartate shuttle [15, 16, 37]. Thus, the rates of enrichment of glutamate are specific to flux 

through the CAC and the rate of exchange via OMC, which represents net forward flux 

through the malate-aspartate shuttle.

With sequential collection of 13C NMR spectra from hearts supplied 13C-enriched LCFA, 

both the rates of CAC flux and net forward flux through the malate-aspartate shuttle can 

quantified following direct detection of the end point 13C enrichment levels of glutamate 

and quantification of the key CAC intermediates that determine the concentration history of 

influx and efflux through each metabolite pool of the CAC and glutamate [37, 39]. Note also 

that the absence of appreciable conversion of glutamate to glutamine under well-oxygenated 

conditions in the myocardium does not result in transfer of 13C to glutamine (Figure 1) that 

further simplifies the rate analysis of isotope flux through each compartment pool.

Metabolic flux measurements were thusly assessed using previously detailed methods. 

Measurements are fully quantitative that, unlike other approaches, provide total flux with 

accounting for both labeled and unlabeled intermediates, and is not limited to only measures 

of substrate use rates or substrate competition [15, 27, 36, 39, 40]. Data were analyzed using 

well-established methods that have been previously described in detail under varied 

experimental conditions in the heart [15, 16, 18, 31, 36, 37, 39].

2.4 Protein expression

Protein expression was measured by Western blot in whole heart tissue. 30 mg of frozen 

tissue was homogenized in 1X lysis buffer (20mM Tris-HCL, 150mM NaCl, 1mM EGTA, 

1mM EDTA, 2.5mM sodium pyrophosphate, 1mM β-glycerophosphate, 1mM Na3VO4, 

1μg/ml leupeptin, 1mM PMSF). Tissue lysates were resolved on SDS-PAGE and transferred 

to PVDF membranes (db/db, N=3; c57b3l/6, N=3; ISC/REP db/db, N=3; c57bl/6, N=3). 

Membranes were probed by SLC25A11 (Abcam), UCP3 (Abcam), UCP2 (R&D), and 
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PPARα (Abcam) primary antibodies [41]. Western band intensity was analyzed by NIH 

Image J software and normalized by calsequestrin (Thermal Scientific) as the loading 

control.

2.5 RNA extraction and quantitative

RT-PCR Quantitative RT-PCR was performed for OMC, UCP2, UCP3, PPARα. Total RNA 

was extracted from frozen heart tissue by using an RNeasy Lipid Tissue kit (Qiagen), 

according to the manufacturer’s instructions. RNA quantity was determined at 260 nm 

(NanoDrop 1000 Spectrometer, Thermal Scientific). Single-stranded cDNA was synthesized 

from the prepared RNA by using High Capacity cDNA Reverse Transcription kit (Applied 

biosystems), and gene products were determined by quantitative RT-PCR by using Fast 

SYBR Green Master Mix (Applied biosystems) with an ABI ViiA7 instrument. The 

following cycle profile was used: 1 cycle at 95°C for 20 sec, 40 cycles of 95°C for 1 sec, 

60°C for 20 sec (db/db, N=5; c57bl/6, N=5; ISC/REP db/db, N=5; c57bl/6, N=5). The 

mRNA levels were determined by a comparative CT method and normalized by Cyclophilin 

A [42]. Primers for PPARα have been previously described [41, 42]. Primers for SLC25A11 

(OMC), UCP2, and UCP3 were purchased from and specially designed by IDT. Primer 

sequences are as follows:

SLC25A11: 5-CCTTCACCACTCAACTGCAT-3
5-CCTAAGTCTGTCAAGTTCCTGT-3

UCP2: 5-GCAAGACGAGACAGAGGAAC-3
5-TTAGAGAAGCTTGACCTTGGAG-3

UCP3: 5-GTCACCATCTCAGCACAGTT-3
5-ATGCCTACAGAACCATCGC-3

2.6 Statistical Analysis

Student’s t-test or ANOVA, where appropriate. When ANOVA was used, intergroup 

statistics were analyzed using one-way ANOVA analysis with the Tukey post-test. 

Statistical significance was established at 5% probability (P < 0.05). All reported values are 

reported as averages ± SEM.

3.0 Results

3.1 Hemodynamics

Values for physiological function for each group are displayed in the Table. Under pre-

ischemic baseline conditions, mechanical performance, as assessed by rate-pressure-product 

(RPP) was similar between normal hearts, represented by c57bl/6 and the diabetic, db/db 

hearts. Consistent with previous studies showing increased susceptibility of the diabetic 

heart to ischemia/reperfusion damage, the db/db hearts displayed significantly lower 

recovery of RPP upon reperfusion than c57bl/6 [16, 43].
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3.2 Malate/Aspartate Shuttle Activity

Using net forward flux through the oxoglutarate malate carrier protein (OMC) to asses M/A 

shuttle activity, we show that M/A shuttle activity is significantly lower in the db/db 

compared to c57bl/6 at baseline and following ISC/REP (Fig. 2). However, expression of 

OMC protein was significantly higher in the db/db than the c57bl/6 heart at baseline and 

following ISC/REP (Fig. 3). Messenger transcript levels for OMC were also significantly 

higher in the db/db heart than the c57bl/6 heart at baseline and following ISC/REP. Thus, 

upregulation of OMC in the db/db heart is an effect of the diabetic phenotype, rather than 

result of ISC/REP. This is the first indication of an altered malate-aspartate shuttle 

component in the diabetic heart, which in light of reduced flux through OMC, appears 

compensatory

3.3 Oxidative Efficiency of Cardiac Function

Under baseline pre-ischemic conditions, CAC flux per unit work (CAC/RPP) is similar for 

the diabetic heart compared to the c57bl/6 (Fig. 4). The normal c57bl/6 heart is resistant 

ISC/REP and CAC/unit work remains similar. However, CAC/unit work significantly 

increases as a result of ISC/REP in the diabetic heart.

While UCP2 transcription is elevated in the db/db heart, there is no difference in protein 

content (Fig. 5A). This finding is consistent with others showing that the regulation of UCP2 

levels occur post-translationally [44]. As a consequence of ISC/REP, message levels for 

UCP2 were significantly higher in the diabetic heart compared to db/db at baseline and 

c75bl/6 following ISC/REP. (Fig. 5B). In contrast to UCP2 protein expression, UCP3 

protein expression is significantly higher in the diabetic heart, compared to the normal heart 

(Fig. 5C). While the duration of the current experimental protocol was likely too brief to 

accommodate changes in protein levels, a prolonged reperfusion period might result in a 

higher UCP3 protein expression as a result of translation from increased UCP3 mRNA 

expression (Fig. 5D). Consistent with the diabetic phenotype, PPARα protein expression is 

significantly elevated in hearts of db/db mice versus the control group (Fig 6A). PCR 

transcript analysis from normal and db/db hearts, revealed significantly elevated PPARα 

messaging in the db/db heart post ischemia/reperfusion compared to the normal c57bl/6 

heart (Fig. 6B).

Although circulating fats are variable and trend high, regulatory factors involved in insulin 

response and mechanical work find and determine fatty acid oxidation to ATP generation 

and not concentration of exogenous fatty acid which has a greater affect on TAG and lipid 

dynamics.

4.0 Discussion

The current study is the first demonstration of inefficient citric acid cycle (CAC) flux in the 

production of mitochondrial NADH in concert with limited cytosolic NADH production and 

transfer for oxidative support of mechanical function in post-ischemic, diabetic hearts. The 

model used in this study of DM2, the leptin receptor deficient db/db mouse, is known to 

display increased oxygen consumption without a proportionate increase in cardiac work 

following administration of long chain fatty acids [43]. This inefficient oxygen use has been 
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attributed, at least in part, to mitochondrial uncoupling and elevated levels of uncoupling 

protein 3 (UCP3) [2, 45]. Uncoupling proteins, in particular UCP2 and UCP3, are a class of 

anion carrier proteins providing an alternate reentry route for H+ into the mitochondria, 

which is not coupled to ATP synthesis [46]. More recent work suggests that changes in 

regulation and expression of the mitochondrial anion carrier protein, UCP3, contribute to 

cardiac inefficiency through mitochondrial uncoupling in the post-ischemic, reperfused state 

[25].

At baseline pre-ischemic conditions, CAC flux per unit work (CAC/RPP) is similar for the 

diabetic heart compared to the c57bl/6 (Fig. 4B). This finding is consistent with a report by 

Harmancey et al, wherein insulin resistance improved coupling between glycolytic rates and 

glucose oxidation, with improvements in metabolic efficiency of carbohydrate utilization 

[24]. However, the expression of UCP3 in hearts of animals with high sucrose diet-induced 

insulin resistance is directionally different from UCP3 expression models, accounting for 

different levels of uncoupling among models that appear dependent on circulating free fatty 

acids levels [24, 25]. In this current study, CAC/unit work remains unchanged between non-

ischemic and post ISC/REP conditions in normal hearts, but ISC/REP results in a significant 

increase in CAC/unit work in the diabetic heart. Post ISC/REP, the efficiency of carbon flux 

though the CAC and oxidative metabolism in supporting the mechanical performance of the 

diabetic heart is significantly compromised.

Uncoupling proteins

Mitochondrial energetics in the db/db heart are generally considered to be uncoupled [43, 

47] and our findings of flux through intermediary metabolism are consistent with this 

finding. However, uncoupling need not be the sole source of increased CAC flux. Two 

things account for the large post-ischemic CAC/RPP in the diabetic heart: 1) inefficient 

coupling of the CAC to oxidative phosphorylation via the increased levels of UCP3 in the 

db/db heart and induction of UCP3 post-ISC/REP, and 2) in the absence of normal NADHc 

production, and thus limited transfer of reducing equivalents via the malate-aspartate shuttle, 

electron transport activity then relies on a compensatory increase in CAC flux for NADH 

production.

While UCP2 transcription is elevated in the db/db heart, there is no difference in protein 

content (Fig. 5A). This finding is consistent with others showing that the regulation of UCP2 

levels occur post-translationally [44]. In contrast, UCP3 protein expression is significantly 

higher in the diabetic heart, compared to the normal heart (Fig. 5C). Higher UCP3 levels 

would exacerbate oxidative inefficiency of post-ischemic cardiac function in the db/db heart. 

As a consequence of ISC/REP, message levels for UCP3 increased, suggesting a 

compensatory mechanism to deal with decrease oxidative stress caused by an increase in 

mitochondrial membrane potential post ISC/REP (Fig. 5D) [44]. While the duration of the 

current experimental protocol was probably too brief to accommodate changes in protein 

levels, during a prolonged reperfusion period the increased UCP3 mRNA might result a 

higher UCP3 protein expression. Any subsequent increase in UCP3 protein expression 

would exacerbate existing the inefficiencies of the CAC overtime. Consistent with the 

diabetic phenotype, PPARα protein expression is significantly higher in hearts of db/db 
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mice versus the control group. PPARα messaging is also significantly elevated in the post 

ischemic db/db heart compared to the c57bl/6 heart post ISC/REP (Fig. 6). UCP3 is 

regulated by PPARα as a mechanism for handling excess LCFA in the mitochondria [12, 14, 

46, 48].

Other studies using mitochondria isolated from ventricle tissue of DM1, STZ injected rats 

suggest that UCP3 augments LCFA generation and export from the mitochondria, thus 

preventing excessive accumulation of LCFA metabolites [49]. In the human study, a 

positive correlation has been found between serum FFA concentrations and UCP2 and 

UCP3 protein levels [14]. Interestingly, the regulation of UCP2 and UCP3 levels in the heart 

occurs through separate, distinct mechanisms. While both UCP2 and UCP3 are sensitive to 

serum FFA concentrations, evidence shows that PPARα regulates UCP3 levels while a 

PPARα independent pathway regulates UCP2 levels [13, 14, 50]. The role of uncoupling 

proteins is generally understood to buffer cellular ROS production by lowering the 

mitochondrial proton gradient [44]. However, there is no clear agreement of the role of 

uncoupling proteins in disease states. Human studies in heart failure suggest that increases in 

UCP3 result in increase in mitochondrial H+ leak, thereby exacerbating cardiac inefficiency 

[14]. Findings in the leptin deficient, ob/ob mice suggest a role for UCP3 in high fat fed 

induce mitochondrial uncoupling, but no evidence was shown for UCP regulation of cardiac 

efficiency. Leptin, which induces PPARα, protects the heart from high-fat diet and regulate 

intracellular lipid homeostasis in nonadipocytes [50, 51]. Studies in both the leptin receptor 

deficient db/db and PPARα−/− mice show that UCP3 is sensitive to PPARα regulation [48].

Cytosolic NADH oxidation

In the diabetic, db/db heart, elevated OMC levels appear adaptive for a limited availability 

of cytosolic NADH to supply the electron transport chain that fuels oxidative 

phosphorylation in the mitochondria. Nevertheless, the increase in OMC did not offset the 

apparent deficiency in flux through this reducing equivalent shuttle system in the 

postischemic diabetic heart. Despite increased OMC, our findings indicate that M/A flux 

remains low in the diabetic heart, a likely consequence of reduced cytosolic NADH/NAD+. 

Despite elevated OMC content, fueling the electron transport chain with electrons from 

cytosolic NADH is limited in the diabetic heart, thereby relying more on mitochondrial 

NADH generation via CAC. Therefore, the reduced contribution of cytosolic NADH, from 

glycolysis to oxidative, mitochondrial energy metabolism, forces greater reliance on long 

chain fatty acid oxidation to supply reducing equivalents for the electron transport chain. 

This observation represents a newly identified mechanism contributing to the well-known 

reliance of the diabetic heart on high levels of fatty acid oxidation [7, 52].

In both models of DM1 and DM2, there is a reduction in glucose utilization and glucose 

uptake [6, 46]. Under conditions of either reduced NADHc availability or an inability to 

respond to demand due to insulin resistance, mitochondria in diabetic hearts are more reliant 

on the CAC for the balance of NADH production to support electron transfer chain activity 

and oxidative phosphorylation. The significantly higher protein expression of OMC in the 

diabetic heart is related to the diabetic phenotype and not responsive to ischemia/

reperfusion. The OMC content of diabetic hearts would appear to be a compensatory 
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response to reduced malate-aspartate shuttle activity under conditions of low NADH:NAD+ 

in the cytosol mitochondria (Fig. 2). Despite a higher OMC content, flux through the M/A 

shuttle of the db/db hearts was significantly less than that of normal c57bl/6 hearts. 

Therefore, the upregulation of a M/A shuttle protein in diabetic hearts appears to be a 

compensatory response to insulin insensitivity in the diabetic heart, but in the current 

experiments did t offset the limited contributions no of cytosolic NADH to oxidative 

metabolism.

Conclusions

These data represent the first analysis of both CAC flux and malate aspartate contributions 

to the oxidative metabolism of the diabetic heart, and its susceptibility to ischemic 

reperfusion damage. Unlike remote measurements that rely on the released gases from the 

coronary effluent, the current experimental approach enabled direct detection of flux-

dependent events within the cardiomyocytes of the intact, functioning diabetic heart to 

provide CAC flux and unidirectional flux through the malate aspartate shuttle [19, 53]. In 

doing so, the study indicates that the db/db heart exhibits limited glycolytic NADH 

contributions to oxidative energy production, normally transferred to the mitochondrial 

matrix through the OMC transporter of the malate-aspartate shuttle, with compensatory 

elevation of OMC. This finding is superimposed on the elevation of UCP3 in diabetic hearts, 

which renders the diabetic heart at greater risk of mitochondrial inefficiency than normal 

hearts following ISC/REP. The short-term response of diabetic hearts to ISC/REP included 

an increased content of UCP3 mRNA, suggesting an additional increase in the inefficiency 

of CAC flux in the post-ischemic db/db heart with continued reperfusion. Importantly, 

ISC/REP exacerbates pre-existing mitochondrial defects rendering db/db hearts more 

susceptible to mitochondrial inefficiencies in CAC flux, including uncoupling and ROS 

production. The observed inefficiency in carbon flux through the CAC during reperfusion in 

the postischemic db/db mouse heart is therefore a multifactorial result of elevated 

uncoupling protein levels and the limitations in availability of cytosolic NADH for oxidative 

metabolism due to insulin insensitivity for glucose uptake.
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CAC citric acid cycle

DM2 type 2 diabetes mellitus

db/db db/db mouse

FAO fatty acid oxidation
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ISC/REP ischemia/reperfusion

LCFA long chain fatty acid

MA malate-aspartate shuttle

MHC-PPARα myosin heavy chain-peroxisome proliferator activated receptor alpha

MVO2 myocardial oxygen consumption

NADHc cytosolic NADH

NMR nuclear magnetic resonance

NORM normal c57bl/6 heart

OMC oxoglutarate malate carrier

RPP rate pressure product

UCP3 uncoupling protein 3

UCP2 uncoupling protein 2
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Highlights

1. Carbon flux through oxidative pathways is inefficient in post-ischemic, diabetic 

hearts

2. Transporter expression does not fully compensate for limited cytosolic NADH 

contributions to electron transport in diabetic hearts.

3. Ischemia/reperfusion induces early UCP3 gene activation in diabetic hearts, 

suggesting reduced mitochondrial efficiency with prolonged reperfusion.
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Figure 1. 
Representative spectra from a perfused db/db heart after 8 min ischemia followed by 10 

minutes reperfusion. A. Dynamic-mode 13C spectra from isolated db/db heart perfused with 

0.4 mM [4,6,8,10,12,14,16 – 13C7] palmitate + 10 mM unlabeled glucose. Spectra display 

progressive 13C enrichment of glutamate over 30 minutes. The signals from the 4-, 3-, and 

2-carbons of glutamate produced by oxidation of 13C palmitate, at 34, 28, and 56 ppm 

respectively (C4, C3, and C2). C. 13C NMR spectrum of extract from db/db heart perfused 

with 13C palmitate + 10 mM unlabeled glucose. The resonance signals from the 4- and 3-

carbons of glutamate at 34 and 28 ppm respectively (C4 and C3) are produced by oxidation 

of 13C palmitate and display multiplets from J13C-13C coupling due to glutamate isotopomer 

formation. Note the absence of 13C enriched glutamine at 32 ppm the spectrum, which 

displays enrichment at only the 1.1% natural abundance level that indicates no significant 

conversion of 13C glutamate to glutamine in the heart.
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Figure 2. 
Malate/Aspartate Shuttle Activity. C57bl/6: N = 6; c57bl/6 + ISC/REP: N = 6; db/db: N = 6; 

db/db + ISC/REP: N = 7. *P < 0.05 vs. c57bl/6; † P < 0.05 vs. c57bl6 ISC/REP.
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Figure 3. 
Myocardial Oxoglutarate Malate Carrier (OMC). A. Myocardial OMC protein content. B. 

Myocardial OMC mRNA content. C. Western blot from perfused c57bl/6 and db/db tissue 

with and without ISC/REP. Calsequestrin was used for control protein. *P < 0.05 vs. 

c57bl/6; † P < 0.05 vs. c57bl6 ISC/REP.
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Figure 4. 
Metabolic Efficiency of Cardiac Function: Citric acid cycle (CAC) flux normalized to rate-

pressure product (Vcac/RPP) *P < 0.05, vs. db/db; † P < 0.05 vs. c57bl6 ISC/REP.
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Figure 5. 
UCP2 and UCP3 Content and Expression. A. UCP2 protein content. B. UCP2 mRNA 

content. C. UCP3 protein content. D. UCP3 mRNA content. E. Western blot for UCP2 from 

perfused c57bl/6 and db/db tissue with and without ISC/REP. F. Western blot for UCP3 

from perfused c57bl/6 and db/db tissue with and without ISC/REP. Calsequestrin was used 

for control protein. *P < 0.05, vs. c57bl/6; † P < 0.05 vs. c57bl6 ISC/REP; ‡ P < 0.05 vs. 

db/db.
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Figure 6. 
PPARα Content and Expression. A. PPARα protein content. B. PPARα mRNA content. C. 

Western blot for PPARα from perfused c57bl/6 and db/db tissue with and without ISC/REP. 

Calsequestrin was used for control protein. *P < 0.05, vs. c57bl/6; † P < 0.05, vs. c57bl6 

ISC/REP.
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Table 1

Hemodynamic function, as indexed by rate-pressure-product (RPP) from c57bl/6 and db/db hearts at baseline 

and following ischemia/reperfusion.

Baseline RPP mmHg/min RRP, ISC/REP mmHg/min % RPP ISC/REP

c57bl/6 27,206± 692 NA NA

c57bl/6
ISC/REP

31,844± 1,517 21,268± 1,225* 66%± 6%

db/db 31,380± 1,812 NA NA

db/db
ISC/REP

26,910± 3,657 14,732± 1,342 †,‡ 55%± 6 %†

Note greater impairment in RPP in db/db than control, c57bl/6 hearts. C57b/6: N = 5; c67bl/6 ISC/REP: N = 7; db/db: N = 8; db/db ISC/REP: N = 
7. NA, not available.

*
P < 0.05 vs. c57bl/6 pre-ischemic;

†
P < 0.05 vs.c57bl6 ISC/REP;

‡
P < 0.05 vs. db/db pre-ischemic.
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